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B Abstract

Recent technical developments in the acceleration of polarized protons, using so-called Siberian snakes, now allow for the
achievement of polarized proton—proton collisions at collider energies. We review the machine physics of achieving such
collisions and describe a comprehensive program of spin physics which can be carried out at the RHIC facility using polarized

pp collisions.

1. Introduction

The hugely successful program of QCD and electroweak tests
at the hadron colliders at CERN and FNAL has provided a wealth
of information on the Standard Model of particle physics. Tests
involving jets (single and multi-jet events), direct photons,
Drell-Yan weak boson production, and heavy quark and
quarkonium production have probed the structure of the QCD
hard-scatterings, often beyond leading order, and have yielded
additional information on the parton structure of the proton itself.

One aspect of our understanding which has not benefitted
from such experiments at high-energy colliders, however, is the
area of spin physics, both the spin structure of the proton itself
and the spin-dependence of the fundamental interactions.

Polarized pp collisions, which can address both issues, have
previously been restricted to relatively low-energy (by collider
standards) fixed-target experiments. So, spin, although
historically central to the development of particle physics, has
occasionally been relegated to a “soft physics” compartment in
our field, despite indisputably large effects seen in many different
experiments. At issue has been the interpretation whether a
perturbative QCD analysis is possible or whether a complete
understanding of non-perturbative effects is necessary.

With the successful tests of the Siberian snake concept [1], it
now seems clear that a polarization option at a hadron collider,
especially the Relativistic Heavy lon Collider (RHIC) at BNL, is
now a definite possibility [2-5]. A comprehensive program of
experiments at such a facility would allow one to measurc the
spin-dependent parton distributions of the proton (both longitu-
dinal and transverse) and would help to resolve any “spin crisis”
raised by some theoretical interpretations of the much discussed
Electromagnetic Calorimeter (EMC) experiments on polarized
lepton—nucleus scattering [6]. Furthermore, it would provide
fundamental spin tests of QCD and the electroweak interactions
not accessible to unpolarized colliders, probing the helicity
structure of the matrix elements of the fundamenta! hard
scattering processes. Finally, the high energy and luminosity of
such a machine would guarantee that a perturbative QCD
approach would be applicable and would also be sufficient to
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produce high pr jets and weak bosons copiously while at the
same time ensuring that the contributing quark processes are ina
region of documented high polarization. In these regards, a RHIC
spin program will be unique.

Tests using polarized beams and targets at fixed-target
energies involving direct photons and quarkonium production
have been put forth as possible probes of the longitudinally
polarized gluon distributions. The relatively low energies
involved at presently envisaged polarized fixed-target facilities
put the proposed experiments near the limit of applicability of
perturbative QCD. In contrast, polarized pp collisions at RHIC, at
collider energies (Vs = 50 — 500 GeV) and with high luminosity
(reaching £ = 2.1032 cm~2s5~!) would provide a huge sample of
large transverse momentum events to which perturbative QCD
would be just as applicable as at existing unpolarized machines.
Furthermore, this can likely be achieved while providing ~ 70%
polarization in each beam. Even with limited running lime (say
one month a year), this could yield well over 50 pb~! of data and
so would allow for high statistics studies of QCD and
electroweak phenomena [5] and their spin dependence at a
previously unattained level.

Besides being of unquestioned importance in its own right,
such a program of collider spin physics is a crucial step in the
assessment of the possible importance of polarization options at
future supercolliders such as SSC or LHC. Given the extent 1o
which the particle-physics community is committed to high-
energy collider physics, it is of utmost importance that the parton
content of the proton, including its spin dependence, be
understood and it seems that a polarized RHIC facility would be
the ideal machine for economically pursuing this program.

Motivated by these possibilities, a number of experimen-
talists, particle and nuclear theorists, and machine physicists have
formed the RHIC Spin Collaboration (RSC) |7] to develop a
comprehensive and compelling program of spin physics for
RHIC. Some aspects of the physics prospects for such a facility
have been discussed elsewhere [4,8,9] and in this article we will
review various components of the proposal (o achieve a program
of polarized pp collisions at the RHIC. In sect. 2 we describe
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some of the technical considerations relevant for producing,
storing and monitoring polarized proton beams of the proposcd
spin RHIC complex (fig. 1), while in sect. 3 we discuss in some
detail the physics questions which can be addressed al such a
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Proposed spin RHIC complex

facility. We describe a program Lo map oul the helicity-dependent
parton distributions and 1o test the spin structurc of the basic
QCD interactions, as well as that of the electroweuk theory using
the unique tools provided by the existence of polarization infor-
mation; we will also cmphasize the importance of transverse spin
asymmetries. In sccl. 4, we discuss brielly some ol (he
implications that the desired physics program may have for
possible delectors and we give some concluding remarks.

2. Technical considerations of high-energy polarized beams

2.1 Polarized beam luminosity in RHIC with Siberian

snakes

To achieve high-energy polarized proton collisions in RHIC,
the AGS polarized proton source may be used. The source | 0]
produces 30 ~ 40 pA of H™ with 75-80% polarization in 500 us
pulses al a repetition rate of 5 Hz. The polarized H~ ions are
accelerated to 200 MeV with an RFQ and 200 MHz with the
Linac. Twenty pulses of H™ ions are strip-injected and accu-
mulated in the AGS booster. Each bunch in the booster will
contain Ny = (1-3) x 10! polarized prolons with normalized
emittance about € y = 10 © mm-mrad depending on the harmonic
number of the r.f. system used in the booster.

The accumulated proton bunch will be transferred and
accelerated to 24 GeV in the AGS. During the acceleration, the
polarization may be lost when the spin precession frequency Gy
(G is the Pauli anomalous g faclor) is equal to the spin
depolarizing resonance. These resonances occur at an integer
(imperfection resonance) due to vertical closed orbit errors or at
kPt vy (intrinsic resonance) due to the vertical betatron motion.
Here, P = 12 is the superperiod of the AGS, v, = 8.8 is the
verlical belatron tune, and £ is an integer. Traditionally, these
spin depolarizing resonances are corrected by the tedious
harmonic correction method for the imperfection resonances and
the tune-jump method for the intrinsic resonances.

In an approved experiment [11] at the AGS to be performed
in 1993, the feasibility of polarized proton acceleration by using a
5% solenoid Siberian snake will be tested. Previous experiences
with polarized proton acceleration in the AGS indicate that a 5%
snake is indeed sufficient to overcome imperfection resonances
without using the harmonic correction method. The remaining six
important intrinsic resonances can be corrected by the tune-jump
method. At 24 GeV kinetic energy, the polarized protons are
transferred to the RHIC. The transfer line between the AGS and
the RHIC is spin-transparent at this energy.

In the RHIC, spin depolarizing resonances can be overcome
with two Siberian snakes [1] located symmetrically in each of the
RHIC rings. Using the split snake configuration [12] (fig. 2),
proton collisions with longitudinal or transverse polarization can
be achieved without using additional spin rotators. The maximum
spin depolarizing resonance strength is found to be ~ 0.4 for a
normalized emittance of 10 © mm-mrad.
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FIGURE 2

Schematic drawing of the split-snake conliguration

Two snakes can preserve |3] the polarization for an energy up
to 250 GeV provided that the vertical r.m.s. closed orbit is
corrected (0 < 0.3 mm and the low-order snake resonances [13]
are avoided. The expected beam polarization is 70%.

The corresponding luminosity for the RHIC at the top energy

of 250 GeV, is given by
) (5)
57 —2 =4

Ng
10“
SemTs
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20m

£=(5.7)107"

where B is the number of bunches in each ring, Ny is the number
of particles per bunch, and €y is the normalized emittance. Note
the importance of smaller emittance in obtaining higher luminos-
ity. The luminosity will gain a factor of 4 when the emittance is
smaller by a factor of 2. 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 dynamical aperture at the high-betatron amplitude quadru-
pole triplets. Thus the polarized proton luminosity will be
> 5.103! cm=2s~! at e y = 20 ® mm-mrad. By carefully main-
taining the emittance at 10 T mm-mrad, a luminosity of
2.1032 ¢cm=2s-! can be achieved, which corresponds to 2 inter-
actions per crossing for the standard B = 57 bunches per ring.

2.2 Measurement of polarization

Polarimeters for the polarized beams at the ZGS and AGS
energies up to 25 GeV/c relied on the analyzing power in pp
elastic scattering at small It]. For higher energies such polari-
meters can no longer be used because the analyzing power
becomes very small at Ifl < 0.3 (GeV/c)? and the cross section
becomes small at 17l > 1.5 (GeV/c)? where the analyzing power is
relatively large.

For the FNAL polarized-beam facility up to 200 GeV/c, two
kinds of polarimeters were developed and these can be used at
energies much higher than 200 GeV/c. However, so far these
polarimeters were demonstrated with extracted beams only and at
the moment we do not have yet a precise and concrete plan on
how to use them in collider mode. Also, the RHIC laboratory
beam energies are similar to the present FNAL polarized beams,
large asymmetries found in 7, w* and 7~ inclusive production at
200 GeV/c can be applied to design the beam-polarization
monitors.

— Primakoff-effect polarimeter

The diffractive dissociation of incoming high-energy protons
into the (wN) system by the Coulomb field of nuclei [14]
“Primakoff process” is related to the low-energy photoproduction
including the polarization effect [15]. This fact can be applicable
to a polarimeter for high-energy polarized beams [16]. The
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process pA — pAn® can be related via the Primakoff effect to
fow-energy pholoproduction, i.e. yp — n%. The amplitude  for
diffractive production from a nucleus with charge Z and atomic
number A can be wrilten as | 15]

2
2 oM
ﬁl{/|2d¢ :%x *Az (Adﬁ) , D
P —my A2/ yp—nlp

1L \Snp

where A is the photoproduction asymmetry at the given value of
p1 and sg,. Results of measurements in ypT — % at the yp
kinetic energy of 600 MeV show that the photoproduction
asymmetry is ~ 90% at 6, ,, = 90° and mz0 = 1.4 GeV/c2.

The asymmetry of the nuclear coherent Coulomb #0
production process was measured [17] for the first time with the
use of the 185 GeV/c FNAL polarized-proton beam. The
apparatus consisted of a lead-glass calorimeter for 70 detection
and a magnetic spectrometer for the scattered protons. A large
asymmetry in the region of It'l < 0.001 (GeV/c)? and
1.36 < M(n¥p) < 1.52 GeV/c? was observed for the reaction
p +Pb — p + n0 + Pb, where the Coulomb process is predom-
inant, Here ¢ =t — (M2 — m2)2/4 P?, where [ is the square of the
momentum transfer carried by the virtual photon, m is the proton
mass, and Py the momentum of the incident proton. The expected
null asymmetry was observed in the larger It’l region where the
diffractive-dissociation process is predominant.

The observed ¢ angle dependence of the coherent 70 pro-
duction process may be expressed as 1 + (fT(6)Pg) cos¢, where
the parameter f is a dilution factor caused by the diffractive
dissociation. The raw asymmelry at ¢ is obtained as

A®)=[NT@)-N )] /[N @)+ N @)] = TO)Py cosp , (2

where NT(¢) and N¢(¢) are the number of events at ¢ for the up
and down spin direction of the incident proton, respectively. The
asymmetry parameter € is obtained by fitting the observed values
of A(¢) as shown in fig. 3 with the functional form A(¢) = £ cos¢.

The measured asymmetry for the Coulomb process is consis-
tent with the analyzing power of the 0 production process deduc-
ed from existing low-energy Y + p — w0 + p data. The results
demonstrate that the Primakoff process is useful for the measure-
ment of proton and antiproton polarization at high energy.

~ Coulomb-nuclear interference (CNI) polarimeter

Several authors since Schwinger (18] have indicated non-zero
polarization in the Coulomb-nuclear interference region in
nucleon-nucleon scattering. This polarimeter is to measure the
interference term of the non-flip amplitude and the electro-
magnetic spin-flip amplitude. The proton polarization arising
from the interference is P = 5% at Itl = 2.10-3 (GeV/c)? and is
energy independent [19].
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FIGURE 3

The observed values of A(¢) from ref, [17)

The analyzing power Ay of pp, proton-hydrocarbon and
antiproton-hydrocarbon scattering in the Coulomb-nuclear region
was earlier measured with use of the 185 GeV/c FNAL polarized-
proton and polarized-antiproton beams [20]. For the elastic
scattering at small l¢l, a set of scintillation counters was utilized to
detect the recoil proton which stops within a very short range in
the scintillator. The results at Ifl ~ 0.003 (GeV/c)? show the value
Ay = (2.4 £ 0.9)% with the polarized-proton beam, and
AN = (4.6 £ 1.9)% with the polarized-antiproton beam (both on a
hydrocarbon target), and also Ay = (4.5 £ 2.8)% of pp scattering.
These results are consistent with predictions [21-23] based on
Coulomb-nuclear interference.

Recently a new CNI target consisting of trans-stilbene crystals
(diphenylethylene, C|4H;,) was used [24]. This made possible to
reduce large background at small Il region by using this material
that possesses pulse-shape discrimination characteristics. Prelim-
inary results on the pp analyzing power are shown in fig. 4
together with the calculated values.

- Sizeable asymmetries in 0, 7+ and 7 inclusive production

at large xg

Asymmeltry measurements (Ay) on the xp dependence at
200 GeV/c covering p | up to 2 GeV/c were carried out [25]. Ay
values in the p'p reaction are consistent with zero up to xp= 0.3
or so, and then linearly increase up to the absolute value of 40%
near xg = 1.0 as shown in fig. 5. These effects can be applied to
the design of beam polarimeters and beam-polarization
mOonitors.
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FIGURE 4

Analyzing power in the Coulomb-nuclear interference region.

3. Physics issues for a polarized collider
3.1 Measuring parton helicity distributions in a
polarized proton(+)
Fundamental interactions at short distances which are probed
in pp collisions at high energies, involve hard scattering of quarks
and gluons. Let us consider the general hadronic reaction

a+b—-c+X , (3)

where ¢, in the cases we will study below, is either a well-defined
particle (hadron or gauge boson) or a single jet. In the hard scat-
tering kinematic region, the cross section describing reaction (3)
reads, in the QCD parton model, provided factorization holds as

1
do(a+b—>c+X)=
(a ¢ ) Zl+6

ij ij

deadxb[f}(a)(xa»Qz)fj(b)(xb, Qz)dc}ij +(ie ) .4

(*) This discussion follows from ref. [8].
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Ap versus A for T8, = and ©¥ data from ref, |25],
N F

The summation runs over all contributing parton configurations,
the f(x, Q2) are the parton distributions, directly extracted from
deep inelastic scattering for quarks and antiquarks, and dé'ij is the
cross section for the interaction of two partons / and j which can
be calculated perturbatively, some of which are given in ref. [26].
If we consider the reaction (3) with both initial hadrons longitu-
dinally polarized, one useful observable is the double helicity
hadron asymmetry Ap; defined as

A0y (yb+) ~A0u(aybio) ~A0uioybs) T A0u (o)

ALL , (5)

dOy(1)b(+) A0y (1yb(—) + A0 yp+) T dTa(—yb(-)

which reduces to
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do, n —do, .
AL = a(+)b(+) 1(+)b(—) . (5
A, (4ybi+) TAO(4yb(—)
if parity is conserved because dOyyn') = A0, aypeay- It is given
by

|
ALdo=Y——
ij 1+5ij

dex,‘, dxy [ (x,,02)ar " (x,02Ya ) d6 + 5 )], (6)

assuming the factorization property, where do is given by eq. (4)
and é]‘i denotes the corresponding subprocess asymmetry for
initial partons i and j. The Af(x, Q2) are the parton helicity
asymmelry defined as

4 (x, Q?)=Fi(x, 0?)-f-(x Q%) ™

where fi are the parton distributions in a polarized hadron with
helicity either parallel (+) or antiparallel (<) to the parent hadron
helicity. Recall that the unpolarized parton distributions are f = f,
+ f_. If only one initial hadron is polarized, say “a”, another
interesting observable is the single helicity asymmetry defined as

_ Ao,y —doy
2

a quantity for which one can write an expression similar to
eq. (6), provided Aﬂ}’) - ﬂ}’) and 4 — 4, the single helicity
subprocess asymmetry. A is expected to vanish unless some
subprocesses involve parity-violating interactions i.e. 4’ # 0. If
both initial beams are polarized, it is also possible to define

another parity violating asymmetry namely

Ay do , (8)

AP do = d0a(—yb(-) ;d0a<+>b<+> , 8
which can be for special cases about twice as big as A; . We will
then remember that, if at the RHIC one achieves the same
luminosity with polarized and unpolarized proton beams, it will
be certainly more advantageous to measure Ai‘{d rather than A, .

Both for polarized and unpolarized parton distributions, we
will take a set in terms of a simple parametrization of their x and
0? dependences already used in ref. [26]. Concerning the gluon
helicity asymmetry AG(x, Q2) there is a standard choice (e.g.
eq. (3.12) in ref. [26]) such that AG(x)/G(x) is only a few percent
up to x = 0.1. Since the relevant kinematic region stands at small
x values, it results that at small Q2, the integral AG = jéAG(x)a’x is
only 0.2 — 0.3 and it increases slowly with Q2. This choice means
that one expects gluons to carry ~ 25% of the proton spin and
until very recently there were no experimental facts to contradict
this reasonable assumption. However, after the striking EMC
result [27], in particular on the small x behaviour of the spin-
dependent structure function g, (x, 0?), several interpretations and

new pictures for the proton spin have been proposed, some of
them, suggesting that the proton spin receives a large contribution
from either the gluons (AG(x) large) or the sea (Ag(x) large). The
presence of a large AG(x) or (Ag(x) might well imply a “no-lose
theorem” for future polarized colliders, i.e. more polarization al
small x than previously thought. Among these various possibili-
lies, a suggestion, due to the existence of the anomaly of the
axial-vector current, leads one to anticipate a AG(x) much larger
than the standard choice, in particular in the small x region.
Therefore, following ref. [28] we will also consider the simple
parametrization

G(,\',Qg ) x.Sx<l1

46(x,03 )= (¢/x)6(x.03) 0xsx,

&)

which can lead to a much larger value of the integral AG than for
the standard choice, the smaller x, the larger AG. We will take
X, ~ 0.2 corresponding to AG ~ 2-3, because this is the value
which gives the best agreement with the g,(x, 02) data. Clearly,
now gluons give a much too large contribution to the proton spin
which ought to be balanced by a large orbital angular momentum.
We have no very strong theoretical argument to prefer the stan-
dard form or this second choice (eq. (9)) and, of course, due to
the lack of our knowledge other choices are equally possible.
These two rather different forms of the gluon helicity asymmetry
will allow us to study how much a given reaction is sensitive to
AG, whose precise form can be only determined from future data
at the RHIC.

Direct photon production at high pt is a useful probe of the
underlying parton—parton interactions and probably one of the
cleanest reactions to study the perturbative regime, because the
photon originates in the hard scattering subprocess and does not
fragment. In the QCD parton model, in the absence of photon
bremsstrahlung contributions, direct photons are produced via the
qq annihilation subprocess qq — yg and the quark-gluon
Compton subprocess qg — qy. The Compton subprocess has a
positive dy; and leads to a contribution to A, for pp — VX,
directly proportional to AG(x, Q2). For the annihilation
subprocess one has dp | = —1. First we note that given the high-
designed luminosity at the RHIC, direct photon cross sections
will be measurable up to fairly high pr values. For the calculation
of Ay | if one uses the standard distribution AG(x, 0?) (eq. (3.12)
of ref. [26]), one obtains a very small positive result, say at most
(5-10)%. This reflects the dominance of the Compton subprocess
and the small magnitude of Ap; is partly due to the fact that u
quark-gluon and d quark-gluon lead to opposite sign effects.
However, if instead one assumes a large distribution AG like in
eq. (9) one gets the results displayed in fig. 6, where the error bar
indicates the precision possible for a one month run at the
nominal luminosity [5]. Aj | rises with py reaching values of the
order of 20% or more for the production angle 8, ,, = 90° and
much larger for 6, ,, = 45°. So this shows that the py dependence
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of AL in direct production is very sensitive (o the gluon
polarization and that it should best be measured with photons of
rapidity of the order of 1. In fig. 6 at very large py, Ay is
dropping off because in this kinemalic region one feels the effect
of the annihilation subprocess which gives a negative
contribution to A .

Unlike for direct photon production, in the case of single-jet
production, many pure QCD subprocesses contribute and the
event rate is substantially bigger. The main contributions are
gluon—gluon scattering which largely dominate at low pr,
followed by gluon—quark scattering at medium pp before
reaching at very high pr the dominance of quark—quark elastic
scattering. For unpolarized cross sections, lowest-order QCD
predictions are compatible with data obtained by UA1 and UA2
Experiment, given the large experimental uncertainties. One can
hope to reduce the effect of these uncertainties (mainly
systematic errors) by taking cross section ratios, so this is the
reason why we believe it will be useful to study the behaviour of
the asymmetry A, at the RHIC and possibly to detect the effect
of a large gluon polarization. Since for all the dominant
subprocesses the corresponding asymmetries ﬁﬂt are positive
(except for quark—antiquark annihilation), we expect a positive
ApL. The results of the calculations for a jet produced at y = 0 are
shown in fig. 7 at Vs = 600 GeV versus py. If one uses the
standard-gluon distribution AG(x, 0?) one obtains a very small
Apy for pr < 50 GeV/c which rises at higher pr due to the effect
of the quark polarization. However, if one uses a large gluon
distribution AG(x, Q?) (i.e. eq. (9)) for low p; where gluons

G. Bunce el al
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Predicted Apy, at Vs = 600 GeV as a lunction of pr, lor a standard AG (dashed
curve) and a large posilive AG (solid curve). The cerror bar indicales the RHIC
sensitivity at pp =50 GeV and for Ay = |, A = 2r, Ap- = | GeV bin [5].

dominate, A; | reaches 20% or so. Therefore, the measurement of
Ap should allow us to discriminate easily between these two
possibilities. One should emphasize that a detailed analysis of the
behaviour of Ay in various kinematic regions yields also useful
constraints for a better determination of Au(x) and Ad(x). Other
processes which are known to be sensitive to the polarized gluon
distribution include three-jet and two-jet plus photon production
in polarized pp collisions |29].

Let us now consider the single W production with a large pr,
which is balanced by a hadronic jet. This is similar to the direct
photon production we have studied above but in this case one
should consider the quark—antiquark annihilation subprocesses
qiq; — Wg and the quark gluon Compton subprocess q;g — ¢;W
with i # j. If the beams are polarized we recall that for the dom-
inant Compton scaltering q;(h) g(A) — q;W the corresponding
single asymmetry g is | for polarized quarks and very close (o 0
for polarized gluons. Therefore, the single hadron helicity asym-
metry will be dominated by polarized quarks and not sensitive to
AG. This is clearly shown in our results for A at y = 0 versus pp
displayed in fig. 8, where for W+ one sees the trend of Au(x)/u(x)
and for W~ the trend of Ad(x)/d(x). At fixed pr the effect de-
creases with increasing energy. Since the W are left-handed
objects, the consideration of All)‘\l/‘ would lead us to predict asym-
metries about twice as big as these single helicity asymmetries
and this is consistent with some earlier results.

3.2 Measuring quark transversity distributions in a
polarized proton

A major reason for the renewed interest in deep inelastic spin

physics is the recent progress in understanding and describing
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FIGURE 8
Predicted A in pp = W+ jet at y = 0 versus p for s = 300 GeV (solid curves)
and Vs = 600 GeV (dashed curves).

transverse spin effects in inclusive hard processes [30]. The
progress [31-36] affects both dominant, i.e. twist-2 and subdom-
inant twist-3 contributions, unifies the description of spin in the
parton model and suggests that nearly as much is waiting to be
learned about nucleon structure from the study of transverse spin
effects as from longitudinal.

To understand what is happening(*) it is necessary to think
about the role of chirality in perturbative QCD. If we ignore
quark mass terms — a good approximation for u and d quarks,
and an arguable one for s quarks — then the interaction of a
quark with gluons, photons or W and Z bosons do not change the
quark’s chirality, where chirality is the eigenvalue of the Dirac
matrix s

(¥) This discussion follows ref. [36].

(@)

YsdL =—4L > Y59r =4R > (10)

for “left” and “right” handed quarks(*)~ Even when the quarks are
massless, chirality is not, however, a symmetry of QCD: it is
broken by the vacuum state with the associated appearance of
light pseudoscalar (Goldstone) bosons. This is a truly non-
perturbative effect. Although we would not see it in perturbation
theory, we will have to allow for it in our analysis of hard pro-
cesses involving non-perturbative bound states like the nucleon.

With this in mind, let us look at the chiral structure of the
parton description of deep inelastic scattering (fig. 9) and
Drell-Yan production of lepton pairs (fig. 10). In both cases we
show the diagram for the cross section. The amplitude is obtained
by cutting it down the middle, as in fig. 9(a). The lepton lines
which attach to photons are suppressed. In all diagrams it is clear
that the chirality of the quark participating in the hard scattering
process is conserved. In the case of deep inelastic scattering this
has the further consequence that the quark lines entering and
leaving the nucleon are of a single chirality. Only two
independent quark—nucleon amplitudes enter the description of
deep inelastic scattering( ) — one involving left-handed quarks,
the other right-handed — as shown in fig. 11. The average over
chirality gives the quark momentum distribution f,(x, 02). The
difference gives the chirality (or helicity) weighted quark
momentum distribution g,(x, 02) measured at SLAC and by the
EMC. f|(x, 0%) can be measured with an unpolarized target.
g/(x, 0?) is the dominant (at large Q2) contribution to the spin
asymmetry from a longitudinally polarized target.

What happens when one measures the spin asymmetry from a
transversely polarized target in deep inelastic scattering? A
transversely polarized nucleon can be regarded as a superposition
of longitudinally polarized states

(*) For massless quarks chirality and helicity coincide. For massive quarks, chiral-
ity remains exactly conserved at gauge boson vertices but helicity does not.
(**) For each flavour of quark or antiquark.

g oS

(c)

+L—R

FIGURE 9

Chiral structure of deep inelastic scattering.



FIGURE 10
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Chiral structure of Drell-Yan production of lepton pairs. No QCD radiative corrections are shown,

|ﬁzaiéx>=%(|ﬁz’éz>i|ﬁz,—éz)) . (rn

For massless quarks, helicity and chirality coincide. But the trans-
verse asymmetry measures an amplitude in which the nucleon
helicity changes but in whose hard scattering the quark chirality does
not change. This clash suppresses the process by a factor 1NQ? [30].
The suppression arises because angular momentum conservation
requires the quark—nucleon amplitudes in fig. 11 to vanish identically
if the initial and final nucleon differ by helicity flip.

FIGURE 11

Left and right handed, chiral even quark distributions whose sum and difference
give f1(x, 02) and g,(x, Q?), tespectively.

There are two main effects that cause the measured asymmetry
not to vanish. First, effects proportional (o mg allow the quark
helicity to flip without changing chirality, but such effects are
suppressed by quQz. Second, hard gluon interactions allow the
quark helicity to be transferred to gluons while preserving
chirality. An example is shown in fig. 12. Analysis of these
effects in QCD show that the extra-hard interaction always costs
at least a factor of the order of AQCD/\/Q2 [37]. The conclusion is
that transverse spin effects in deep inelastic scattering,
summarized by the structure function g,(x, Q2), are suppressed by
a factor of ~ 1/\/Q2. They are interesting probes of quark masses
and quark—gluon interactions, but they are subdominant and not
SO easy to measure.

Now let us turn to Drell-Yan. As always, the quark chirality
is conserved in the hard part of the diagram. However, it is clear
from fig. 10(b) that the chirality of the quark lines entering and
leaving a given nucleon need not be the same.

FIGURE 12

A hard gluon (twist-3) contribution to deep inelastic scallering. The quark's
chirality is conserved but its helicily need not be.

This allows us to define a new quark distribution shown in
fig. 13. One might, at first sight, think that chirality conservation
at quark—gluon vertices in QCD forces this distribution to vanish.
This is true to all orders in perturbation theory but it fails in the
QCD vacuum [(g¢Rr) # 0 is the condensate that violates chiral
symmetry] and it fails in the nucleon for the same reason. Since
the quark chirality flips and since chirality = helicity up to mass
terms or further hard interactions, this new distribution will be
important when the nucleon helicity flips, i.e. in a transverse
asymmetry . Thus, there is a new structure function, 4, (x, Q?), for
each flavour of quark and antiquark, which measures the quark
momentum distribution in a transversely polarized nucleon
weighted by + 1 depending on whether the quark is polarized par-
allel or antiparallel to the nucleon. #,(x, 0?) cannot be measured
in deep inelastic scattering (except as the coefficient of a small
quark mass correction) but it appears in the transverse asymmetry
for Drell-Yan processes at the dominant “scaling” order.
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Chiral [lip distribution which gives /(x, 02)

The analogy between chiral flip and chiral non-flip processes
can be continued at the order of twis(-3 corrections. We have
considered quark chirality conserving processes in unpolarized
(f)), longitudinally polarized (g|) and transversely polarized (g5)
targets. So far we have considered quark chirality flip only in a
transversely polarized (/1)) target. The other two possibilities
yield twist-3 effects — suppressed by ~ |/NQ? — because there is
a clash between the chirality flip of the quark and the helicity
conservation of the nucleon unless quark mass or hard gluon
corrections are included. The result are two new twist-3
distributions(™): e(x) measured in quark chirality flip from a spin
averaged target, and /i,(x) measured in the longitudinal target
asymmetry involving quark chirality flip. #,(x) is analogous to
8o(x), as hy(x) is to g (v).

There are two more questions to be addressed: what exactly
does /() measure? And how? The first question has taken some
time to formulate and much of the answer is still missing. The
second is well on its way to an answer and provides considerable
motivation for a versatile spin physics program at a hadronic
collider.

When we prepare a nucleon with “transverse spin” we
actually mean it is in an eigenstate of the Pauli-Lubansky vector
Sy with S transverse to the momentum 2. It is not in an
eigenstate of the angular momentum 7 because J, does not
commute with P,. The quarks in such a nucleon can be classified
in the same fashion as eigenstates of the Pauli-Lubansky vector
either parallel or antiparallel to the nucleon’s direction. A(x)
measures the longitudinal momentum distribution of quarks
weighted by more or less according to this “transversity” quan-
tum number. The quantity measured by /s (x) deserves its own
name (transversity) and must not be confused with transverse
spin. Spin is measured by the operator c?yuysq = ‘7L7p7’5flL
+ grWVs¢r Which preserves quark chirality and has nothing to do
with /1 (x) which flips it. The longitudinal and transverse spin dis-
tributions in the nucleon are measured by g(x) and gr(x) = g,(x)
+ g,(x), respectively. The difference between the two is the
subtle, interaction-dependent distribution g,(x).

(*) For other twist-3 contributions related to single transverse spin asymmetries in
hudronic collisions sce refl. [38],

In models /,(x) is large. In the non-relativistic quark model
n(x) = g,(x) but relativistic elfects give rise Lo large differences
betwecn the two in models like the MIT bag. Furthermore, quarks
and antiquarks contribute rather differently to /1,(v) and g,(x).
The area under h,(x) measures the nucleon matrix element of a
rather simple operator, the “tensor charge” dg

J.(I)([.\'(h, (x)— /7| (,\')) =dy
with
<PS‘670“VI'7561‘I’S>:(P“SV—PVS“)% , (12)

for each quark flavour (4,(x) and & (x) refer Lo quark and
antiquark transversity, respectively). Nothing is known about
the quark tensor charges {8q} beyond some simple model
calculations.

h(x) and hy(x) are directly measurable in Drell-Yan produc-
tion of lepton pairs. /,(x) dominates the transverse—transverse
asymmelry (target and beam (ransversely polarized) [31]

sin @cos2 ¢ ;ezhla(x)hf_l(,v)
l+cos” 8 Telff (AT

Arr = (13)

Here x and y are the longitudinal momentum fractions of the
annihilating quarks; 6 is the polar angle of the lepton pair in the
virtual photon rest frame defined relative to the parlon momenta
and ¢ is the lepton pair azimuthal angle measured with respect to
the transverse spin. The sum on “a” covers all quark and
antiquark flavours. A,(x), on the other hand, contributes to the

longitudinal-transverse asymmetry |36]

2sin2cos M 2 &1 (eF ()t (A )

— n 14
l+cos?8 Q geg,f]d(f\‘)f]‘l(.\’) 49

Ar=

as does gr(y). Here Ay (x) = 1/2 7 (x) + hy(v).

Let us finally add some comments on transverse spin. First,
note that i1j(x) is a purely quark effect; there is no #(x) for
gluons. This follows from angular momentum conservation [33].
Hence gluons do not participate in the hard scattering for
transverse spin asymmetries, at twist-2. Second, jet production
might also be used to probe the quark (ransversity distributions.
However, the partonic level asymmetries dpp for the 2 — 2 [39]
and 2 — 3 [40] subprocesses are all smaller (< 1/10) than the
corresponding longitudinal asymmetries dy;, for quark—quark
induced subprocesses. The asymmetry for quark—antiquark
induced jet production is higher, but in pp collisions this would
not be a valence induced process.

Since the single transverse spin asymmetry, in high x single
particle production is known to be large, and in QCD this



asymmetry is twist-3, there are likely Lo be substantial higher
Lwist effects.

4. Conclusions and prospects

The RSC Collaboration has focused detector design studies
on the experimental challenge of systematically measuring the
longitudinal and transverse spin distributions in the proton. There
is considerable work to be done in defining the spin detector (or
detectors), and Lo verity sensitivities to the various parton spin
densities with simulation programs. It is clear that the probes to
be emphasized are jets, direct photons, W bosons and Drell-Yan
pairs, The measurements will consist of (ransverse and longitu-
dinal single and double spin asymmelries.

It is possible that the RHIC detectors, which have been pro-
posed for heavy ion physics, would be acceptable for high-
luminosity polarized proton studies. The high-track multiplicity
which will characterize the working environment for heavy-ion
detectors will impose design considerations similar to those re-
quired for high-luminosity polarized proton experiments. Thus,
the RSC Collaboration is considering using (possibly augment-
ing) RHIC detectors for spin-physics experiments. Alternatively,
for direct photon and jet detection, a high-rate detector similar to
UAZ2 Experiment at CERN has been considered.

As an example, the asymmetry of direct photon production is
related to AG(x), the longitudinal spin of the proton carried by gluon
fields. Direct photon events, either with or without away side-jet
detection, provide information about AG(x) or integrals of AG(x).

As a compromise to cost, a coarse-grained electromagnetic
calorimeter has been studied for use in this measurement. Large
cell sizes, with solid angles in the range of 172 to 322 mrad? have
been studied in detail. The coalescence of gammas from 7!
decays is a greater problem as the cell size is increased. This
reduces the signal to background ratio but still allows observation
of the direct photon asymmetry. A preconverter, with 1 cm
scintillator strips located just before shower maximum somewhat
improves the situation for a modest incremental cost.

Hadron jets can be studied either in the conventional way
with an EMC plus a hadron calorimeter or with a tracking de-
tector in a magnetic field plus an electromagnetic detector. The
loss of neutral hadrons in the later case appears not to
compromise the physics of interest. Due to the finite size of jets,
the jet detector must be larger than the fiducial acceptance in
rapidity or in ¢ for detectors that do not cover 2w. Also, there is
an interest in events which are asymmetric in x| and x,, for
example a large x up-quark interacting with a low x gluon. These
would also increase the rapidity coverage to beyond a minimal
+ 1, probably to + 2.

The Drell-Yan interactions provide information on the sea
quark and transversity spin distributions. Statistics may limit
these measurements to dilepton masses just above the J/'¥. New
ideas, involving exotic techniques for observing the transverse

G Bunee et al

spin structure in high statistics single-spin asymmelry measure-
ments with additional observation of final stale-jet substructure
are under study. [f such measurements are found (o be possible,
new requirements on jet detectors may emerge. The integration

and optimization of features required for the specific aspects of

Drell-Yan, dircct photon and jet delection in a new or cxisting
detector presents an exciting challenge o the members of the
RSC Collaboration.
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