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Abstract

The physics reach is investigated for polarized nucleon-nucleon collisions originating
from an internal polarized target in the HERA proton beam. This study aims at
finding boundary conditions for an upgraded or new spectrometer being able to
measure single and — later, once the HERA proton beam should become polarized -
double spin asymmetries in a fixed target environment at 40 GeV c.m. energy.
Based on 240 pb~! integrated luminosity, statistical sensitivities are given over a
wide (zF, pr)-range for a variety of inclusive, semi-inclusive and elastic final states.
By measuring single spin asymmetries essential conclusions can be drawn on the pr-
dependence of higher twist contributions. From double spin asymmetries it appears
possible to measure the polarized gluon distribution in the range 0.1 < zgiuon < 0.4
with good accuracy.
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1 Introduction

A complete theoretical picture of the nucleon structure will certainly have to incorporate
the polarization degree of freedom, both in its perturbative and non-perturbative aspects.
Although a largely consistent scheme exists since some time within the framework of
perturbative Quantum Chromo Dynamics (pQCD) to describe short distance processes
in strong interactions, the long distance sector of QCD is far from being fully understood
even when appreciating the considerable progress made in recent lattice calculations
(see e.g. [1]). Spin measurements have always been sources of unexpected surprises;
the most recent example given by the simple and hitherto successful Quark Parton
Model which could not describe the nucleon spin structure (’spin crisis’) [2]. This
caused a lot of theoretical papers and the recent next-to-leading order calculations (3]
were found to reconcile the QCD improved Quark Parton Model with the results of
the experiments. However, it is fair to say that the present knowledge of the polarized
gluon distribution is still completely insufficient and the same applies to the polarized sea.

The spin crisis induced enormous theoretical and experimental activities. A number
of new experiments was proposed to investigate in more detail the longitudinal spin
structure of the nucleon by measuring double spin asymmetries in lepton nucleon colli-
sions. Several measurements are already completed (E142 {4] and E143 [5] at SLAC) and
some are still taking and/or analysing data (SMC [6] at CERN and E154 [7] at SLAC).
Others have just started (HERMES [8] at DESY) or will start data taking soon (E155
[9] at SLAC). Nevertheless, it has to be mentioned that purely inclusive measurements
determining the longitudinal spin structure functions g;(x, Q?) for proton, neutron, and
deuteron are unfortunately restricted to probe only certain combinations of the polarized
valence, sea, and gluon contributions to the nucleon spin. A full analysis would require
additional inputs from other measurements to separate the different components.

With the target polarization vector being oriented perpendicularly to the beam direction
the transverse spin structure of the nucleon becomes accessible by measuring the spin
structure functions gy(z, Q%) which contain a twist—3 part that has recently been probed
by SMC [10] and E143 [11], although still with large error bars. We note here that the
underlying QCD correlators are at the same time describing the expected performance
of single spin asymmetries measurable in nucleon-nucleon collisions [12].

Semi-inclusive measurements with SMC [13] and HERMES [8] will allow access to
a variety of (combinations of) polarized parton distributions and to some polarized
fragmentation functions. However, direct and separate measurements of the polarized
gluon and sea quark distributions will remain of limited significance for quite some years.

A complementary window to study the nucleon spin structure will be opened once
high energy polarized nucleon beams will become available with sufficiently high
intensity. The only approved program up to now is the RHIC spin program [14] to
be started early in the next millenium. As seen from today, no other comparable
accelerator will be available at that time. Hence there is considerable interest in mak-
ing HERA the second machine in the world offering two polarized high energy beams [15].

This paper intends to study in a first approximation the experimental possibilities when
placing an internal polarized target into the (polarized) HERA proton ring. In principle
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there exist three different future options to study polarized nucleon-nucleon interactions
in fixed target mode at HERA. One obvious possibility would be to equip the future
HERA West Hall experiment HERA-B [16] with a polarized internal target once the
approved physics program be concluded. The spectrometer, under assembly at present,
will have a rather large acceptance, a huge rate capability, and a quite complete particle
identification system. Secondly, in the East Hall only about 40% of the floor is occupied
by the HERMES experiment whose aperture poses, however, considerable constraints
onto the nucleon-nucleon spin physics menu. Nevertheless, rotating the whole set—up
by m and moving it into the proton beam line was kept as an option in the design from
the beginning, although the high rate in the nucleon beam would require considerable
upgrades. Last but not least the remaining free space in the East Hall could be used for a
completely new experiment in the proton beam line which could be specifically designed
according to the spin physics requirements. However, at the moment any site discussion
appears premature and hence this study aims at being as much as possible independent

of a final site decision._For the sake of simplicity the envisaged spin physics experiment
will be called HERA-N throughout this paper.

2 DPolarized Nucleon—Nucleon Physics at HERA

An experiment utilising an internal polarized nucleon target in the 820 GeV HERA
proton beam would constitute a logical extension of studying at DESY the nucleon
structure in more detail by investigating its spin degrees of freedom, as it commenced
with the HERMES experiment. Judged from today, this would be the only other place
to study high energy nucleon—nucleon spin physics besides the envisaged dedicated RHIC
spin program at BNL which is supposed to get started in about five years from now.

An internal polarized nucleon target offers unique features such as polarization above
80%, no or small dilution, and a high density up to 10** atoms/cm? [17]. Moreover,
rather small systematic errors are expected when comparing proton and neutron results
obtained from Hydrogen and Deuterium gas data, respectively.

As long as the polarized target is operated in the unpolarized proton beam, the physics
scope of HERA-N would be focused to 'phase I’; i.e. measurements of single spin
asymmetries [18, 19, 20]. Once later polarized protons should become available, the same
set-up would be readily available to measure various kinds of double spin asymmetries.
These 'phase II’ measurements would constitute an alternative — fixed target — approach
to similar physics as it will be accessible to the collider experiments STAR and PHENIX
at the low end of the RHIC energy scale (/s ~ 50 GeV) [21].

Single Spin Asymmetries

Single spin asymmetries in large pr inclusive production, both in proton-nucleon and
lepton-nucleon interactions, have recently received much attention [22]-[40]. The naive
expectation that they should be zero in perturbative QCD has been proven to be false,
both experimentally [19, 23, 25] and theoretically [30]-[34]. It is now clear that higher
twist effects are responsible for these asymmetries, which should be zero only in leading
twist-2 perturbative QCD. .

Several models and theoretical analyses suggest possible higher twist effects: there might
be twist-3 dynamical contributions, which we shall denote as hard scattering higher twists
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[35]; there might also be intrinsic k, effects, both in the quark fragmentation process
[29, 31] and in the quark distribution functions [26, 27, 32, 34]. The latter are not by
themselves higher twist contributions - they are rather non-perturbative universal nucleon
properties - but give rise to twist-3 contributions when convoluted with the hard scattering
cross sections.

The dynamical contributions result from a short distance part calculable in perturbative
QCD with slightly modified Feynman rules, combined with a long distance part related
to quark-gluon correlations [35].

An intrinsic k| effect in the quark fragmentation has been first introduced in Ref. [29]
and is known as Collins or sheared jet effect; it simply amounts to say that the number of
hadrons h (say, pions) resulting from the fragmentation of a transversely polarized quark,
with longitudinal momentum fraction z and transverse momentum k, , depends on the
quark spin orientation. That is, one expects

Dh/qT(z’kJ-) # Dh/ql(zak-l-)’ (1)

where, by parity invariance, the quark spin should be orthogonal to the ¢ — A plane.
Notice also that time reversal invariance does not forbid such quantity to be # 0 because
of the (necessary) soft interactions of the fragmenting quark with external strong fields,
i.e. because of final state interactions. Eq. (1) implies that the quark fragmentation
analysing power A,(kL) can be different from zero:

Ahs) = pERs) = Drialinka) @)
! Dh/q?(z’kJ-)+Dh/q*(z7k.L)

This idea has been applied to the computation of the single spin asymmetries observed
in pp! = 7X [31].
A similar idea applies to the distribution functions, provided soft gluon interactions be-
tween initial state partons are present and taken into account, which most certainly is
the case for hadron-hadron interactions [26, 27, 32, 34]. That is, one can expect that the
number of quarks with longitudinal momentum fraction z and transverse intrinsic motion
k) depends on the transerve spin direction of the parent nucleon:

font(z, kL) # foni(z, kL) (3)

Eq. (3) implies that the quark distribution analysing power N,(k,) can be different from
zero:
_ Jynt(z,ky) — fyni(z, kL)

Nolks) = foynt(z, kL) + foni(z, kL) #0 )

This effect also has been used to explain the single spin asymmetries observed in

pp' — mX [32, 34]. Let us notice again that both A (kL) and N,(k.), Eqs. (2) and
(4) respectively, are leading twist quantities, which, when convoluted with the elemen-
tary cross-sections and integrated over k., give twist-3 contributions to the single spin
asymmetries [31, 34].

Each of the above mechanisms might be present and might be important in understanding
twist-3 contributions; in particular the quark fragmentation or distribution analysing
powers look like new non-perturbative universal quantities, crucial in clarifying the spin
structure of nucleons. It is then of great importance to study possible ways of disentangling
these different contributions in order to be able to assess the importance of each of them.
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We propose here several different processes and measurements which should allow to
fulfill such a task. For the sake of completeness we not only consider nucleon-nucleon
interactions but also other processes, like lepton-nucleon scattering, which might add
valuable information.

Let us then consider several processes A + B! — C + X and the related single spin

asymmetries + .
doABT=CX _ j AB+-CX

doABTC0X | JoABI-CX (5)

for each of them we discuss the possible sources of higher twist contributions, distinguish-
ing, according to the above discussion, between those origirating from the hard scattering
and those originating either from the quark fragmentation or distribution analysing power.

o pNT 5 hX

In this process all kinds of higher twist contributions may be present; those related to k.
effects in the fragmentation function have been considered in Ref. [31] and those related
to k) effects in the distribution function in Refs. [32, 34]. This asymmetry alone could
not help in evaluating the relative importance of the different terms.

e pNT 54X or pNT = utpu~—X

Here there is no fragmentation process, and we remain with possible sources of non-zero
single spin asymmetries in the hard scattering or the quark distribution analysing power.

o IN' 5 hRX

In such a process the single spin asymmetry can originate either from hard scattering or
from k, effects in the fragmentation function, but not in the distribution functions, as soft
initial state interactions are suppressed by powers of a.,,. Moreover, this process allows,
in principle, a direct measurement of the Collins effect, i.e. of the quark fragmentation
analysing power, via a measurement of the leading-twist difference of cross sections for
the production of two identical particles inside the same jet, with opposite k :

EhdalN7—>hX Ehdo.lNT—th
W—(ph =zp, +ki)— W(Ph =zp, — k1) (6)

which is proportional to Eq. (2).
o Ipt =X, ypt 24X, Ipt - ptp X

Each of these processes yields a single spin asymmetry which cannot originate from
distribution or fragmentation k, effects; it may only be due to higher-twist hard
scattering effects, which would thus be isolated.

It is clear from the above discussion that a careful and complete study of single spin
asymmetries in several processes might be a unique way of understanding the origin and
importance of higher twist contributions in inclusive hadronic interactions; not only, but
it might also allow a determination of fundamental non-perturbative properties of quarks
inside polarized nucleons and of polarized quark fragmentations. Such properties should
be of universal value and applicability and their knowledge might be as important as
the knowledge of unpolarized distribution and fragmentation functions. In section 5 we
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shall discuss in more detail some of the processes proposed here; there it will be shown
that within the given kinematical situation at HERA from measurements of single spin
asymmetries conclusive information can be drawn about the validity of the spin sector of
Quantum Chromo Dynamics in general, and about the onset of its perturbative regime
in particular.

Double Spin Asymmetries.

Perturbative QCD allows for a simple calculation of Born double spin asymmetries for var-
lous 2—2 subprocesses at the partonic level. The one-loop radiative corrections to various
subprocesses have been calculated [41], showing only small changes in the asymmetry in
comparison with leading order. Relying on factorization a rich spectrum of hadronic level
asymmetries can be predicted which constitutes the backbone of the RHIC spin physics
program [42, 43]. When both incoming particles are longitudinally polarized, the above
discussed insufficient knowledge of the polarized gluon distribution makes the predictions
for double spin asymmetries Az, to some extent uncertain. Conversely, the measurement
of Arp in certain final states (e.g. photon plus Jet) is presently considered to be the
most reliable method to measure the polarized gluon distribution. In a similar way the
dilepton final state might be used to accomplish a separate measurement of the polarized
sea when orienting both incoming polarizations transversely. In this configuration access
is possible to the hitherto totally unmeasured twist-2 transverse spin structure function
hy(x) which is totally inaccessible in inclusive lepton-nucleon deep inelastic scattering
due to an additional suppression factor. Some first data on h;(x) might be obtained from
semi-inclusive pion asymmetries [44], as it is envisaged by the HERMES experiment.

In the following some first estimates will be given on the sensitivity of HERA-N in doubly
polarized mode ("Phase II’) to measure the polarized gluon distribution.

3 Luminosity, Sensitivity, Acceptance, Rate

The experimental sensitivity in measuring a spin asymmetry A is given by [45]

s ] 1 1

- Pg-Pr JC-L-T o’

where Pg and Pr are the average beam and target polarisation, respectively. Throughout
the paper Pg = 0.6 and Pr = 0.8 are assumed. The beam polarization is taken as
unity when single spin asymmetries are considered. C = 50% represents the anticipated
combined trigger and reconstruction efficiency and o is the unpolarized cross-section.
Using Ip = 80 mA = 0.5-10'® s~! as a realistic figure for the 1996 average HERA proton
beam current and a realistic polarized target density of ny = 3 10! atoms/cm? [17] the
projected luminosity becomes

L=n7-Ig=15-10" ecm2s7!.

For the total running time T an equivalent of T = 1.6-107 s at 100 % efficiency is assumed.
Under 1995 realistic HERA conditions with 33% combined up-time for accelerator and
experiment this corresponds to about 3 calendar years of machine operation with 6 months
physics running per year.



The integrated luminosity is then obtained as
LT =240 pb~!

Finally, the projected sensitivities are given by

8Ass0 = 0.10/y/o/[pb] for single spin asymmetries and
8A4se = 0.17/y/o/[pb] for double spin asymmetries.

Experience from UA6 running at CERN indicates that after having gained some practical
running experience it might turn out being feasible to operate the polarized gas target
at a 2 or 3 times higher density without seriously affecting the proton beam lifetime. In
addition, proton currents much higher than the original HERA design value of 160 mA
might be provided later in a possible HERA high luminosity scenario. Hence in a few
years 500 pb~! per year might become a realistic figure.

Generally speaking, the loss in acceptance for a typical fixed target spectrometer amounts
to about %, caused by the usually incomplete azimuthal coverage. Not to restrict the
discussion too early to a special scenario, however, we disregard at the present level
of accuracy any detector acceptance with some exceptions in case of jet detection. In
addition we note that in the cross section calculation for single spin asymmetries enters
the scalar product between the pseudovector normal to the scattering plane and the
target polarization vector. The latter being oriented vertically single spin asymmetries
are preferentially to be measured as left-right counting rate asymmetries. For a typical
apparatus preferring the horizontal over the vertical aperture this additional loss in
acceptance is small and will be neglected at present.

Summarizing the luminosity and acceptance estimates on the present level of investi-
gations we conclude as follows. On one hand, any realistic spectrometer acceptance
will decrease all sensitivities by about 1/ \/g ~ 2. On the other hand, the above
sketched numbers for possible improvements of beam current and/or target density over
the foreseeable time scale are very likely to compensate that loss, at least. Hence the
sensitivities shown in the rest of the paper are believed to be about realistic for any type
of a future polarized nucleon-nucleon scattering experiment running at HERA over 1
to 2 years. Any better estimate requires considerably intensified efforts to be invested
along many different directions, like machine and target limitations, detector capabilities
versus rate, spatial acceptance and costs etc.

The anticipated luminosity implies a full event rate of about 6-10° events/sec. This poses
rather high requirements to both trigger and data acquisition although this rate will still
be lower by more than one order of magnitude compared to HERA-B.



4 Kinematics

The basic motivation of this study is to explore the physics reach of measuring single
and double spin asymmetries in fixed target nucleon-nucleon scattering at HERA.
The kinematics of such measurements is basically constrained by the total energy
Vs = 39.2 GeV available for particle production. Hence the maximum transverse
momentum of the produced particles is given by pJ** ~ /s/2 = 19.6 GeV/c.

Throughout the paper the usual set of kinematical variables characterizing a particle in
the center of mass system will be utilized:

o 2 =p./pP** ~2-pr/\/s - Feynman variable
o n=-—log tan% - pseudorapidity

All below cross section calculations for particular processes are either based on appropri-
ately modified parametrizations of experimental data or utilizing the PYTHIA 5.7 and
JETSET 7.4 Monte Carlo programs [46].
It is instructive to illustrate the
kinematics of single particle
T ————rrre production in the plane of
laboratory angle vs. labora-
tory momentum. In fig. 1 the
interdependence between ©q
and pp for inclusive photon
or pion production is shown
as a function of zr and pr.
The hatched area indicates the
fragmentation region of the
polarized nucleon where the
E704 Collaboration has found
significant non-zero values for
the pion single spin asymmetry
[23, 25]. For easier comparison
this area is drawn in the
N N N backward hemisphere (target
10 1 10 102 10° fragmentation region) fince
Py GeV/c during phase I of HERA-N the
target nucleon would carry the
Figure 1: Laboratory angle and momentum of inclusive polarization, whereas in E704
pions as a function of pr and zF. the polarized beam was hitting
an unpolarized target. It is
obvious that in order to check the E704 results and to measure the hitherto unknown
pr dependence of single spin asymmetries at large enough zr the spectrometer must be
able to detect pions emitted under rather large laboratory angles (15 & 10 degrees)
which simultaneously imply low momenta (piqs < 10 GeV/c). As will be demonstrated
in section 5.6, large angle coverage is also required if elastic nucleon—-nucleon collisions
should be investigated at the given beam energy.




On the other hand, the study of double spin asymmetries in direct photon and/or jet
production during phase II of HERA-N would require to detect photons (and jets) also
at rather small laboratory angles (a few tens of milliradians), as will be outlined in the
following sections.

We note that the influence of the HERA-N spectrometer magnet to the polarization of the
polarized proton beam, and possibly related restrictions to the minimal angle accesssible
for particle detection, are beyond the scope of the present study.

Altogether it can be concluded that the HERA-N apparatus should have a wide-aperture
spectrometer to ensure that a sufficiently broad spin physics program can be realized. A
generic view of a possible apparatus is sketched in fig. 2 as top view assuming that the
available length must not exceed about 10 m.

Polarized
target

Figure 2: Top view of a generic wide-aperture nucleon—nucleon polarization experiment

at HERA.



5 Physics Reach in Different Final States

5.1 Direct Photon Production

Single Spin Asymmetries.

Direct photon production p + p* — v + X proceeds without fragmentation, i.e.
the photon carries directly the information from the hard scattering process. Hence this
process measures a combination of initial k, effects and hard scattering twist-3 processes.
The first and only results up to now were obtained by E704 [47] showing an asymmetry
compatible with zero within large errors for 2.5 < pr < 3.1 GeV/c in the central region

lzr| < 0.15.

The experimental sensitivity of HERA-N was determined using PYTHIA 5.7 by simul-
taneous simulation of the two dominant hard subprocesses contributing to direct photon
production,

o Gluon—-Compton scattering g + g = v + ¢
o Quark-antiquark annihilationg¢ + § — v + g,

and of background photons that originate mainly from 7° and 7 decays. The resulting
sensitivity is shown in fig. 3 in dependence on zr and pr. An additional, more specific
dependence on pr is shown in fig. 13 on page 20.

Since we are eventually interested in measuring the pr dependence of the underlying
hard subprocesses separately, two operations have to take place simultaneously:

(i) Separation of the two hard scattering subprocesses by analysing them in different
kinematical regions. The cross section ratio between them is expected to be larger than
four for pr > 3 GeV/c, i.e. for higher pr the Gluon—-Compton scattering dominates.

(ii) Separation of background photons which contribute their own asymmetry, caused by
e.g. fragmentation effects. The best method is to select ’single’ photons already in the
trigger, hardware- or software-wise, by requiring no signal in a given cone around the
photon. '

With increasing pr the rate of background photons decreases considerably faster than
that of direct ones. This is illustrated in form of a dilution factor D =N .. /N
shown in fig. 4 in dependence on zr and pr. When multiplying in a given cell both the

sensitivity and 1/1 + D the real sensitivity is readily obtained.

As can be seen from both figures, a good sensitivity (about 0.05) can be maintained up
to pr < 8 GeV/c. This is not anymore spoiled by neither the annihilation subprocess
nor by background photons and should hence facilitate to detect a clear dependence of
the direct photon single spin asymmetry on pr.

We note that the admixture of background photons can be decreased already at lower

pr by a finer segmentation of the electromagnetic calorimeter. In this case a higher
percentage of photons from 7° decay can be identified and rejected, and the real dilution
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factor becomes smaller. The minimum angle ©,,;, between photons from =° decay
was calculated according to Omin >~ 2-m,0/E. The dependence of the corresponding
minimum distance between photons from 7% — 27y decay after ten meters of flight is
drawn in fig. 5 as a function of pT and the 7% laboratory angle. It gives a first indi-
cation on the required minimum transverse granularity of the electromagnetic calorimeter.

—h
N

Py
o

Min Distance, (cm)

20 40 60 80 100 120 140 160
O\, (Mrad)

Figure 5: Minimum distance between photons from 7° — 2~ decay after ten meters flight
as a function of the laboratory angle, ©q;, of 7° for several values of the pion transverse
momentum, pr(m°).

We note that in another approach one can compare data of both direct and background
photons together, if the same is done in the corresponding simulation [48].

Double Spin Asymmetries.

The presently most accurate way to measure the polarized gluon distribution function
in the nucleon is to study those processes which can be calculated in the framework of
perturbative QCD, i.e. for which the involved production cross sections and subprocess
asymmetries can be predicted. One of the cleanest ways to probe QCD is to measure
direct photon production, because it is free from uncertainties due to fragmentation.
Since the double spin asymmetry of the Gluon-Compton subprocess is large, it was
already chosen as the premium candidate to measure the gluon polarization at RHIC
(49].

In the following we investigate the corresponding capabilities of HERA-N when mea-
suring direct photon production both inclusively and with additional detection of the
away-side jet.

Inclusive high pr photon production is described by a partonic formula proven within
QCD factorization:

Ao = Xf: 2 / dz1de,Aq(21) AG(22) A6 (21, 72) + (1 © o) (7)

12



Here the integration of the difference of the partonic Compton cross sections with definite
helicities is performed in a region defined by the following system:

Vi +zt + 2 Vi +z%t — =
0<ajzp<1, 1-YTTIFTIR VITTF 7P _g (8)

2231 23:2

The symmetrization accounts for the possibility to get either quark or gluon from both
beam and target proton. The asymmetry is obtained by dividing formula (7) by the
analogous expression for the spin averaged cross section:

o= Z ef f dz1dz2q(71)G(22)6 (71, T2) + (21 ¢ T2) (9)

The additional quark—anthuark annihilation subprocess is assumed to be suppressed
because of the lower density of antiquarks compared to gluons.

The main contribution to the integrals is coming from the region z, ~ z, because of
the rapid decrease of the parton distribution when z — 1. However, the Monte-Carlo
simulation shows that this region appears to be rather wide. It therefore needs a more
detailed study to determine how well in this situation the polarized gluon distribution
can be obtained by an iterative fitting procedure to the experimental data.

To illustrate that there is reasonable hope to extract significant information on AG(x) the
asymmetry for inclusive photon production is shown in fig. 6 vs. zr in several different
pr bins. It was calculated with SPHINX [50] utilizing both Gluon-Compton and ¢g in
the known proportion. Set A of Gehrmann-Stirling parametrization [51] for AG(z) was
used as input. As can be seen from the projected statistical errors for 240 pb~!, drawn
in fig. 6 as well, there is sufficient accuracy available up to pr < 8 GeV/c.

RIS o SN E SO
02F 3 o2 3 o02f 3
01F 3 o0if 1 o1f 3
TIPSR E I T L
01E ] ] L ] | ] ] - o i | ] -

-0.1 -0.1
-08 -04 0 04 08 -08-04 0 04 08 -08-04 0 04 038
Xp ) & Xp

Figure 6: Double-spin asymmetry as a function of xr in different intervals of pr for direct
photon production as predicted by SPHINX MC program [50] using set A of Gehrmann-
Stirling distributions [51] for polarized nucleon. The projected sensitivity of HERA- N is
shown.

Photon plus jet production allows for a direct determination of the polarized gluon
distribution at several points, since the measurement of the away-side jet balancing the
photon transverse momentum leads to an additional constraint:

24
Tl — Ty = 2 = 2} + (10)
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The integrations in Eq.’s (7) and (9) are then removed and the cross sections are given
by the integrated functions:

Ao = Z e?Aq(xl)AG(xg)A&(zl, z2) + (21 © 22), (11)
f
o= 2}: e3q(21)G(22)6 (21, 22) + (21 & T2), (12)

Here z,,z; are the solutions of the system (8), which are especially simple if zi¢ = 0, i.e.
if the zF values of photon and jet are equal in magnitude and opposite in sign:

As a result, the symmetrizing term in (7) and (9) appears to be equal to the original one
and another simplification appears:

Ag = ; €7 Aq(z)AG(24)Ab(z4) ~ g1(25) AG(z5) MG () (14)
o= Zf: €79(25)G(24)8(2,) ~ Fi(24)G(2)8 (), (15)

Here the quark and gluon momentum fractions are the same:

Tg =29 = V-"’%"‘“’%‘ (16)

In Equ.’s (14) and (15) we had already chosen the subscript g to underline that it is the
gluon distribution which is of primary interest. It is important to note that therefore data
points located in a corridor around lines of constant z4 in the (zp,z7) plot contribute
to the same bin in the polarized gluon distribution. In other words, when collecting
all experimental data on the double spin asymmetry in appropriate circular bins of the

(zF,z7) plane the obtained asymmetry in this bin directly corresponds to the x, value
given by (16).

Since the combination of quark distributions appearing in the cross sections is just the
same as that entering the definition of the structure functions F; and g, it is now straight-
forward to define the double spin asymmetry of direct photon plus jet production:

: . AG(zy)
AL = Aprs-arr - 7 (17)
' G(z,)
Here the partonic level asymmetry arr [57] is easily reduced to the form
. 3 —2z% — x4
ary = F L (18)

5+ 10z% + 73’

where Zr = zr/r,. This function is monotonically decreasing when Zr is growing, while
the partonic matrix element is increasing like 74 = (1 — 7%)2.

At this point we have to consider the influence of the acceptance. Adopting the experience
gained in the preliminary study of jet reconstruction (cf. section 5.3) and taking into
account that photon and jet have always to obey z! ~ 0, we choose the region of
—0.5 < nems < 1.0 for the photon and, correspondingly, —1.0 < nops < 0.5 for the jet.
The acceptance of the detector then yields zr ~ 0.78 for forward photons and backward

jets, and Zr ~ 0.51 for backward photons and forward jets, respectively.
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The absolute statistical error of AG(z,)/G(z,) is readily obtained as

AG(z,), AL
G(z,) ° Aprs-éarr’

]| (19)

where Ap;s and ary are to be taken at the appropriate values of Zp and z,, respectively.
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Figure 7: Typical predictions for the polarized gluon distribution confronted with the pro-
jected statistical errors expected for HERA-N and RHIC ezperiments.

In fig. 7 we reproduce two typical predictions for the polarized gluon distribution
(Gehrmann and Stirling [51], set A and C) in conjunction with the projected HERA-
N statistical errors obtained after the data has been analyzed in the above described way.
The errors demonstrate clearly that in the region 0.1 < z, < 0.4 a significant result can
be expected. This statement will very probably remain valid if once the systematic errors
will have been estimated. Note that in this first approximation the jet and photon recon-
struction efficiences were not included, yet. From preliminary jet studies (cf. section 5.3)
it can be anticipated that a serious deterioration might occur for lower pr-values only, i.e.
for the left-most point in fig. 7.

For comparison, we show the corresponding projected statistical errors for STAR running
at 200 GeV c.m. energy [52]. As can be seen, the measurement of AG(z,)/G(z,) in
doubly polarized nucleon-nucleon collisions at HERA can be presumably performed with
an accuracy being about competitive to that predicted for RHIC. A word of caution has
to be added: the projected RHIC errors available today base upon much more detailed
studies than those shown here for HERA.
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5.2 Pion Production

Significant non-zero single spin asymmetries were measured a few years ago by the E704
Collaboration in inclusive pion production p' + p — 7% 4+ X using a transversely
polarized beam at 200 GeV [23, 25] (see fig. 8). For any kind of pions the asymmetry
An was found to exhibit a considerable rise above zr > 0.3, i.e. in the fragmentation
region of the polarized nucleon. It is positive for both 7+ and #° mesons, while it has
the opposite sign for 7~ mesons. The charged pion data taken at 0.2 < pr < 2 GeV were
split into two samples at pr = 0.7 GeV/c; the observed rise is stronger for the high pr
sample.
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Figure 8: Single spin asymmetry in inclusive pion production pt + p — 7% 4+ X
measured by the E704 Collaboration [23, 25] as a function of zp. a) data averaged over
the whole pr region; b) data split into two subregions of pr.
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The inclusive 7t production differential cross section in the HERA-N kinematical
region is required to estimate the sensitivity Ax on the left-right asymmetry Ay. Data

on inclusive w° production at beam energies between 100 and 300 GeV were parametrized
as [53]

d*o ATl'pT\/_ (1 —z4)F
dprdzp E (p% +m?)N’

(20)

where .
z4 = (27 + (er — 20)%)z.

This parametrization was normalised to take into account the difference in the production
cross sections of 7% and #°. In fig. 9 the prediction of this parametrization is compared to
experimental data taken at /s = 44+45 GeV [54, 55] which is close to HERA- N energies.
Two other parametrizations [55, 56] are shown for comparison. Good agreement between
the parametrization [53] and the available experimental data is found over a wide range
of pr values.

10 3 e
10 " o pp—h"+X, Vs=44Gev -
- Appon+X, Vs=45GeV -

Figure 9: Invariant cross section as a function of pr at < |y| >= 0.75 for positive particles
(circles) at /s = 44 GeV [55] and positive pions (triangles) at \/s = 45 GeV [59]. Several
kinds of parametrizations are shown: dotted line - Ref. [55], dashed line - Ref. [56]. The
solid line corresponds to the parametrization (20) in sect. 5.2, as used to estimate the nt
production cross section at HERA-N energies.
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In fig. 10 contours are shown to characterize several sensitivity levels (6An = 0.001, 0.01
and 0.05) for an asymmetry measurements in the reaction p + p' — #+ + X under
the above explained HERA-N conditions. Note that in the large pr region the contours
calculated with big Apy x Apr bins are appropriate, since usually a larger bin size is
chosen where the statistics starts to decrease.

We can conclude that the accessible pr values are significantly larger than those E704
had. The combined pr dependence of all involved higher-twist effects can be measured
with good accuracy (§Anx < 0.05) up to transverse momenta of about 10 GeV/c in the
central region |zr| < 0.2 and up to 6 GeV/c in the target fragmentation region.
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Figure 10: Contours of the asymmetry sensitivity levels for 7% production in the (pr, zr)
plane. Lines of constant laboratory angles of the pion are shown.

To make sure that the genuine pr dependence of the single spin asymmetry is not spoiled
by other implicit dependencies we write it in its most general form as predicted by kine-
matics and dimensional analysis:

AN = Mf(wp,.’r'r) (21)
pPr
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In a good approximation the energy dependence can be neglected. This allows for a

simplification:

AN = _f("z.F) s (22)

where Zr = zp/zr. This behaviour can be clearly checked if the data is binned in an
appropriate way, i.e. along angular sectors having the same Zy value. As indicated in
fig. 11 each angular sector, when considering a certain region of high, i.e. target fragmen-
tation like zr values (say, -0.4 to -0.8), covers a rather small range in pr, only. Each of
these sectors being characterized by a certain average Zr then delivers its own pr depen-
dence which is scaled among each other by the difference in the function f(Zr). Taken
all Zr bins together, a clear picture is supposed to emerge on the overall pr dependence
of higher twist effects. The sensitivity within each sector vs. pr is displayed in fig. 12
for pion production and in fig. 13 for photon production. As can be seen, there is good
sensitivity (§Ax < 0.05) up to pr ~ 10 GeV for pions and up to pr ~ 8 GeV for photons.
In 7~ and 7° production the estimated sensitivities are very close to the one in n*
production. This can be seen from the cross section ratio of o(n~)/o(m*) measured at
high pr values [58, 59], and from the approximate relation o (%) =(o(x%) + o(77))/2.
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5.3 Jet Production

The measurement of spin asymmetries in inclusive jet production p + p' — jet + X
benefits from the highest counting rate when comparing to other inclusive final states. In
addition, it is almost free of fragmentation problems if an efficient jet finding algorithm
can be applied.

Jet production was simulated with PYTHIA 5.7 taking into account all possible 2 — 2
subprocesses. The resulting sensitivity to an asymmetry measurement under HERA-N
conditions is displayed in the (zg,pr) plane in fig. 14; again the big bins should be
considered when assessing the sensitivity at larger pr values. In the central region
|zr| < 0.2 the large jet production cross section allows to measure asymmetries with
good accuracy (6A < 0.05) up to pr = 14 GeV/c and even in the target fragmentation
region, say —0.8 < zr < —0.4, any pr dependence can be detected up to transverse
momenta of about 8 GeV/c.
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Figure 14: Contours of the asymmetry sensitivity levels for jet production in the (pr, zr)
plane. Lines of constant pseudorapidity in the CMS of the event are shown.
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The reconstruction of jets in a fixed target experiment is not an easy task and must be
investigated carefully. Here we report on the results of a preliminary study. We applied
the UA1 cone algorithm, utilized usually in hadron collider experiments, which exploits
the calorimetric information on the transverse energy deposited by the produced particles.
The algorithm starts with a search for the maximum local transverse energy in the (n—¢)
plane, which should exceed some predefined threshold value E%. Then the sum of the

transverse energies in a cone with radius R = (/(An)? + (§4)2 < Ry around this maxi-
mum is calculated and assigned to be the jet energy if being larger than a threshold EFm.

The most important specific feature exhibited by jets when produced in a fixed target
environment is that during the transition from CMS to the laboratory system the Lorentz
boost strongly modifies the size of the jet cone in space, Mgy = Noms + Ancums, where
Ancus ~ 3.73 at HERA-N energies. As a result jets emitted forward in CMS are
projected to (very) small laboratory angles, whereas those emitted backwards in CMS
are widened up considerably.

Future studies need to take advantage of these specific features. Possibly global event
variables like planarity may play a useful role in jet reconstruction.

The efficiency of jet registration under HERA-N conditions was investigated at the
particle level applying the cone algorithm with Ry = 1.2 to Monte-Carlo events. A
calorimeter, consisting along the particle’s path of an electromagnetic one followed by the
hadronic part, was located at 10 m distance from the target. A central hole with radius
R}, is required for the beam pipe. A transverse cell granularity of 5 x 5 em? is assumed.
A resolution of AE/E = 10%/vE @ 1% is assigned to the electromagnetic part, wheras
for the resolution of the hadronic one AE/E = 70%/vE & 2% is taken. Charged particle
trajectories were subject to a magnetic field providing a transverse momentum kick of
0.45 GeV/c. Two different versions were investigated for both the calorimeter transverse
dimensions (6 x 6 m? and 4 x 4 m?) and the inner hole (R, = 10 and 20 cm).

Two typical examples for jet events as seen by the calorimeter are displayed in fig. 15 for
Jets with pr ~ 5 GeV/c [(a), (b)] and with pr ~ 9 GeV/c [(c), (d)]. The left side of the
figure [(a), (c)] shows the distribution of the transverse energy across the calorimeter wall
for all particles belonging to the particular event, while the right side [(b), (d)] shows the
transverse energy deposited by particles originating from the jets, only. At the present
level of investigation it can be concluded that at large enough py values the task of Jet
reconstruction seems not at all hopeless.

A more quantitative confirmation of this statement can be seen in fig. 16, where
preliminary results on the jet reconstruction efficiency as a function of 7jet are presented
for several consecutive ranges of jet transverse momenta. The different line types drawn
denote the above explained different calorimeter dimensions (see figure captions). As
can be seen, the transverse size of the calorimeter plays a certain role in the CMS
backward hemisphere, while the diameter of the central hole is a very critical value for
the registration of jets emitted into the CMS forward hemisphere. Nevertheless, the
efficiency is found to be surprisingly large in the rapidity region —1.5 < nems ~ 0. = 0.5.
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We must note, however, that the above results were obtained by a rather simplified
method. To understand the real feasibility of jet reconstruction in HERA- N a much more
detailed study will have to be performed. Another important question not studied yet is
a possible contamination of "false jet” events which may be simulated by non-jet events.
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Figure 15: Transverse energy distributions for two-jet events across the calorimeter wall.
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Figure 16: Jets registration efficiency as e function of their pseudorapidity, n, in the
CMS for several regions of jet transverse momenta pr. At the top scale the laboratory
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i) solid line - transverse dimension of 6 x 6m?, central hole radius of 10 cm;

ii) dashed line - transverse dimension of 6 x 6m?, central hole radius of 20 cm;

iti) dotted line - transverse dimension of 4 x 4m?, central hole radius of 20 cm.
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5.4 J/v Production

Compared to direct photon production the production of quarkonium states below the
open charm threshold is a similarly clean tool to measure the polarized gluon distribution.
Hence many of the statements made in section 5.1 apply here, as well, and the principle
of analysis is very similar. Because of the relatively large quark mass the ¢¢ production
cross section and the expected asymmetry are supposed to be calculable perturbatively.

The production of bound states of heavy quarks has been theoretically studied in terms
of the colour singlet mechanism [62]. In this approach the dominant contribution is
expected to come from quark-antiquark or gluon-gluon fusion, leading to the formation
of the heavy quark pair in a colour singlet state with the correct spin, parity, and charge
conjugation assignments projected out. Although the colour singlet mechanism describes
successfully the J/v production cross section shapes over pr and zr at ISR and Fermilab
fixed target energies (1/s ~ 30 =60 GeV) [63], it completely fails to explain the integrated
cross section. Hence a K-factor of about 7 needs to be introduced to restore agreement
in magnitude.

Recent improvements in the theory of quarkonium production have been stimulated by
the anomalously large cross section for J/i production at large pr as measured recently
in the CDF experiment at the Tevatron [64]. The CDF data has been explained by taking
into account additionally the colour octet mechanism of heavy quarkonium production
[65). However, it is not obvious at all that the colour octet mechanism is already at
work for the relatively low energies /s of about 30 + 60 GeV, because the contradiction
between the experimental data and the colour singlet predictions appears only in the
cross section magnitude and not in the differential cross section shapes. In addition,
predictions from the color octet mechanism appear at variance with recent experimental
data obtained at HERA [66] indicating that its phenomenological importance is smaller
than expected from theoretical considerations and suggested by the Tevatron fits [67].

The single spin asymmetry in inclusive J/¢ production was calculated in the
framework of the colour singlet model [68]. The results of our calculations at HERA
energies are presented in fig. 17. For a first estimate of the expected asymmetry we used
the polarized gluon distribution by Gehrmann and Stirling [51]. As one can see, the
asymmetry effect is less than 0.01 in the region |zr| <0.6 and when taking into account
the dilution caused by the large K-factor it will become practically unobservable.

The double spin asymmetry was calculated [69] in the framework of the colour singlet
model, as well. As can be seen from fig. 18, the resulting asymmetry at pr = 2.5 GeV
is rather large (about 0.2) in the central region of g for the hard Gehrmann-Stirling
distribution, but very small for the soft one.

The clarification of possible contributions from other sources leading to J/%’s in the final
state requires a separate study. The x2(3555) double spin asymmetry being large and
negative [70] should lead to dramatic changes in the asymmetry at low pr, where this
mechanism is essential. It would then be especially important to discriminate between
direct J/¢’s and those originating from x2 —J/% + v decays. Experimentally this seems
well feasible since the spectrometer has to be anyway optimized for photon detection.
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The direct mechanism becomes dominant at pr = 2.5 GeV. The asymmetry due to frag-
mentation is actually that of Born gluon-gluon scattering [57], but the relative weight of
this contribution at different pr has still to be studied.
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We calculated the expected statistical sensitivity for the spin asymmetry in J/4 pro-
duction. The J/v production processes and their decay into ete™-pairs were simulated
with PYTHIA 5.7 taking into account all possible 2 — 2 subprocesses. The total
cross section was normalized to the Fermilab data on 800 GeV/c proton-gold collisions
[63]. We cut the J/¢ transverse momentum at pr > 1 GeV since at smaller pr the
expected asymmetry is negligible. The detection of the lepton pair was assumed
to be done with an electromagnetic calorimeter situated at 10 m distance from the
target with transverse dimensions of 6x6 m? and an inner hole with 10 c¢m radius.
As can be seen from fig. 19, there is good sensitivity in the central region up to py <4 GeV.

It is important to note that if the colour singlet mechanism could be isolated by detecting
the away-side jet this would allow to probe the polarized gluon distribution at several
z4 values, similar to the case of photon plus jet (cf. section 5.1). When comparing the
sensitivities shown in fig. 3 (inclusive photon production) and fig. 19 the reach in pr
is found about twice as large for photons compared to J/v’. The apparently rather
different behaviour of the hard scattering asymmetry, seen when comparing fig.’s 6 and
18, indicates that nevertheless both final states might yield complementary information
on the polarized gluon distribution.

Hence from future studies it might turn out that the double spin asymmetry in J/+ plus
jet production is a second viable tool to measure the polarized gluon distribution during

Phase II of HERA-N.
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5.5 A and A Production

The longitudinal polarization of s or § quarks knocked out in hard scattering from the
polarized target contains information about the spin-dependent parton distributions in the
longitudinally polarized nucleon. The polarized outgoing 5- and s-quarks can be assumed
to transmit its polarization with significant probability to A° and A°, respectively. The
A-hyperon polarization can be easily measured in the weak self-analyzing decay

A°(A®) = p(p) + = (x¥) . (23)

A° and A° hyperons produced in nucleon-nucleon scattering at 820 GeV beam energy have
typical energies of 20 + 40 GeV. Due to their large life range (¢ = 7.89 cm) they decay
far from the target (I = ery ~ 1.5 +3 m). The angular distribution for the decay (23) in
the A(A) rest frame system can be described by

1
W= E(l + Bépcosty) (24)

with B = 0.642 £ 0.013 [60]. Here £, denotes the transverse A°-polarization and 8 is the
angle between the proton momentum and the hyperon spin. Due to the large value of
B in (24) it is quite feasible to determine the hyperon polarization measuring the decay
angle distribution.
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To describe the fragmentation processes for unpolarized particles we make use of PYTHIA
5.7 and JETSET 7.4 which give reasonable agreement with the experimental data. The
polarization transfer from partons to A° is accomplished as proposed in Ref. [61, 71].
The MC simulation allows to follow all chains of parton transformations to A°. If A°
contains the initial s-quark then its polarization ;0 has been set equal to &, - the s-quark
polarization. In other words, the transfer coefficient C in the relation &40 = C €; 1s taken
equal to 1. In specific models other values for C down to 5 are proposed.

The cross section for A® production was calculated taking into account the decay branching
ratio and a © acceptance of 20+ 300 mrad for both decay particles. The dependence of the
antihyperon polarization on the transverse momentum, p4, obtained in the framework of
this approach, is presented in fig. 20 for different parametrizations of the polarized parton
distributions (72, 73] and different schemes of the polarization transfer from partons to
A [61, 71] which basically represent the region of predicted polarization values. As can
be seen from the figure, the statistical errors attainable are reasonably small (< 1%)
up to pr =~ 4 GeV. In this region it is possible to distinguish between different model
predictions.
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Figure 20: Polarization of A® as a function of pr for different parametrizations of polarized

parton distributions [72, 73] and different schemes of the polarization transfer from partons
to A [61, 71].
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5.6 Elastic Scattering

Large unexpected spin effects in singly polarized proton-proton elastic scattering
p + p' = p + p have been discovered many years ago [74, 75] and remain unexplained
up to now. The analysing power Ay was found significantly different from zero when
the transverse momentum pr of the scattered proton is large; Ay further increases with
rising p%, as shown later in fig. 22.
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Figure 21: Laboratory angles and momenta of the for-
ward and recoil protons, respectively, for elastic proton-
proton scattering as functions of p%.

To estimate the level of sensitivity d Ay in the left-right asymmetry Ay the differential
cross section of proton-proton elastic scattering was taken in the form [76):

d
d_‘;' =C-t"%, C=0.09 mb-GeV", (25)

which is in good agreement with high energy data for —t 2 3 + 4 (GeV/c)? at various
Fermilab and ISR energies. It does not depend on the initial energy for beam energies
above 300 GeV. The projected statistical error § Ay is displayed in fig. 22 as a function of
. We conclude that the existing data on singly polarized proton proton elastic scattering
can be checked with HERA-N in the region 5 < p < 7 (GeV/c)? with comparable
accuracy. Moreover, some new data points up to p¥ ~ 10+ 12 (GeV/c)? can be measured.
In this way it appears feasible to definitely clarify if the significant non-zero single spin
asymmetries in elastic proton-proton scattering persist at those high energies.
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Figure 22: Compilation of experimental data on the asymmetry in elastic proton-proton
scattering as a function of p%. CERN - Ref. [7{], AGS - Ref. [75]. In addition the
projected statistical errors attainable with HERA-N are shown.

6 Conclusions

The physics reach was investigated of polarized nucleon-nucleon collisions originating
from an internal target in the 820 GeV HERA proton beam. Single spin asymmetries,
accessible already with the existing unpolarized beam, were found to be an almost unique
and powerful tool to disentangle the QCD-inherent puzzle of multi-parton correlations in
conjunction with results of other experiments at HERA. When measuring the polarized
gluon distribution through various double spin asymmetries, requiring a polarized HERA
proton beam, the projected statistical accuracies are found to be comparable to those
predicted for the spin physics program at RHIC.
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