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Abstract

Akimenko S. et al. A study of one-spin asymmetries in pp↑ and π
−p↑ interactions at 70 and

40 GeV/c. (Proposal of experiment.): IHEP Preprint 97-58. – Protvino, 1997. – p. 39, figs. 22,
tables 2, refs.: 53.

A Russian-AMerican Polarization EXperiment (RAMPEX) has been proposed to study one-
spin asymmetries in the hadron production processes on polarized target p(π−) + p↑ → h + X
and p(π−) + p↑ → h1 + h2 +X at the initial proton beam momentum 70 GeV/c and initial π−

beam momentum 40 GeV/c.

aNNOTACIQ

aKIMENKO s. I DR. iZUˆENIE ODNOSPINOWYH ASIMMETRIJ W pp↑– I π
−p↑–WZAIMODEJSTWIQH PRI

70 I 40 g“w/S. (pREDLOVENIE “KSPERIMENTA.): pREPRINT ifw— 97-58. – pROTWINO, 1997. –
39 S., 22 RIS., 2 TABL., BIBLIOGR.: 53.

pRIWEDENO OPISANIE RUSSKO-AMERIKANSKOGO “KSPERIMENTA rmp—s DLQ IZUˆENIQ OD-
NOSPINOWYH ASIMMETRIJ W PROCESSAH ADRONNOGO ROVDENIQ NA POLQRIZOWANNOJ MI[ENI

p(π−) + p↑ → h + X I p(π−) + p↑ → h1 + h2 + X PRI NAˆALXNOM IMPULXSE PROTONNOGO

PUˆKA 70 g“w/c I NAˆALXNOM IMPULXSE PIONNOGO PUˆKA 40 g“w/c.

c© State Research Center of Russia
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1. Introduction

Quantum chromodynamics as a model of strong interactions is commonly used in
interpretation of experimental data. The most successful descriptions are those effects
which correspond to the leading twist-2 contributions. These include collider data on
hard photon and jet production at large pT , on lepton pair production with large M
etc. For some processes, the twist-4 corrections were determined in the 1/Q power series
[QST91].
The whole class of polarization phenomena is also described in terms of twist-2 quark

distributions arising in decomposition of non-perturbative proton matrix elements. First,
g1(x,Q

2) is the quark distribution in longitudinally polarized protons. This function has
been studied in deeply inelastic scattering of longitudinally polarized leptons (e, µ) on lon-
gitudinally polarized protons (deuterons) [DIS94]. There are theoretical papers which ar-
gue to measure another twist-2 quark distribution function, h1(x,Q2) [RAL79],[ART90].
Compared to the leading twist terms, the higher twist contributions have been studied

in few experiments (see for example ref. [AMM76]) since they are power corrections to
the leading terms. However there are effects which are completely determined by the
higher twists. They exist in reactions with unpolarized and with polarized particles as
well. In this proposal, as a source of information about twist-3 contributions we shall treat
one-spin asymmetries in hard and semi-hard hadron production on polarized protons in
reactions pp↑ → h+X. At the moment, there are no explicit model considerations which
attribute the twist-3 one-spin asymmetry in pure hadron reactions to the chiral-odd twist-
3 quark spin-dependent distribution hL(x).
We shall also study spin correlations in the double inclusive process pp↑ → h1+h2+X.

We believe that they can be attributed to the convolution of the twist-2 quark distributions
and quark fragmentation functions. This consideration will involve the chiral-odd twist-2
spin distribution h1(x).
Experiment RAMPEX – Russian-AMerican Polarization EXperiment– will include a

program of studies of the spin effects which have a clearly twist-3 origin and also effects of
not-so-obviously twist-2 origin. A significant part of the investigations will be performed
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for the first time. This program includes pp↑ interactions at 70 GeV/c, and as an option
π−p↑ interactions at 40 GeV/c, at the Serpukhov accelerator.

2. Experimental results

Experimental measurements of one-spin asymmetries AN(xF , pT ) in inclusive reactions
at initial momenta of few GeV/c and higher have been performed since 1975, starting with
the pioneering results of Dick [DIC75]. Later on, during 15 years, a number of experi-
ments was performed at CERN and in Serpukhov (with polarized targets), in Argonne
(with 6 GeV/c and 11.75 GeV/c polarized proton beams), in Brookhaven (with polar-
ized proton beam at 13 and 18 GeV/c) and at Fermilab (with polarized beam of the
maximum momentum 200 GeV/c). Measurements made in ’70s and ’80s are listed in
[EXPAn]. They showed the presense of significant spin asymmetries for initial momenta
in the range 6 to 24 GeV/c.
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Fig. 1. Asymmetry AN (pT ) in reaction p↑ + p→ π± +X at 13.3 and 18.5 GeV/c [SAR90].
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The later results were published in 1990-92 and they covered the range of initial
momenta from 13 to 200 GeV/c. In fig. 1 the dependence of asymmetry AN(pT ) on
transverse momentum is shown for inclusive processes p↑ + p → π± + X at 13.3 and
18.5 GeV/c [SAR90]. The quantity xT = 2pT /

√
s reaches very large values – 0.9 for π+

and 0.8 for π− production. The values of the π− asymmetry are consistent with zero, and
the π+ asymmetry reaches 20% in the region of central production.
This behaviour of the asymmetries for π+ and π− production at xF = 0 is confirmed

by the results obtained in [BON90] at the same initial energies which are shown in fig. 2.
The asymmetry values AN(xF ) at large xF are also plotted.
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Fig. 2. Asymmetries AN(xF ) and AN (xT) in reactions p↑ + p → π±, KoS + X at 13.3 and
18.5 GeV/c [BON90].

For π+, the values of AN(xF ) are positive and vary from 0.05 to 0.10. Of special in-
terest are the K◦S asymmetries in reaction p↑+Be→ K◦S +X, which are presented in this
figure versus xF and xT . AN is negative and it changes approximately from –0.05 to –0.25.
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The Serpukhov results at 40 GeV/c are displayed in fig. 3a for the process π− + p↑ →
π◦ + X at pT > 1.2GeV/c [APO90]. In the region pT ∼ 2.5GeV/c the asymmetry
achieves the maximum value ∼ 40%.
Figs. 3b,c present the measurements of the one-spin asymmetry in reactions with

200–GeV/c polarized proton beam p↑ + p → π + X at large xF (for π
+, π−, π◦) and

at xF=0 (for π◦) taken from refs [ADA91a] and [ADA91b]. The xF -dependences look
impressive reaching the absolute values ∼ 40% for charged pions. On the contrary, the
asymmetry AN(pT ) in πo production at 90◦ in cms is consistent with zero in the wide
pT -interval from 1 to 4 GeV/c (fig. 3c).
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Fig. 3. a — Asymmetry AN (pT) in reaction π
−p↑ → πo+X at 40 GeV/c [APO90] ; b — E704

experiment at Fermilab: AN(xF ) in reaction p↑ + p → π + X at plab = 200 GeV/c
[ADA91a]; c — the same exp.: AN (pT) for the central production of π

o [ADA91b].
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Analysing the whole set of experimental results which are available between beam
momenta of 6 and 200 GeV/c, one can come up to the following conclusions:

• at any initial energy under study, the one-spin asymmetry can reach sizeable values;
• a serious enigma is the zero values of AN(pT ) in a very wide pT -interval in E704
experiment at 200 GeV/c;
• the experimental measurements are rather mosaic, and mostly they cannot be com-
pared;
• hence, from the quick review one can see the importance of a new experiment with
a complex physical program which is able to give results on AN(xF , pT ) for different
particles and in different kinematical regions.

3. Physics motivation

Recent developments of theoretical representations of parton distributions in polarized
protons have lead to new distribution functions and to their more adequate classification
in chirality and twist (see for example [JAF91],[JIX92]). Normally the experimental
community is familiar with the polarized parton densities g1(x) and g2(x), the first of
which has been studied rather thoroughly. However the intrinsic nucleon structure is
described also by other functions.
Although the best probing processes of the nucleon structure are photon processes

either real (Compton, direct γ production) or virtual (DIS, Drell-Yan pairs), pure hadronic
processes may contribute to the theory.
In this section the measurements of the one-spin asymmetries in hard and semi-hard

hadron production processes are treated as a possible source of information on the new
spin-dependent quark distributions hL(x) and h1(x), twist-3 and twist-2 respectively (see
Appendix A). Actually in this experiment we shall measure the obviously-twist-3 asym-
metries in single hadron production and we shall try to discover the more subtle twist-2
correlations in two-particle production processes. The definitions and simple introduction
to h functions is given in Appendix A.
The well known studies of g1 and g2 distributions are based on the factorization formula

which is strictly proved for deeply inelastic scattering with polarized leptons and protons.
However this is not the case for hadron processes with one polarized proton. This problem
is briefly discussed in Appendix B.
As follows from the factorization assumptions in Appendix B, the one-spin asymmetry

can be determined by the integrand tensor convolution

σ↑(xF , pT )− σ↓(xF , pT ) ∼ hL(xb, Q)⊗H(xa, xb, z). (1)

Here H(xa, xb, z) includes the quark distribution in unpolarized proton and the quark
fragmentation function Dπ/q(z). This expression can be, in principle, applicable in a
certain class of models for hard and semi-hard production processes [JAF91].
Our ability to contribute to the twist-3 studies depends on the knowledge - either

theoretical or experimental - of the function H. Below we present the model approach
[ANS95] in which a similar integrand was considered.
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Theoretical problems relating to the chiral-odd distribution functions h1 and hL were
discussed at the RAMPEX Round Table in Amsterdam, 1996 [ARE96]a.

3.1. Twist-3 in one-spin asymmetries

Contrary to the commonly accepted leading twist phenomenology in double-spin asym-
metries, the twist-3 phenomenology of one-spin processes is not unique, and model ap-
proaches vary significantly. The pioneering study in this field was published in 1984 by
A.Efremov and O.Teryaev [EFR84].

Twist-3 quark distributions. In early papers Efremov, Teryaev [EFR85] and Qiu,
Sterman [QIS91] considered one-spin asymmetries AN in processes with photons (Comp-
ton effect and direct gamma production):

γN↑ → γ +X (ET),

p↑p→ γ +X (QS).

They are proportional to to the twist-3 proton matrix elements which are different in
these studies due to the different twist-3 phenomenology.
Recently Efremov and collaborators [EFR95] obtained one-spin parton asymmetries

in inclusive production of quark and gluons:

p↑ + g → q +X,

p↑ + g → g +X.

These asymmetries are proportional to the quark-gluon correlation functions bA(y, x) and
bV (y, x) which appear while factorizing the hadron process on the twist-3 level: AN ∼
bA(0, x)− bV (0, x).
In hard and semi-hard hadron processes, a direct manifestation of the twist-3 quark

densities are one-spin asymmetries in reactions with one transversely polarized proton in
the initial state:

p + p↑ → h+X, 70 GeV/c (2)

π− + p↑ → h+X, 40 GeV/c.

h denotes here charged and neutral π and K, protons, Λ and resonances, K∗890 I
φ(1020) mainly. The asymmetry AN(xF , pT ) in these reactions is fully determined by
the twist-3 contribution since in perturbative QCD one-spin asymmetries are zero (in the
limit of zero quark masses).
It is worthwhile saying that single inclusive reactions (2) can be used, in appropriate

phenomenology, as a source of information about the chiral-odd distribution function hL.
In deep inelastic scattering there should be an additional hadron to be detected due to the
chiral-odd nature of h functions. As to hL(x) in reactions (2), there is no model exploring
this distribution function which is connected with the quark-gluon dynamics. However
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as indicated in ref. [JAF91] it can be calculated in models with valence quarks, without
dynamic gluons. One can say that the necessity of such model is inspired by the new
experiment RAMPEX.
The main contribution to the cross sections of the processes (2) is normally given by

the twist-2 terms, but the difference of the cross sections with opposite polarizations, i.e.
the spin asymmetry, is determined by the twist-3 contribution (see formula (11)). The
first considerations of the twist-3 terms in one-spin asymmetries were performed in ref.
[EFR82]. The model references can be found in this section .

Expected measurements. The one-spin two-argument asymmetryAN (xF , pT ) which
will be measured in reactions (2) is defined as

AN(xF , pT ) = −
1

P

dσ↑ − dσ↓
dσ↑ + dσ↓

. (3)

Here P is a value of the target transverse polarization. The measurements will be per-
formed in the regions of hard production of hadrons h (at xF = 0) and of semi-hard
production at large xF . The hard processes are the most promising for extracting the
twist-3 parton densities, since then the factorization formula (11) can be applied in the
most unambiguous way. The model approaches in semi-hard region are more ambiguous.
But in this case the asymmetry is also determined by the twist-3 terms if a lower trans-
verse momentum limit is assumed at large xF , pT ≥ poT (for example p

o
T = 1 GeV/c). This

helps to remove or to decrease the Regge poles’ contribution to the asymmetry. Examples
of the model considerations can be found in refs. [DOR91],[ART94].
In particular, we would like to clarify the problem of the value of AN(0, pT ) for π◦

hard production. The asymmetry measured in reaction π−p↑ → π◦ + X at 40 GeV/c
was rather sizable at pT ≈ 2.5 GeV/c as well as at lower energies in pp↑ interactions
[SAR90],[BON90]. Measurements in p↑p interactions at 200 GeV/c (FNAL, E704) re-
sulted in zero values in the wide interval pT = 1 ÷ 3.8 GeV/c [ADA91b]. We hope the
70-GeV/c results to give a fresh look at the behaviour of the asymmetry AN (0, pT ) in the
energy interval from 40 to 200 GeV/c.

3.2. Twist-2 in one-spin asymmetries

Of twist-2 polarized quark distributions, only the function g1(x,Q2) has been a sub-
ject to intensive experimental studies in DIS with longitudinally polarized leptons and
protons (deutrons) [DIS94]. For h1(x), the chiral-odd twist-2 distribution function, there
is no experimental information and no commonly used theoretical approach in hadron
processes, though h1(x) is well understood as the ’transversity’ distribution.
The one-spin asymmetry in hard processes with spatial parity conservation may exist

at the leading twist-2 level only if a final state particle polarization is included in con-
sideration. This is because the hard parton subprocess itself cannot give a measurable
asymmetry even under summation of loop corrections. The final particle polarization
may not be directly measured. Information about the spin state of a quark scattered in
a subprocess can be infered through detection of two hadrons produced by the quark.
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In ref. [LEA93] Drell-Yan pair production is considered in the reaction p↑p→ (γ∗ →
e+e−)+X with the γ∗ decay in the phase space dΩ∗. This is equivalent to using the decay
spin density matrix.

The Collins effect in hard and semi-hard regions. J.Collins suggested that the
fragmentation function of the transversely polarized quark is expressed as

Dπ/q(s, z,pt) = Dπ/q(z, pt)(1 +
s · (q× p)

pt
A). (4)

Here s is polarization of a quark with momentum q scattered in a hard subprocess and
fragmented into pion of momentum p = (pl,pt) with the components parallel and per-
pendicular to the quark momentum.
The azimuthal differences arising from the formula (4) and resulting in left-right asym-

metries were defined by Collins as a ’sheared jet asymmetry’[COL93],[COL94].
Expression (4) involves the azimuthal angle dependence in the plane transverse to

the scattered quark direction. This dependence was explicitly explored in ref.[ART94]
where the final state quark polarization is related to the twist-2 chiral-odd transversity
distribution h1:

s = R(sbeam)
h1(x,pt)

fq(x,pt)
DNN .

Here R denotes the rotation around the normal to the quark scattering plane, fq(x,pt)
is unpolarized quark distribution and DNN is the spin transfer in the subprocess.

Target fragmentation region. Similarly to the hard production, the spin correlations
of the type (4) can be observed in the target fragmentation region. In this case q is the
direction of the incoming polarized target proton in cms. As the analysing power (left-
right asymmetry) A has a kinematic zero at pt = 0, the transverse momenta of the
detected hadrons (pions) must be restricted, say, pt > 0.3 GeV/c. The pion longitudinal
momenta obey an appropriate condition, for example, xF < –0.3.
One can use two leading particles with momenta p1 and p2 to define both the quark

axis and the azimuthal angle. This leads to the correlations of type

s(p1 × p2)

|p1 × p2|
.

Two-pion correlations. As a probe of the function h1(x) we want to test the spin-
particle correlations in the double inclusive process

p(π−) + p↑ → h± + π◦ +X. (5)

The produced hadrons have large transverse momenta in opposite directions in cms (back-
to-back kinematics). As was noticed by Collins in [COL93], these reactions with trans-
verse initial polarization have advantages compared to longitudinal polarization because
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the latter requires three vectors (three particles in the final state) to determine handedness
[NAC77], [EFR92], whereas two is enough for the transverse polarization.
In reaction (5), the charged hadron h± is detected in the spectrometer arm for charged

particles, and the neutral pion π◦ is to be reconstructed in the second arm which will
consist of an electromagnetic calorimeter made of PbWO4 crystals.
A different type of spin correlations arise in the reaction (5) and also in reaction

p(π−) + p↑ → h+ + h− +X, (6)

if both hadrons h+ and h− have kinematics of leading particles produced by a scattered
quark. The total momentum of hh pair has a direction close to 90◦ in cms (xhhF = 0). In
this case there is a correlation between hh plane, scattering plane and initial polarization
[RSC92], [COL94]. These correlations are proportional to h1(x)H(z) that is a product
of the twist-2 transversity distribution and fragmentation function. Similar measurements
will be performed with semi-hard hh pairs produced at large xhhF .
By charged hadrons h±, we mean π± and K± in the momentum intervals where they

can be effectively identified by the Čerenkov counters (see subsection 4.4).

3.3. Phenomenological models

Apart from the models mentioned above, there is a number of other papers concerning
the origin of one-spin asymmetries. Large-distance contributions are also studied in the
phenomenology of parton orbital motion and in effective quark interactions with colored
hadron remnants (see [ARE96]b, [TRO95], [BOR95]).

qq̄ pair orbiting. In refs. [TRO95] a constituent quark model is considered where
constituent quarks are surrounded with a cloud of quark-antiquark pairs. One-spin asym-
metry arises due to the qq̄ orbital momentum in the constituent quark structure. Predic-
tions of this model for the one-spin asymmetry in inclusive production of π+, π−, πo at
70 GeV/c are presented in fig. 4a (pT -dependence) and in π± production at 200 GeV/c
in fig. 4b (xF -dependence). At the initial momentum 70 GeV/c we are interested in the
predicted values of the pion asymmetries are rather sizeable.

Valence quark orbiting. The ’Berliner model’ of Meng and collaborators [BOR95]
is based instead on the phenomenology of the valence quark orbiting. In fig. 4c predictions
of the Berliner model are shown for inclusive pion producion at 200 GeV/c in comparison
with the Fermilab results.

Other large-distance effects. Large-distance interaction dynamics can be modelled
by various means. Collins and Ladinsky in ref. [COL96] used the σ-model to describe
the spin-dependent quark fragmentation to a two-pion state:

q → ππ + X.

They predict a non-zero dependence of fragmentation on the transverse spin on the level
of twist-2 and show how the two-pion correlations reflect the quark spin. Although being
a crude qualitative estimation this model is interesting as well as other pioneer works
describing the twist-2 effects of the transverse polarization of initial quarks.
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Fig. 4. Model predictions for one-spin asymmetry AN : a — pT -dependence of π
±, πo asym-

metries at 70 GeV/c in the U -matrix model including the qq̄ orbital motion [TRO95];
b — xF -dependence of the π

± asymmetry at 200 GeV/c in the same model, different
curves correspond to different model parameters; c — pion asymmetries at 200 GeV/c
in the Berlin model with orbiting valence quarks [BOR95]; d — asymmetries of K+

andKoS-mesons in the model with quark spin flip in colored hadron remnant [ARE96]b.

At large distance, the spin of a scattered quark can be flipped in interactions with
the colored field of the hadron remainder. This can be interpreted differently. In ref.
[RYS90], quark chromomagnetic moment χq interacted with color field tube resulting in
a model parameter χq. Else, in ref. [ARE96]b the quark spin flip was explained by a
soft gluon radiation (absorption) in the quark fragmentation resulting in increasing pT -
dependence of the asymmetry. In fig. 4d the model predictions for AN(pT ) [ARE96]b
are plotted in K-meson inclusive production at 70 GeV/c.

Intrinsic kT . An application of intrinsic partonic kT -structure of polarized protons
to the one-spin asymmetry problem was performed by Sivers in [SIV90]. This idea was
further developed by Anselmino and collaborators [ANS95]. They argue that indications
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to the T -invariance violation in this approach are true only in the leading twist approxi-
mation. Based on the twist-3 contribution the expression for the one-spin asymmetry in
the model of [ANS95] is

ANdσ =
∑∫

dxadxbd
2kTaI

a/p
+−(xa,kTa)fb/p(xb)[dσ̂/dt̂(kTa)]Dπ/c(z)/z.

All quantities in this equation are either theoretically or experimentally known, with
the exception of the new function I

a/p
+−(xa,kTa). This function reflects the non-perturbative

proton structure and includes conceptually the twist-3 quark distributions. Being appro-
priately parametrized, say as

I+−(x,kT ) = Nxα(1 − x)βg(kT )

with the Gaussian g(kT ), the function I+−(x,kT ) can be extracted from experiment.
Model predictions for AN(xF ) at 70 GeV/c [ANS96] are shown in fig. 5a.
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Fig. 5. The large-xF behaviour of the one-spin asymmetry AN : a — predictions of the model
[ANS95] for 70 GeV/c made for RAMPEX due to the courtesy of Mauro Anselmino
and Francesco Murgia; b — comparison of one of the model curves from [ART94] and
the E704 data at 200 GeV/c.
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Direct implementation of h1(x). Using the formula (4) X.Artru and collabora-
tors attempted to include directly the twist-2 quark transversity distribution h1(x) in
the integrand expressing the origin of the AN [ART94]. After a number of subsequent
simplifications, the large-xF predictions for AN at 200 GeV/c were obtained. They are
presented in fig. 5b in comparison with the experimental data.

3.4. Asymmetry AN(xF , pT ) in the production of resonances

Since a major part of hadrons is produced from resonances, measurements of one-
spin asymmetry in resonance hard production will give more direct information about
the twist-3 contributions. However a problem of background asymmetry seems to be a
serious one. The reactions under study will be

p(π−) + p↑ → (K∗890 or K
∗
890) +X, (7)

p(π−) + p↑ → φ(1020) +X

with the decays K∗890 → Kπ and φ → K+K−. The distributions in invariant mass of
detected pairs Kπ and KK at xF = 0 are shown in fig. 6. The ratio signal/background
seems to be reasonable and it allows us to hope that the asymmetries of resonances can
be measured.
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Fig. 6. Distributions in invariant mass of detected pairs of the charged particles.

3.5. Flavor dependence of the asymmetry

A comparison of polarization effects in inclusive production of particles with various
quark content is of special interest. We therefore want to compare one-spin asymmetries
in the following reactions:

p(π−) + p↑ → π0 +X (dd̄)

→ K0s +X (ds̄ + d̄s)

p(π−) + p↑ → π+ +X (ud̄)

→ K+ +X (us̄)

p(π−) + p↑ → π− +X (dū)

→ K− +X (sū).
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The one-spin asymmetry on the subprocess level which originates from perturbative
QCD is proportional to the mass of the polarized quark. The masses of u, d quarks are
negligibly small, and it is commonly believed that the strange quarks in polarized proton
are weakly polarized.
On the contrary, the one-spin asymmetry originating from the twist-3 contributions

is proportional to the mass parameter µhadr [EFR84], [EFR85] due to the long-distance
interactions. As the fragmentation properties may differ for pions and kaons, the effective
size of this region, ∼ 1/µhadr, may also vary, thus resulting in a flavor dependence of the
one-spin asymmetries.

3.6. Λ polarization measurements

The decaying Λ-hyperons are good self-analysing polarization tools. The measurment
of the final-state Λ polarization in the reaction

p+ p↑ → Λ↑ +X (8)

will allow the study of the correlation parameter DNN which is called polarization transfer
coefficient and is defined as

DNN =
1

PT

N↑↑ + N↓↓ − N↑↓ − N↓↑

N↑↑ + N↓↓ + N↑↓ + N↓↑
.

Here the vertical arrows in subscripts indicate the transverse polarization of the target
and produced Λ.
The maximum values of the polarization transfer are expected in the target fragmen-

tation region according to the naive quark-diquark representation of the polarized target
proton.
The recent E704 measurements at Fermilab [PEN95] give evidence for a sizeable and

positive value of DNN .

4. Experimental setup

A brief description of RAMPEX can be found in [ARE97]. The full version of the
experimental setup includes two arms (fig. 7).
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Fig. 7. Layout of experimental setup RAMPEX: PC1–PC5 — blocks of proportional chambers,
M — analysing magnet, H1, H2 — trigger hodoscopes, Č1, Č2 — threshold Čerenkov
counters, EC1, EC2 — electromagnetic calorimeters, HC — hadron calorimeter.
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One arm consists of the magnet spectrometer, two Čerenkov counters Č1, Č2 to identify
charged particles, an electromagnetic calorimeter EC1 and a hadron calorimeter HC. The
magnet spectrometer consists of the magnet M and five proportional chambers PC1-PC5.
In fig. 7 this arm makes an angle of 9◦ with the beam line corresponding to 90◦ in cms.
This arm will be also rotated to a smaller angle close to 0◦ to detect particles with large
xF and to a larger angle to detect particles with negative xF . Numerical estimations of
acceptances and efficiences show that the angle values near 80 and 300 mrad are optimal
for these measurements.
The second arm of the setup consists only of the fine-granulated electromagnetic

calorimeter EC2 which is placed symmetrically to the beam line and makes angle −9◦

or smaller.

4.1. Beam

Existing equipment of the 14th channel allows use of a 40 GeV/c π− beam with the
1.8% K− and 0.3% p̄ contamination [BRU75] and the 70 GeV/c unpolarized proton
beam extracted directly from the accelerator with a bent Si crystal [ASE93]. We assume
the pion/proton beam intensity of 5 · 106 in a 1-second spill with a 9-second interval
between spills. The size of the pion beam is characterized by the values ∆x = ±8 mm,
∆y = ±6 mm with ±2.5 mrad and ±1.5 mrad angular divergences, horizontal and vertical
respectively. The momentum uncertainty of the pion beam is defined by δp/p = ±2.5%
[BRU75].
The transverse size of the proton beam is smaller by a factor of 2, and the angular

divergence is smaller than ±0.3 mrad [ASE93].

4.2. Polarized target

The parameters of the polarized target was published in ref. [BOR76]. Propane-diol
C3H8O2 fills a cavity 20 mm in diameter and 200 mm in length. The polarization of the hy-
drogen nuclei is about 80% on average. The dilution factor depends on a type of detected
particle and kinematics, and varies between about 6 to 10. The target contains 9.3 · 1024

nucleons/cm2. The luminosity of the experiment is estimated as L ∼ 5 · 1031cm−2spill−1.

4.3. Magnetic spectrometer

The magnetic spectrometer was designed for the NEPTUN project. It includes the
analysing magnet M and 5 blocks of multiwire proportional chambers PC1 – PC5. Each
block contains four coordinate planes: orthogonal x and y planes and also u and v planes
which are inclined to ±10◦ with respect to y axis. Fig. 7 represents an option with the
spectrometer axis making an angle of 9◦ with the beam line. This position corresponds
to 90◦ in cms at the initial momentum pbeam= 70 GeV/c to detect the hard production
of hadrons.
The magnet M has the aperture 1.3× 0.62 m2 and the length 0.63 m. The integral of

the magnetic field is 1.0 Tm. The magnet center is placed 4.5 m from the target center.
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Two blocks of proportional cham-
bers PC1 and PC2 with the transverse
size 530×384 mm2 are located at dis-
tances 0.9 and 2 m from the target
center, respectively. Three blocks of
chambers PC3 – PC5 of size 1422 ×
898 m2 are placed at the distances
3.7, 5.2 and 7.2 m from the target.
The coordinate wires are stretched
with a spacing of 2 mm in all planes.
The tracking system will allow us

to measure charged particle momenta
with an accuracy ∆p/p = 1.7 · 10−3p + 2 · 10−3 and to reconstruct the straight-line track
x = x0 + axz with an accuracy δx0 = 2 MM, δax = 8.8 · 10−4. In fig. 8 the dependence ∆p
vs p is shown.

4.4. Charged particle identification

Particle types for π, K, p and p̄ are determined with the help of two threshold multi-
channel Čerenkov counters Č1 and Č2 which are placed downstream of the magnetic
spectrometer. The counter Č1 has 8 channels (4×2) and it is filled with freon-12 at 1 atm.
The 16-channel counter Č2 (8× 2) is filled with the nitrogen also at 1 atm. The counters
are designed to allow detection of multiple charged signals. Combinations of two counters
can identify π± with momenta 3.1÷ 20 GeV/c, and K± and p± from 10 to 20 GeV/c.
The aperture and the length of Č1 are 1.2×0.9 m2 and 1.5 m. The same characteristics

for Č2 are 1.6× 0.88 m2 and 3.0 m.
The counter mirrors are spherical, made of glass with 2 mm thick. The mirrors in

counters Č1 and Č2 have sizes 30×50 cm2 and 25×50 cm2 respectively. The mirrors are
covered with a reflecting layer to obtain maximum light reflection in the region of the
PMT sensitivity. At the focus of each mirror a photo-multiplyer tube PMT-174, with a
photocathode 100 mm in diameter, is placed. Estimations show that this photocathode
diameter results in the light collection efficiency of at least 50% [ALE94]. Quantum
efficiency of the photocathode at the wave length 400 nm is about 25%.
Calculations of the counters’ efficiencies are shown in fig. 9a,b. The number of photo-

electrons is given assuming 90% light collection efficiency.
While identifying charged kaons, the pion contamination arises from the inefficiency

of the counter Č2. The contamination can be estimated since the ratio of π’s to K’s is
experimentally known. The results are plotted in fig. 9c under reasonable assumption of
the 45% light collection efficiency. As is seen, at 11 GeV/c the pion contamination in
kaons is less than 1%. Since the probability of the simultaneous misidentifications of the
counters Č1 and Č2 is negligibly small, the major part of contaminaton in protons and
antiprotons is due to charged kaons because of the inefficiency of the counter Č1. The
relevant calculations are presented in fig. 9d. From this it follows that at 12 GeV/c the
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contamination is about 10% and it decreases quickly with increasing particle momentum
(down to 1% at 14 GeV/c).
Errors in particle identification may also arise from false counter signals from energetic

δ–electrons. Estimations show that the number of the false signals is not greater than
0.003 per charged particle.

Cherenkov counter response.
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Fig. 9. Calculated properties of the Čerenkov counters.

4.5. Electromagnetic calorimeters

The calorimeter EC1 is being constructed of modules which were designed for the
backward and forward γ–detectors of experimental setup NEPTUN. Both types of the
modules are made as the Pb+Sci sandwich with layers which are perpendicular to the
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direction of the detected particles. The light guide to the PMT is made by the longitudinal
wave-length shifters (WLS).
The 1st-type cells. The transverse size of these cells is 76mm×76mm. The thickness

of each layer of Pb and Sci is 2.5 mm and 5 mm respectively. The total length is about
20 radiation lengthes, 20X0. The design includes use of an additional WLS in each cell
to collect light only at the depth of the predicted electromagnetic shower maximum.
Information about the longitudinal development of a shower will improve discrimination
of the hadron background. The energy resolution for electrons follows the formula

σE

E
≈
9%
√
E
+ 0, 5%.

The coordinate resolution is σx ≈ 1÷ 2 mm at 26 GeV.
The 2nd-type cells. The transverse size of these cells is 38×38 mm. The thickness of

each layer of Pb and Sci is 3 mm and 5 mm respectively. The length is about 22 radiation
lengths, 22X0. The test of the prototype showed energy resolution

σE

E
≈
9%
√
E
+ a,

where the constant a is much less than 0.01. The coordinate resolution is σx ≈ 1 mm.
The center of calorimeter EC1 consists of a matrix 40×24 of the second-type cells of

size 38×38 mm2. The construction formula is 60 supermodules each consisting of 16 cells,
thus giving totally 960 channels . The peripheral part of EC1 is formed by 144 first-type
cells of size 76×76 MM2. The construction formula is 36 supermodules, each of which
contains 4 cells, resulting a total of 144 cells.
The calorimeter EC2 is placed much closer to the target than EC1. This requires a

more compact design in comparison with lead glass or with sandwich calorimeters. As a
radiator, we shall use heavy scintillating monocrystals of PbWO4 [BUY94]. The small
values of the radiation length (X0=9 mm) and the Moliere radius (RM=20 mm) allow
reduction of the distance from the target by a factor of 2 without losing efficiency in π0

reconstruction or angular resolution for single gammas and electrons. Another advantage
of this detector is the high energy resolution:

σE

E
≈
3%
√
E
+ 0, 5%.

4.6. Trigger hodoscopes

The scintillator hodoscopes H1 and H2 are used for fast estimation of particle momenta.
The hodoscopes have two planes each. H1 has transverse size 260×130 mm2 and consists
of 26 × 13 channels. The transverse size of H2 is 1600 × 1100 mm2 and it consists of
32× 22 channels.
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4.7. Hadron calorimeter

The hadron calorimeter consists of modules designed for the NEPTUN experiment at
the internal beam of UNK [ALE92]. It will be used to detect K0L and neutrons and also
as an element of the trigger system. The hadron calorimeter of compensating type is a
matrix of 18×12 modules (216 channels total). Each module is constructed as a sandwich
Pb+Sci with the light collection in wave-length shifters (WLS). The ratio of the Pb and
Sci thickness is equal to 4:1 and it has been chosen for compensation. The transverse
size of a module is 10cm×10cm, the length is equal to ≈6.5 nuclear lengths. The signal
spectra of the hadron calorimeter produced by protons, pions and electrons are shown in
fig. 10.
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Compensation requires equality of signals from hadron and electromagnetic showers. It
is an important property of HC resulting in high quality hadron calorimetry. Parameters
of non-compensated HCs becomes much worse with increasing energy (fig. 11). They have
low energy resolution and suffer from non-linearity of the energy scale.

0.2

0.4

0.6

0.8

1

1.2

1.4

0 25 50 75 100 125 150 175 200
E, GeV

σ/
E

*√
E CDHS 1981 (Fe/scint)

HELIOS 1985 (U/scint)
GAMS 1985 (Fe/scint)
ZEUS 1987 (U/scint)
ZEUS 1987 (Pb/scint)
NEPTUN 1990 (Pb/scint)
SPACAL 1990

Fig. 11. Energy resolution
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calorimeters.

For HC, it has been measured in beam tests that the ratio of electron to hadron signals
is equal to e/h = 1.01± 0.03 (fig. 10). The energy resolution is

σE

E
≈
57%
√
E
.

Coordinate resolution has been measured as σx ∼5 mm for the 40-GeV hadrons.
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5. Data acquisition system

5.1. Architecture of the system

The Data Acquisition system (DAQ) and the program trigger (PT) use a heterogeneous
distributed computer system based on various bus standards: MISS (IHEP), CAMAC, Q-
BUS, VME and ETHERNET. Such variety of the bus standards originates from different
types of the front-end electronics. DAQ and PT are globally controled with the processing
utilities under the real-time operational system OS9. A schematic layout of DAQ, PT
and on-line data analysis is shown in fig. 12.
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The VME-MISS adapter provides a fast data channel from a buffer memory of a subsystem
based on the MISS standard. QBus is needed for a slow control and the MISS electronics
monitoring. A VME-QBus interface allows this control from the main VME crate.
Another VME crate is included in the BESTA88 workstation hardware. The pro-

gramable trigger is realized as processes under OS9 control in one or more processors
(MC68020) of the main VME crate.
To be recorded in the archive storage and/or to be handled on-line, the formatted data

are examined by the program trigger and then they are pumped through the Ethernet
bus to PC486. The latter works under the operating system Linux (PC Unix clone).
EXAbyte-8200 is used as the data storage device.

Fig. 13. Data Flow Diagram.
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5.2. Data flow

A block-scheme of the DAQ processor is shown in fig. 13. The main process of the data
read out (Producer) which performs also the functions of Event Builder, is interrupted
by the Start of Burst (SoB) signal and then polls the MISS interface. The data is read
into the Primary Data Buffer being formatted in the frame of events and subsytems. The
data consumers are PT and LAN writer, the latter sending data through Ethernet.
Control process allows the DAQ user to control the data collection and informs of

errors. OS9 supplies powerful interprocess communication, providing stability to the
multiprocess system and effective monitoring of the global data buffer. The data flow
structure in the on-line computer is organized around the Secondary Data Buffer. The
Buffer distributes data among the various consumers assigning a high priority to the
EXAbyte Writer to avoid the loss of data.

5.3. Rate estimations

Amplitude analysis is performed with ADC modules LE-61 (MISS) having the con-
version time 50 µs and the conversion frequency 80 MHz (12 bits). Using the autonomic
controller LE-22 to read out ADC and to send data, one has a mean data transfer speed
4 Mb/s or two 16-bits words per µs. Assuming the average total number of initialized
cells per event to be equal to 40 in the electromagnetic calorimeter and 50 in the hadron
calorimeter, the total amount of information from the MISS subsystem is equal to about
100 16-bit words. This includes 10 words which are read out per event from the hodoscopes
and Čerenkov counters.
Thus the total time per event in the MISS subsystem is equal to 90/2 + 50 = 95 µs.

10 words from hodoscopes and counters are read out within the LE-61 conversion time.
A serial 8-bit bus with the 1 MHz clock is used to read out MWPC. The controller

made in the CAMAC standard is capable for cluster coding and zero compression. The
possibility is reserved of using one controller for each chamber, that is to read out all
chambers in parallel. The conversion time of the controller for an event with three clusters
is (4 µs × 12 clusters + 1 µs × (700 wires × 4)/8 bits) ≈ 400 µs. The time needed to read
out this information thru the CAMAC dataway is equal to 1.5 µs × 12 × 5 chambers ≈
90 µs. The total time is equal to ∼ 500 µs.
5 µs after digitization of the calorimetric signals starts, the program trigger is switched

on to process initially the information from the hodoscopes and Čerenkov counters and,
after about 95 µs, the calorimetric information. The Program Trigger decision time is up
to 400 µs. Thus in this sample event the maximum DAQ data flow is ∼2000 events per
burst (1 sec/500 µs), with the event size ∼ 0.5 Kb or 1 Mb per burst. This is less then
the EXAbyte upper limit of data recording (250 Kb/sec×8 sec = 2 Mb).

6. Triggering

Principal scheme. The zero level trigger is arranged to strobe information from the
trigger hodoscopes. The decision ’YES’ is formed by the beam logic when a beam particle

23



of the required type is detected by the beam hodoscopes and strikes the active zone of
the polarized target (beam flux T0). The simplest first level trigger for the charged arm
of the spectrometer is a coincidence of signals from the trigger hodoscopes H1y and H2y.
The estimations show that this trigger will allow a reduction of the data flow from the
spectrometer by a factor of 10 or more.
To perform a fast kinematic selection of events with the trigger hodoscopes H1, H2

and the multichannel threshold Čerenkov counters Č1 and Č2, the electronic system with
programmable logic developed in PNPI (Gatchina) will be used. The trigger logic scheme
is shown in fig. 14. It consists of 32-channel discriminator-coders, 4-coordinate pro-
grammable logic and a module for the logic analysis. The dead time of the system is
20 ns, the signal delay is not more than 100 ns.
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Fig. 14. Trigger logic scheme.

The information from each trigger hodoscope and Čerenkov counter comes to the mul-
titrack discriminator-coders. One part of the programmable logic forms correlation signals
between the Čerenkov counters and X-coordinates, the second part – between Čerenkov
counters and Y-coordinates. Eight pair correlations come to the logic analysis module,
where tracks are separated according to type and transverse momentum. Multichannel
Čerenkov counters allow removal of false combinations for pions and reduce significantly
false combinations for kaons. It simplifies the event selection in transverse momentum
with threshold 1 ÷ 1.5 GeV/c and allows setting of the trigger rate at the level of 1000
÷ 2000 events per accelerator spill. While measuring the momentum, thresholds will be
optimized for each type of particle.
One charged-particle trigger has been prepared and tested. Work on the multi-particle

trigger is in progress.
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Triggering with hadron calorimeter. Analog information (18 columns each with
12 elements) is read out from the hadron calorimeter to form the first level trigger. In each
column, the signals from 12 counters are summed and also attennuated proportionally to
sinθx. The signal Ex =

∑
Ei · sinθxi is proportional to the transverse momentum pT , and

it can be used to cut on the particles with small pT .
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Fig. 15. Triggering with the hadron calorimeter.

The total cross-section of the charged
hadrons hitting the hadron calorimeter
is around 0.75 mb, when the experimen-
tal setup makes an angle 9◦ with the
beam line. Fig. 15 presents the differen-
tial cross section dσ/dpT of the charged
hadrons without and with various Ex
cuts : 0.5, 1.0, 1.5 and 2.0 GeV/c. These
cuts reduce the information flow by fac-
tors of 4, 93, 1800 and 17000 respec-
tively.
As it follows from the estimations,

the usage of the trigger with the cut
Ex ≥ 1 GeV/c allows a reduction of
the data flow to 400 events per acceler-
ator cycle, from an event rate of 3.5 ·104

events per cycle in the hadron calorime-
ter.

7. Estimates of cross sections and uncertainties
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Fig. 16. Acceptance of the experimental setup for
π±, K±.

To simulate the physical processes,
event generators PYTHIA [PYT92]
and ISAJET [ISA86] were used.

Acceptance of the setup. Two-
dimensional distributions are shown in
fig. 16 presenting the total acceptance
for charged pions and kaons. Partial ac-
ceptances corresponding to chosen an-
gles between the beam line and the
setup axis cover a certain part of the
dashed region. The calculations have
been performed for the Čerenkov coun-
ters Č1 and Č2 filled with freon and ni-
trogen, respectively.
The accessible region of xF depend

on pT values. The maximum value of
xF in the forward direction is 0.6 at
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pT=2.5 GeV/c. In the backward region the xF acceptance is smaller and at the same
pT value it is cut by xF=-0.25.
At small xF the range of pT values cover the full kinematics region and can be limited

only by statistics.

Inclusive production of π±, K±, p and p̄. Fig. 17 presents the Monte Carlo
calculations of the acceptance for the charged particles identified with the counters Č1
and Č2. These particles are detected in the kinematic region determined by the rapidity
−0.4 < y < 1 and the transverse momentum 0.5 < pT < 3 GeV/c with the average
efficiency 0.13. The maximum detection efficiency for any type of charged particles is
roughly 0.2. This value is achieved approximately at the same rapidity,y=0.5 for pions,
kaons and protons. For kaons and protons, the maximum detection efficiency is obtained
in the region of the transverse momenta pT=1.5–2.0 GeV/c. For the charged pions, the
calculated efficiency is maximum at low pT whereas the low–pT region is ineffective for
havier charged particles.
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Fig. 17. The spectrometer acceptance for π± (a), K± (b), p and p̄ (c) versus pT and y. The fat
points and accompanying values mark the positions of the efficiency maximum and
its value, respectively. The topographic lines are drawn in steps of 0.04.

To estimate the hard production cross sections of the charged pions, kaons and protons
in pp interactions at 70 GeV/c, we used the experimental data obtained in IHEP at
FODS [ABR81]. The invariant production cross sections Ed3σ/dp3 at θ∗ = 90◦ measured
at FODS are shown in fig. 18. Having normalized the Monte Carlo output to these
experimental cross section we were able to get the particle fluxes in the acceptance of the
spectrometer.
In Table 1 we present the cross section for detected π±,K±, p and p̄, the expected num-

ber of events during the 30-day accelerator run with the luminosity L = 1 · 1030cm−2s−1.
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Table 1. Expected yields and accuracies in the asymmetry measurements in π±, K±, p and p̄
production in various pT intervals for a 30-day accelerator run with the luminosity
L = 1030cm−2s−1.

pT , GeV/c particle σdet, Ndet per stat. error
mb 30 days δAN

1.0− 1.5 π+ 5.1 · 10−2 1.3 · 108 0.001
1.5− 2.0 4.9 · 10−3 1.3 · 107 0.003
2.0− 2.5 4.3 · 10−4 1.1 · 106 0.011
2.5− 3.0 3.6 · 10−5 9.4 · 104 0.038
1.0− 1.5 π− 3.5 · 10−2 9.2 · 107 0.001
1.5− 2.0 3.5 · 10−3 9.1 · 106 0.004
2.0− 2.5 2.9 · 10−4 7.4 · 105 0.015
2.5− 3.0 2.1 · 10−5 5.5 · 104 0.053
1.0− 1.5 K+ 1.1 · 10−2 3.0 · 107 0.002
1.5− 2.0 1.4 · 10−3 3.6 · 106 0.007
2.0− 2.5 1.4 · 10−4 3.6 · 105 0.021
2.5− 3.0 1.2 · 10−5 3.2 · 104 0.070
1.0− 1.5 K− 3.6 · 10−3 9.2 · 106 0.004
1.5− 2.0 4.5 · 10−4 1.2 · 106 0.011
2.0− 2.5 3.9 · 10−5 1.0 · 105 0.040
2.5− 3.0 2.8 · 10−6 7.1 · 103 0.150
1.0− 1.5 p 3.7 · 10−2 9.5 · 107 0.001
1.5− 2.0 4.6 · 10−3 1.2 · 107 0.004
2.0− 2.5 5.3 · 10−4 1.4 · 106 0.011
2.5− 3.0 5.7 · 10−5 1.5 · 105 0.032
1.0− 1.5 p̄ 1.5 · 10−3 3.8 · 106 0.006
1.5− 2.0 1.4 · 10−4 3.6 · 105 0.021
2.0− 2.5 9.7 · 10−6 2.5 · 104 0.079

Inclusive π◦ production. Neutral pions are detected with the electromagnetic
calorimeters EC1 and EC2. For angles between the beam line and main spectrometer
arm of 80 mrad (position 1) and 157 mrad (position 2), the π0 detection efficiency reaches
40% and 10% respectively, as is seen in fig. 19. If π0’s are produced in cms backward
hemisphere (300 mrad, position 3) the geometrical efficiency ranges from 1 to 3% at
xF = −0.2÷−0.4.
This figure shows also the two-dimensional distributions for π0 fluxes in the 100-shift

accelerator run for the three angle positions of the calorimeter EC1.

Inclusive production of K0S, φ(1020) and Λ. The unstable hadrons will be detected
in the dominant decay channels

K0S → π+π−, φ→ K+K−, Λ→ pπ−,
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with the decay probabilities 68.6%, 49.1% 64.1%, respectively. In estimates of the produc-
tion cross sections, the experimental data on inclusive production of φ [AKE77], K0S and
Λ [AMM86] were used. The total production cross sections in pp collisions at 70 GeV/c
are equal to

σ(φ(1020)) = 0.5 mb, σ(Λ) = 3.4 mb, σ(K0S) = 3.4 mb.
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Fig. 18. The invariant cross sections Ed3σ/dp3 at θ∗ = 90◦ for π±, K±, p and p̄ production in
pp collisions at 70 GeV/c [ABR81].

As K0S and Λ have sizeable mean life times, it will be reasonable – to reduce the
background – to detect only those decay products which originate downstream of the
target. The detected spectra of the invariant pair mass K+K−, pπ− and π+π− are shown
in fig. 6. The detected Λ and K0S have no sizeable background, and under the φ peak the
background is equal to 18%. The Monte Carlo widths of the reconstructed particles are
calculated to be as follows:

φ − 4.5 MeV, K0S − 5.6 MeV, Λ − 1.5 MeV.

The detected K0S , φ(1020) cover the kinematical regions shown in fig. 20 versus y and
pT . The threshold Čerenkov counters allow us to detect K0S and φ(1020) at the transverse
momentum pT > 0.2 GeV/c, Λ — at pT > 0.8 GeV/c.
The Table 2 presents the cross sections of the detected particle and expected numbers

of the particles in the 30-day accelerator run at the luminosity L ∼ 1030 cm−2s−1.
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Table 2. The total cross sections, σdet, and the fluxes Ndet of the detected particles with
strangeness in the 30-days run.

Particle σdet, µb Ndet
φ(1020) 14 3.6 · 107

Λ 7.4 1.9 · 107

K0S 22 5.7 · 107
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Pion pair production in the region of back-to-back kinematics. In RAMPEX
the most sensitive signature of hard parton subprocesses will be detection of two particles,
mainly pions, with large transverse momenta in both arms of the setup. This corresponds
to particle production at xF ∼ 0 in cms with the large opposite transverse momenta
(back-to-back kinematics). In fig. 21 the differential cross sections are presented for the
detected pairs π+π◦ with back-to-back kinematics.
Although it is difficult to select these events due to the small cross section and ambi-

guity problems, they are very interesting because they can be related phenomenologically
to the twist-2 chiral-odd quark distribution h1(x).

Statistical errors in AN measurements. The absolute statistical error δAN in the
asymmetry measurement is defined as

δAN =
D(1 +B)

P

1
√
n
. (9)

This expression includes the dilution factor D, the ratio B of the background to signal,
the target polarization P and the number of events n. The dilution factor D depends
on the kinematics, and its pT -dependence can be evaluated using the FODS experimental
data on the A-dependence of the differential cross sections [ABR80].
To reach the reasonable values of the asymmetry uncertainties in most reactions under

study, we need about 600 U-70 shifts. In Table 1 the expected inacuracies in some AN
measurements are presented.
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8. Status of equipment

The experimental setup is being constructed as a rather universal and flexible one for
fixed-target experiments. It allows reasonable detection of charged and neutral particles
and, if necessary, strong change of kinematic region of measurements. Two arms provide
various possibilities to measure produced particles in the opposite cms hemispheres.

8.1. Acceptance

As the magnet apperture (240 mrad) is much bigger than the the detectors’ acceptance
(120 mrad) downstream of the magnet, the main spectrometer arm can move – within the
magnet acceptance – in zx-plane to cover xF -range from –0.5 to 0.5 for charged hadrons
and from –0.5 to 0.9 for neutral mesons with pT < 3 GeV/c without getting out of the
magnet apperture.
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8.2. Composition of the equipment

The whole setup configuration is divided into two parts - the basic version and the
auxiliary detector. The basic configuration includes the following detectors:

• the beam equipment consisting of three trigger counters, three threshold Čerenkov
counters (to be used with the π− beam) and two hodoscopes to measure the coor-
dinates of beam particle;
• the polarized target;
• the spectrometer made of magnet and five blocks of MWPC(9000 channels);
• two multichannel threshold Čerenkov counters (24 channels);
• electromagnetic sandwich (lead-scintillator) calorimeter made of 60 supermodules
with cell 38×38 mm2 and 36 supermodules with cell 76×76 mm2 (1104 channels in
total);
• compensated hadron sandwich (lead-scintillator) calorimeter (216 channels);
• front-end electronics;
• data aquisition system;

The auxiliary detector to study back-to-back kinematics in production of neutral
mesons includes:
- fine cell gamma detector made of PbWO4 crystals;

8.3. Equipment production and tuning

Beam diagnostics. We intend to use the existing beam detectors which are now
used for the PROZA setup at the channel 14.

Polarized target. At the moment we consider two options. We have the polarized
proton propane-diol target which works for the PROZA. Another option is the University
of Michigan ammonia target. It has much better performance (higher polarization and
smaller dilution factor). This options are under discussion and decision will be taken
soon.

Spectrometer. The spectrometer magnet was built for the NEPTUN experiment at
the UNK by the JINR team; they also built a set of MWPCs (12000 channels in total).
At present the magnet is installed in channel 14 and has been successfully powered.
Measurement of the field map is scheduled for one of the forthcoming U-70 run. Five
sets of MWPC’s, together with front-end electronics, have been shipped to IHEP after
preliminary tests and tuning at JINR. Minor modifications to the stand design are needed
to install them. Some work is needed for cabelling. These MWPC’s could be installed in
the Fall of 1997.

Čerenkov counters. Both counters are in place at the channel 14 and they are
subject to modifications. The modifications consist of redesign of the PM support (which
is completed at the moment) and new mirror surface finish (to be done at the estimated
price of $40 per mirror) for more effective reflection in the short wave length part of
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spectrum. We already have 28 large-cathode photomultipliers in hand. We hope to have
both counters ready for tests and tuning by the Fall of 1997.

Electromagnetic calorimeter. EMC1 was built for the NEPTUN project and tested
in beam. It is sandwich type calorimeter made of 3 mm lead and 5 mm scincillator plates
with lateral dimensions 38x38 mm2. As of August 1997 we have 84 supermodules in total,
and 40 supermodules have been tested. High voltage supplies were tested and now they
are ready to be used. A state-of-the-art thermostabilized monitoring system was designed
and passed extensive tests both on the bench and in beam, and demonstrated excellent
perfomance, with very low drift in time and temperature.

Hadron calorimeter. The compensating hadron calorimeter developed for NEPTUN
experiment has been succesfully tested in a variety of particle beams and it demonstrated
the very high resolution and long term stability. At the moment we have 300 modules
which are to be assembled. The whole detector could be ready for beam tests in the fall
of 1997.

Front-end and trigger electronics. The electronics for beam diagnostics, trigger
hodoscopes, Čerenkov counters and MWPCs are in hand and ready to use. The first
shipment of ADC modules and crates (5 crates×320 channels) is expected in mid 1997
while the rest (1 crate) will be ready in Fall 1997.

DAQ. The data aquisition system prototype based on the MC68020 microprocessor
and the OS9 platform in VME crates has been tested. By the Fall of 1997 missing VME
blocks and custom MISS blocks will be shipped and incorporated in the DAQ.

Fine cell gamma detector. Together with other groups in our institute, we have
developed a state-of-the-art electromagnetic calorimeter which is made of PbWO crystals
and has numerous excelent features such as radiation hardness, fast response time, high
density and very high resolution. A prototype of this calorimeter has been tested in
laboratories all around the world. The full scale detector production is under way and
could be completed in 1998. Due to the high price of the PbWO crystrals we have joined
efforts of different groups and anticipate the shared use of this detector for different
experiments in our institute.

9. What shall we study – short formulation

In the previous sections we have discussed the inclusive reactions which will be studied
in RAMPEX. In principle the chiral-odd structure functions can be studied in p↑p↑ or p→p↑
through the real photon or virtual photon (Drell-Yan pair) production.
This method has an advantage of exact knowledge of the integrand in theoretical

expression for AN . The problem is that the h functions are convoluted with other quark
spin distributions which are unknown or measured with sizeable experimental errors.
An advantage of hadron experiments with one polarized initial proton is a possible

isolation of h functions in appropriate phenomenology because no other spin-dependent
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distributions are needed. However the problem with this approach is the current ambiguity
of the twist-3 phenomenology in different models.
Thus each class of reactions possesses internal advantages and disadvantages, and the

proposed one-spin experiment with hadron production should supply high energy spin
physics with unique data.
In fig. 22 we display the compressed information about the RAMPEX studies: types

of reactions, kinematic regions and theoretical topics to be tested. Some cells in the chart
are marked with h1(x) and hL(x) to show where the models (may) include the chiral-odd
spin distributions.

Fig. 22. Short layout of the RAMPEX studies.
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10. Appendix A: Parton densities in a polarized nucleon

Intrinsic non-perturbative hadron structure is described in terms of quark parton distri-
butions. There are 9 quark distribution functions: three at each twist n, n=2,3,4 which are
specified as the twist-n spin-average distribution, the twist-n spin distribution and the twist-n
’spin-dependent’ distribution [JAF91].

The well known functions gi(x), chiral-even quark distributions in the polarized proton, are
related to the proton matrix element of bilinear quark operators as follows:

〈pS|qγµγ5q|pS〉 = {g1(x); g2(x); g3(x)}.

Here the brackets denote the corresponding vector or tensor structures of vectors pµ, sµ, nµ
(gauge vector) which contain the functions gi(x) as coefficients. The function g1 relates to twist-
2 and g2 includes, beside twist-3 contributions, a partial contribution of operators which define
g1. The latter contribution is dropped in the sum gT (x) = g1(x) + g2(x) actually relating to
twist-3. The structure functions g1(x) and gT (x) sense the quark spin densities in longitudinally
and transversely polarized proton, respectively. (see also review [EKT95]).

Likewise the functions hi(x), the spin-dependent chiral-odd quark distributions, appear in
the matrix element

〈pS|qσµνiγ5q|pS〉 = {h1(x); h2(x); h3(x)}.

Here h1(x) corresponds to twist-2 terms and a combination of functions h1 and h2 taken in
the form hL(x) = h2(x)+h1(x)/2 includes the twist-3 contribution only. The structure functions
h1 and hL are now a subject of common interest in the theory of spin phenomena.

Although h1(x) is the twist-2 structure function it cannot be interpreted as easily as g1(x).
The transverse spin operator is regarded as a ’bad’ operator which depends on dynamics. Never-
theless there is a ’transversity’ basis in hadron interactions where the density h1 expresses clearly
a proton property called transversity, so the twist-2 structure function h1(x) is called transversity
distribution. It does not coincide with the distribution of quarks with transverse spins (gT ). In
this sense the new function h1 is more understandable than gT , the twist-3 distribution, which
is sensitive to quark-gluon correlations.

The terms ’transversity distribution’ (h1) and ’transverse spin distribution’ (gT) are different.
hL, the linear combination of h1 and h2, is a pure twist-3 distribution. It also can not be

interpreted as a simple quark distribution because it expresses a property connected with the
quark-gluon dynamics of confinement.

The role and usage of these structure functions can be understood by studying the produc-
tion of the Drell-Yan pairs in collisions of polarized protons. The double-spin asymmetries are
proportional to bilinear combinations of the structure functions gi and hi (references to original
papers can be found in [JAF91]).

p→p→ → �+�− +X : ALL ∼ g1g1

p↑p↑ → �+�− +X : ATT ∼ h1h1

p→p↑ → �+�− +X : ALT ∼ (g1gT − hLh1).

As is seen, the asymmetries which are fully determined by the twist-2 structure functions appear
when colliding protons both polarized either longitudinally or transversely. The twist-3 structure
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functions contribute as a convolution twist-2⊗twist-3 when the protons are polarized differently,
one longitudinally and the second transversely.

The twist-3 structure function gT (x) was extracted from the double-spin asymmetry in deep
inelastic scattering of longitudinally polarized electrons on transversely polarized protons e−→+p↑
(see ref. [ADA94]).

From experimental data on one-spin asymmetries, no information on the twist-3 chiral-odd
distributions has been obtained so far.

11. Appendix B: Factorization theorem with one spin

A study of hard processes is based on the factorization hypothesis which was initially formu-
lated for the leading twist contributions. The expression contains the twist-2 factors, and it is
applicable to hadron reactions both with averaged spins and with two known spins (two initial
polarized particles or one initial polarized particle and one final polarized particle) [BRO80]):

σ = H◦ ⊗ f2 ⊗ f2 ⊗D2. (10)

Here H◦ denotes the so-called coefficient functions of the hard subprocess, and fn, Dn are
non-perturbative hadron matrix elements of twist-n.

The factorization formula for a hard process with one polarized particle cannot be deduced
from (10) as that for a hard process with two polarized hadrons. The problem of infra-red
stability of isolated factors in expressions of type (10) is more subtle for one polarized particle.
Some estimations for corrections of order ∼ 1/Q in cross section σ↑(Q) were made in refs.
[PEN90]. A factorization formula which is based on these papers has the form

σ↑(Q) = H
◦ ⊗ f2 ⊗ f2 ⊗D2 +

1

Q
H1 ⊗ (f2 ⊗ f3 ⊗D2 + f2 ⊗ f2 ⊗D3) + O(

1

Q2
). (11)

Notations are the same as in (10). The twist-3 terms depend on the transverse polarization of
initial hadron.

An explicit factorization formula with the quark spin density matrix ρij inside a polarized
proton was introduced in ref. [COL94]. It was explored in ref. [ANS95] to predict the xF -
dependence of one-spin asymmetries in hadron interactions.
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