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Abstract

We report the results of the first measurements of the vector analyzing power of
inclusive pions produced in the reactions of polarized deuterons with different (H and
C) targets near the 90° in the laboratory system at incident beam momenta from 3 to
9 GeV/c. The measurements were performed at JINR Dubna Synchrophasotron.

The large values of the vector analyzing power and the different signs of the 7r+ and
7T~ asymmetries have been observed in thed | + .ff —> ir* + ... reactions at relatively low
beam momenta and for a pion momentum in the range 300 4- 350 MeV/c. The non-
zero values of the vector analyzing power were also obtained in the d] + C —» TT± + X
reactions. The results of Monte Carlo simulations indicate the strong influence of the
intermediate A-resonances on the value and the sign of the analyzing power.
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1. Introduction
In the beam energy range from pion production threshold up to 1 GeV the single pion

production channel in the JVf+JV —• N+N-\-T±<0 were extensively studied [1]. The discovery
of dramatic structure in the spin dependent proton-proton observables just above pion
threshold has aroused interest in the spin effects in pion production mechanisms. In these
experiments the large value of the vector analyzing power Ay for backward pion production
wasobserved. They provided accurate data to understand the reaction mechanisms and to
constrain the models of strong interactions at intermediate energies.

The studies of polarization phenomena in p — p [2, 3, 4] and p — A [5] reactions at high
energies show that one spin pion asymmetry (or analyzing power) does not vanish with
increasing transverse momentum pr and scaling variable xp• Asymmetry measurements in
the p | + p -* w±fi + X inclusive processes performed at CERN [2], BNL [3] and Fermilab
[4] show that asymmetry is similar to zero up to xp — 0.3 and then increase linearly up to
the absolute value of 40 % near XF — 1. It was, also, observed the correlation between the
asymmetry sign and pions charge [4]. Large one spin asymmetries have been also measured
in pi + d —> 7r, K + X reactions at proton momentum of 11.75 GeV/c [5].

In order to explain these results and asymmetry mechanism, considerable theoretical
work has been undertaken. The large number of theoretical models based on spin-dependent
mechanisms of the quark interactions [6, 7, 8] has been developed. Results of these studies
indicate that the asymmetry could be a consequence of orbital motion of the valence quarks
in a polarized proton [6]. In the frame of the parton model, asymmetry is related to the
spin-dependent parton distributions [9], parton cross-sections [10] and parton fragmentation
functions [11].

In [12] the mechanism, based on the quark interaction with the nonperturbative vacuum
fluctuations of gluon field, was proposed [13]. As a result of such an interaction, the spin
of polarized quark flips and simultaneously qq-paiv is produced. The spins of the sea pair
quarks are directed opposite to the spin direction of the valence quark. The sign of the
orbital momentum of the qq-p&ir is denned according to the total momentum conservation
law. It is proposed that in pp interactions this mechanism contribute at high energies and
for high PJ (xp —+ 1, pr > 1 GeV/c). By using relativistic nuclei beams these conditions
can be reached kinematically. Because of this, the significant effects in the "cumulative"
region (the region kinematically forbidden for secondary particle from nucleon - nucleon
collision) are expected. Relativistic beam of polarized deuterons at the LHE JINR Dubna
Synchrophasotron opens the possibility to answer the questions about the spin effects in the
transition region from nucleon to quark degrees of freedom and to investigate the behaviour
of asymmetry in the cumulative region.

The main goal of this experiment is to study of the vector analyzing power (Ay) in
the energy region where we are expected the transition from nucleons to quarks degrees
of freedom. In the following sections we discuss the experimental method and present the
results of measurements of the Ay in the df + H —> x* + X and <2"f + C —-> v^ + X reactions
near the 90° in the laboratory frame at incident beam momenta from 3 to 9 GeV/c.

2. Experimental method

The experiments were carried out at the Laboratory of High Energies (JINR). Figure 1
shows the experimental setup for measurement Ay. We used the magnetic spectrometer
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DISK and a polarized deuteron beam in the momentum range from 3 to 9 GeV/c delivered
by the Dubna SYNHROPHASOTRON.

2.1. Beam
Polarized deuterons were produced by the source "POLARIS" [14]. The intensity of the

beam was in the range 108 -j- 5 • 109 particles per spill. The beam width of about 7 mm
full width at half maximum (FWHM) was determined by the coordinate detector placed
in front of the target. We have used three spin state method (no rotation of apparatus)
where the beam polarization direction was changed after every spill in order to minimize
the systematic errors in the experiment.

The measurements of the polarization of the deuteron beam have been performed by the
ALPHA setup [15]. The typical values of the parameters for the "up"( + ) and "down"(-)
states of the beam polarization are given in Table 1.

Table 1. The parameters of beam polarization states

tensor
polarization

vector
polarization

p% = 0.210 ±0.010
p'z =0.202 ±0.018

pz = 0.43 ± 0.03
p'z = -0.47 ± 0.03

p+z = -0.712 ± 0.028
pzz = 0.686 ± 0.021

Pzz - 0
Pzz - 0

2.2. Target region
A schematic view of the target, magnetic spectrometer "DISC" and the monitoring

system is shown in Fig.l. During the experiment we used carbon 12C target with effective
thickness of 5.6 g/cm2 and liquid hydrogen target. The flask of the liquid hydrogen target
was built using a thin (0.35 mm) Mylar and measuring 70 mm in diameter. The flask was
surrounded by low density insulation and kept in vacuum.

Fig. 1 Experimental layout.
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A relative intensity of the secondary particles has been measured by the scintillator
telescopes (M+10, M-10, MPI3) while the ionization chamber (NT) monitored an intensity
of the primary beam.

2.3. Spectrometer
The detailed description of the magnetic spectrometer "DISC" is given in [16], so only

a brief description follows. The angle, at which the measurements have been performed
(78° and 90° in our case), was defined by the position of the magneto-optical channel of the
spectrometer consisted of the analyzing magnet (Ml) and the doublet of quadruple lenses
(Ql, Q2). Input angle acceptance of the spectrometer was fi(p) = 6-10~4.sr. The momentum
of the secondary particles was determined using the value of magnetic field in the gap of
the analyzing magnet. The momentum resolution was Ap/p = 0.086. An identification of
secondary particles have been carried out using : a) the time of flight (TOF) informations
on two bases - between scintillator counters SI and S3 (length of 3.8 m) and between S2 and
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Fig. 2 The TOF spectra of positively charged particles (p = 400 MeV/c) from a) d\ - H

and b) d] — C collisions on the 3.8 m base length.
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S4 (0.97 m); b) the ionization losses in scintillators S2, S3, S4 and c) intensity of Cherenkov
radiation of particles in two hard radiators (Cl and C2). The typical TOF spectra of
positively charged particles having momentum of 400 MeV/c on the 3.8 m base length are
shown in Fig.2.

2.4. The vector analyzing power determination

In accordance with the usual conventions [17], a Cartesian coordinate system was as-
sumed with z-axis along the incident beam momentum, y-axis was denned to be normal to
the scattering plane and parallel to the direction of incident deuteron spin and x-axis to
define a right-handed coordinate system. Than, the pion production cross-section may be
written in the form:

a(6f = <ro(0) • (1 + \v%Ay(d) + \pzzAyy{6)), (1)

where "+", "-", "0" denote the corresponding beam spin states, cro(8) is the pion produc-
tion cross-section for the unpolarized beam, Ay(9) and Ayy(6) are the vector and tensor
analyzing powers of the reaction, respectively and 8 is the angle at which the measurement
is performed. A Cartesian description of the beam polarization states p^ and pf z was also
used where Z was related to the deuteron source coordinate system. For tensor polarization
of the beam (1) can be solved for Ay(0):

4 m
 2 f Pzz (<0Y ,\ Pzz f<0)-

v[)~i'{PzPzz-PzPzzK<<>) ' P+zPzz-PzPzz[<P+zPzz-PzPzz[<ro(<>)

while for the vector beam polarization, where pzz ~ 0 we have:

Because the Ay is measured by means of ratios of pion production cross-sections, it is not
necessary to perform the measurement of absolute value of beam intensity. However, in order
to avoid influences of "false asymmetries" and others possible systematic uncertainties, the
accuracy and stability of the beam and secondary particles relative intensity monitoring are
essential. It is estimated that the systematic error on Ay in our experiment does not exceed
(2-5)% . In particular this conclusion is based on the direct high accuracy measurements of
Ay of the protons production. In the region where expected value should be zero we have
got the value of Ay equal to 0.005 ± 0.026.

3. Experimental results and discussion

3.1. The vector analyzing power in the d\ + H —* TT* + X processes
The Ay of positively and negatively charged pions with momenta in the range 300 -f-

350 MeV/c as a function of incident beam momentum are shown in Fig.3a. The measure-
ments were performed at angle of 90° in the laboratory system. The large value of Ay at the
level of about 40 % has been observed at relatively low beam momenta. The asymmetry
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Fig. 3 a) The dependence of the Ay of positively and negatively charged pions from the
reactions d\ + H —> TT* + X, (pw = 300 -f-350 MeV/c), as a function of incident beam
momentum;

b) MG calculated relative contribution of different channels of pion production in the
d + H —» ir~ + X process, (pd = 4 GeV/c), as a function of pion momentum;

c) the same as in b) but for Pd =9 GeV/c.

sign is a function of pion charge and Ay values decrease with increasing beam momentum.
Figs.3b and 3c show the Monte Carlo (MC) calculated relative contribution of different

channels of pion production in the reaction d + H —> w~ + X, for $„ = 90° at two beam
momenta - 4 and 9 GeV/c. We have used MC code [18] which very well describes the
experimental results (multiplicities, pj spectra, cross-sections) in the hadron-nucleus and
nucleus-nucleus interactions at intermediate and high energies f 191. As it can be seen in
Figs.3b and 3c, the behaviour of Ay could be connected with the mechanisms of pion pro-
duction. At 4 GeV/c beam moirfentum, where large Ay has been observed in the experiment
(Fig.3a), the negatively charged pions are produced mostly through the A°-resonance chan-
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Fig. 4 a) The dependence of the Ay in the reaction di + H ~^> ir~ + A', (;v = 6-5 GeV/c).
as a function of pion momentum;

b) the same as in Fig. 3b but for pd = 6.5 GeV/c.

nels. At 9 GeV/c beam momentum (small Ay region) pions predominantly originate from
the "direct" processes. The similar picture can be drawn up for positively charged pious
where, at low beam momenta, dominate A++-channel of 7r+-meson production. In short,
the results of MC simulations indicate that the pion analyzing power is strongly affected by
the contribution of the intermediate A-resonance states.

Fig.4a shows the Ay 7r~-meson , measured at beam momentum of 6.5 GcX'/c. as a
function of pion momentum. The vector analyzing power sign is negative. Absolute value
of Ay for 7T~-meson reaches ~ 50 % at pn = 200 MeV/c and decreases with increasing pion
momentum. Such a behaviour of Ay coincides with suppression of "resonance" channels of
7r~-meson production (Fig.4b).
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Fig. 5 The dependence of the Ay in the d] + H —> JT* + X reactions on pion momentum
at beam momentum of 8.9 GeV/c.

The next set of the data, taken at 8.9 GeV/c beam momentum, is shown in Fig.5. The
vector analyzing power of inclusive pions is similar to zero at low pion momenta. Espe-
cially interesting is the behaviour of the Ay at higher pion momenta. There are theoretical
arguments [20], based on relativistic deuteron model [21], that for the pion momentum of
about 600 MeV/c the Ay should starts changing the sign as a result of the influence of the
deuteron D-wave. Moreover, these kinematical conditions correspond to the "cumulative"
region where, due to nonperturbative quark interactions, the rise of the absolute value of
asymmetry is expected. Neglecting some indication of such a behaviour, to answer this
very important question better experimental information is needed.

184



30

25

20

J 5

£10

5

0

-5

-10

0.7

0.6

.-2 0.5
c
« 0.4>

2 0.3

0.2

0.1

0

dt+C->7T+(78°)+X
pa=3.8 GeV/c

, I , , . . i . i , i I , i . i I , i , . i i . , , I i i • , I i . , . i , . . . i , , i ,

50 100 150 200 250 300 350 400 450 500

pn(MeV/c)

:

-
L
:

r

I
l
l
l

A "

. . . - !

;

I A+

1 direct

: , , , , 1 , . . , 1 , ,

j

I
. . t

\

i , , , i i
0.1 0.2 0.3

b)
0.4 0.5

pn(GeV/c)

Fig. 6 a) The dependence of the Ay in the d\ + C —> TT+ + X reaction as a function of pion
momentum at pd = 3.8 GeV/c;

b) MC calculated relative contribution of different channels of pion production in the
d + C —> TT+ + X reaction as a function of pion momentum at pj = 3.8 GeV/c.

3.2. The Ay in the d] + C -> TT* + X processes
In the case of carbon target at beam momentum of 3.8 GeV/c, the positive value of the

Ay for 7r+-meson was observed and its value is ahout few percents (Fig.6a). Comparing
the results of MC simulations presented in Fig.6b with the corresponding results for a
hydrogen target, one could expect the similar effect (large value of the Ay) because the A++-
channel of pion production dominates in both cases. However, high background produced
by the target fragmentation in the d\ — C collision, in addition to the significant pion
rescattering in nucleus, hardly suppress the observation of the effect.

At beam momentum of 6.5 GeV/c, the Ay for 7r+-meson is close to zero in the pion
momentum range from 200 to 400 MeV/c (Fig.7a). The Ay for Tr'-meson for 300 MeV/c
pion momentum has the value Ay = (2.2±1.1)%. In this kinematical region the A~-channel
of 7r~-meson production dominates (Fig.7b). It should.be noted that the sign of the Av for
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Fig. 7 a) The dependence of the Ay in the <ff + C -> ir* + X reactions as a function of
pion momentum at pi = 6.5 GeV/c;

b) the same as in Fig.6b but for 7r~-meson and at 6.5 GeV/c beam momentum.

7r~-meson differs from the corresponding one observed in the hydrogen target case. It could
indicate that the type of.the intermediate A-resonance state involved is essential for the
sign of the pion analyzing power.

The signs of the Ay for pion observed in the experiment and MC calculation of the most
important pions "sources" in the corresponding kinematical regions are presented in Table 2.

Table 2. Signs of Av in the d\ + A - t ir(90°) + X process

reaction

d't+C

<
+ (A++)
+ (A++)

AZ~
-(A°)
+ (A")

As can be seen, the Ay sign is strongly correlated with the type of the resonance involved.
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4. Conclusions
The vector analyzing power in the d f +H —> TT* + X and </ f +C —» TT* + A" processes

has been measured for the first time. The experiment was performed at JINR Dubna
Synchrophasotron using the polarized deuteron beam with momenta in the range from 3 to
9 GeV/c. The results can be summarized as follows:

1) The large value of the vector analyzing power (up to 50 %) in the d f +H -+ TT* + .V
processes at deuteron momenta pj = 3.5 -f- 6.5 GtV/c and for pn = 300 -f- 350 MeV/c has
been measured. The different asymmetry signs, positive for x+ and negative for 7r~, were
observed. The absolute value of Ay decreases with increasing beam momentum pd and pion
momentum pT;

2) Positive sign and non zero values (~ 5 %) of the Ay for pion in the d f +C —> JT+ + A'
process at beam momentum pa = 3.8 GeV/c were found;

3) The results of simulation show that resonance channels of pion productions play an
important role in kinematical regions where Ay has a significant value.
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