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Analyzing powers of inelasticdp scattering in the energy region ofD
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A study of inelastic scattering of polarized 3.73-GeV/c deuterons on protons in the energy region of the
RoperN(1440) and theD(1232) resonances excitation has been performed in an exclusive experiment at LNS
~Laboratoire National SATURNE, Saclay, France! using the SPES4-p setup. Tensor and vector analyzing
powers of pion production for the reactions:d1p→d1n1p1, d1p→d1p1p0, d1p→d1N1pp have
been measured as functions of the squared deuteron four-momentum transfert, of the effective mass of the
subsystemsNp, Npp, and of the pion emission angle. A strong dependence of these analyzing powers upon
the pion emission angle is observed. It is found thatAyy values for the considered reaction channels are
systematically larger than the known inclusivep(d,d8)X world data at the nearest beam energy.
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I. INTRODUCTION

The excitation of broad hadronic resonances in nuclei
isoscalar projectiles has been studied intensively in rec
years@1–5#. The inelastic interaction of isoscalar projectil
~as a or d) with a proton holds the prospect of isolatin
isobar excitations according to their isospin. The simpl
process is the one where the target is excited to an isobar
then must haveI 51/2. It must occur through isoscalar m
son exchange. There is also a possibility that the excita
occurs in the projectile through exchange of an isoscala
an isovector meson, in the latter case theD can also contrib-
ute ~Fig. 1!.

The interest of a study of theN* ~1440! ~the Roper reso-
nance! excitation by isoscalar projectiles was revived seve
years ago, following the observation of isospin-1/2 excitat
of the proton in the region of the Roper resonanceN* (1440)
in the inclusivep(a,a8)X @4# and p(d,d8)X reactions@5#.
The contribution to the total cross section of inelastic (a,a8)
and (d,d8) scattering from the amplitude corresponding toD
excitation is large at energies of several GeV. Therefore,
analysis of these processes in terms of the Roper reson
excitation is not free from ambiguities. The deuterons, c
serving all advantages of an isoscalar projectile, is a sp
particle; therefore, using a polarized deuteron beam one
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study polarization effects and obtain new information ab
the excitation of hadronic resonances.

The simplest polarization observable forp(d,d8)X is the
tensor analyzing powerAyy . It was measured inclusively in
Dubna and Saclay in 1993 and 1994@6,7#. The experimental
data show that it increases with increasing ofutu almost lin-
early up to utu.0.3 (GeV/c)2 and decreases at higherutu.
Such a behavior of the tensor analyzing power is fairly w
reproduced in the theoretical framework of the exchange
v meson in an algebraic collective model used for the el
troexcitation of nucleon resonances@8,9#. In that approach

FIG. 1. Basic diagrams contributing top(d,d8)Np(p) reaction:
~a! One-pion production viaD or N* resonance excitation ‘‘in the
deuteron.’’~b! Two-pion production via Roper excitation in the de
teron.~c!,~d! One- and two-pion production via Roper excitation
the target.
©2001 The American Physical Society01-1
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TABLE I. Experimental and setup parameters.

Forward Spectrometer
Coordinate resolutions ;0.3 mm
Momentum resolutiondp/p ;5%
Horizontal angular resolutiondux ;0.02 rad
Vertical angular resolutionduy ;0.0014 rad

SPES4
Momentum resolutiondp/p 0.4%
Angular acceptance 331024 sr
Momentum acceptanceDp/p 64%
Horizontal angular acceptanceDux ~–0.0135, 0.0185! rad
Vertical angular acceptanceDuy 60.0114 rad

Beam and experimental parameters
Trigger SPES4~FS 1 LS!

Missing mass resolution in the nucleon mass region ;20 MeV/c2

Full/empty target ratio for selected events ;20
Deuteron beam momentum 3.73 GeV/c
Average beam polarizationPZZ 0.90260.015
Average beam polarizationPZ 0.31160.008
Beam polarization control Low-energy polarimeter

d(d,p)t, Ed5400 KeV
Average beam intensity ;106/spill
Liquid hydrogen target dimensions Length 6 cm; diameter 3
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the tensor analyzing power is expected to be very sensitiv
the isoscalar longitudinal form factor of the Roper resona
excitation, while the other low mass nucleon resonan
S11(1535), D13(1520), andS11(1650) have only isovecto
longitudinal form factors@9#. This specific property of the
Roper resonance combined with thet dependence of the deu
teron form factors determines thet behavior of the tenso
analyzing powerAyy . An attempt to analyze the experime
tal data for the inclusivep(d,d8)X reaction in the framework
of this model has been done in@10#.

A guiding idea of the present experiment was that
comparing the single and double pion final states, one co
distinguish the two reaction channels further. Selection
two-pion events would have the effect of eliminatin
I 53/2 projectile excitation contributions.

In this paper, we present data for the tensor and ve
analyzing powers indp inelastic scattering at kinetic energ
Td52430 MeV, which is very close to theN* (1440) excita-
tion threshold @;30 MeV in the nucleon-nucleon (NN)
center-of-mass system~c.m.s.!#.1 The scattered deuteron
were registered at angles close to 0.4°~Table I!. The kine-
matics of dp→d8X reaction was almost collinear. Th
present exclusive experiment was performed at

1Deuteron is a weakly bound state so mainly only one of its nu
ons participates in the interaction. Inpp (pp5pd/2) kinematics,
Tp51215 MeV: Tpp→pN*

threshold
51138 MeV. In dp, Td52430 MeV:

Tdp→dN*
threshold

51620 MeV.
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SATURNE-II accelerator with the SPES4-p setup. The ex-
perimental data contain information about the followin
channels of the inelastic deuteron scattering on protons:

dp→dpp0, ~1!

dp→dnp1, ~2!

dp→dNpp. ~3!

The channels with one pion in the final state can oc
both from theD andN* resonance decays

d1p→d1N* ~1440!, N* →p1p0, ~4a!

d1p→d1N* ~1440!, N* →n1p1, ~4b!

d1p→d* 1p, d* →d1p0, ~5!

d1p→d* 1n, d* →d1p1, ~6!

whered* is the scattered deuteron with one of its nucleo
excited in theD state. In the region of the resonance ov
lapping, an interference between the decay of theD andN*
may take place.

The tensor and vector analyzing powers for differe
channels of (d,d8) reaction have been measured as functio
of the squared deuteron four-momentum transfert, or the
effective mass of the binary subsystem (Np) ~see Fig. 2!,
and the pion emission angle in the reaction plane relative
incident deuteron momentum. The kinematical region for

-
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d1p→d1X reaction in the (t,MX) plane studied in this
experiment is shown in Fig. 2.

II. EXPERIMENTAL SETUP

The SPES4-p setup that was used in a series of expe
ments at SATURNE-II is shown in Fig. 3. It consists of
large acceptance nonfocusing magnetic spectrometer@mag-
net Tethys and detectors: forward spectrometer~FS! and lat-
eral spectrometers~LS!# in combination with the high reso
lution focusing magnetic spectrometer SPES4@11#. Below
we shall confine our consideration to the forward spectro
eter only~described in detail in@12#!, since the LS informa-
tion was not used in the present analysis. The particle
high momenta~in this experiment, scattered deuterons! were
detected in SPES4 while the secondary low-momen
charged particles~protons and pions from the reactions list
above! were detected in the nonfocusing magnetic spectro
eter FS.

FIG. 2. Missing massMx @the effective massNp(p)] versus
four-momentum transferutu at the deuteron beam momentum
3.73 GeV/c. The dashed area represents the region covered in
experiment.

FIG. 3. SPES4-p setup.
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A. SPES4

The SPES4 spectrometer is about 33 meters long and
sists of four dipoles, six quadrupoles, and a correcting s
tupole. Two scintillation hodoscopesI and F are located at
the intermediate and the final foci, respectively. The ho
scope in the intermediate focusI consists of a row of scin-
tillation counters whileF consists of two rows of overlap
ping counters. The following combinations of the signa
from scintillation counters were used for the trigge
SPES45 (I iFi)1(I iFi 11), where i is the counter number
Two 2-cm thick scintillators (DE detector! were placed after
the hodoscopeF to measure the detected particle ionizati
loss. Two drift chambers~with four wire planes each! placed
before theF hodoscope served for the momentum reco
struction of scattered particle, however, in this experim
these chambers were not used and the deuteron mome
was reconstructed from theF-counter numbers. The resultin
momentum resolution was.0.4% @13#.

Particles were identified by time of flight and energy lo
in the DE detector. This information was used to separ
deuterons from background protons from the elasticdp
→pd backward scattering.

The angular acceptance of the spectrometer was;3
31024 sr.

In this experiment the outgoing beam was trapped a
the first dipole of SPES4 by a 50-cm thick lead beam st
per. The directions of the outgoing beam and of the part
detected in SPES4 were separated less than 1° at the
trance of SPES4.

B. Tethys

The analyzing magnet Tethys was one of the two magn
that formed earlier the CERN split field magnet. Its horizo
tally oriented pole face has the shape of a square with a
of 100 cm, the pole aperture being 50 cm. The magnet
oriented with its iron yoke in the direction of the incomin
beam. A hole of 20 cm width and 10 cm height provided
free path for the beam inside the magnet. Placed on air c
ions, the magnet could be rotated around a fixed point, t
permitting the alignment of the entry hole with the directio
of the incoming beam. The latter could be varied, thus allo
ing the selection of that part of the angular domain of t
reaction that one wanted to study. A 6-cm long liquid hydr
gen ~LH! target was placed in the magnetic field appro
mately 25 cm after the entry hole.

The vertical component of the magnetic field was me
sured at three field strengths~0.6, 0.9, and 1.2 T!, both in the
median plane and in the plane 15 cm above the med
plane. From the measured field values, a three-dimensi
field map was constructed and extrapolated to a surfac
433.7 m2 @14#. In this experiment three maximal values
the magnetic field were used: 0.7892, 0.8142, and 0.841
corresponding to three central momenta of the SPES4 2
2.94, and 3.04 GeV/c respectively.

C. The Forward Spectrometer

The FS consisted of six drift chambe
(X1,Y1,U,V,Y2,X2) and a scintillator hodoscope placed b

is
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hind the chambers. It was used for triggering and for part
identification. TheX1 andX2 coordinates defined the inte
sections of the charged particle trajectory with the cham
planes in the horizontal direction, while theY1 andY2 co-
ordinates in the vertical one; in additionU andV planes, with
wires inclined by an angle of about610° to the vertical axis,
helped resolve many-particle ambiguities. The active are
the planes varied from 0.531.2 m2 (X1,Y1) to 0.7
31.7 m2 (X2,Y2). The scattered deuterons as well as
unscattered beam passed through a hole in each of th
chambers and the FS hodoscope into the SPES4 entra
The size of these holes was about 10313 cm2 in the cham-
bers and 20330 cm2 in the hodoscope. Particles detected
the FS were identified by the time of flight and the ener
loss in the hodoscope.

The procedure of alignment of the FS and the momen
reconstruction algorithm are described in@13,14#.

D. The beam and monitors

The deuteron beam polarization was changed in the u
burst-to-burst mode; states 5, 6, 7, 8~in SATURNE-II nota-
tions, see Table II!, were used. The sum of states ‘‘516’’ ~‘‘7
18’’ ! gives the positive~negative! tensorially polarized
beam without vector polarization admixture. The sum of
17’’ ~‘‘6 18’’ ! gives the positive~negative! vectorially polar-
ized beam without tensorial admixture. The combinations
18’’ and ‘‘617’’ give the unpolarized beam. The vecto
polarization was normal to the plane containing the me
beam orbit of the accelerator. The beam polarization w
measured periodically during the experiment with t
SATURNE-II low-energy polarimeter~see Table III!.

The vector and tensor deuteron polarizations measu
near the source are also the polarizations of the beam a
target within very good accuracy, since no depolarizing re
nances exist during acceleration in the kinematical reg
considered. This has been carefully studied before@15# and
systematically checked during the numerous experime
carried on in SATURNE with the polarized deuteron bea
~see for example@16#!.

The average beam polarizations werePZZ50.902
60.015, PZ50.31160.008, and uPZ

1u5uPZ
2u (uPZZ

1 u
5uPZZ

2 u), (PZZ
6 and PZ

6 are the tensor and vector polariz
tions whereZ is related to the polarized deuteron sour
coordinate system@17#!.

The beam intensity was typicallyI .106 deuterons per
spill. It was monitored by three independent monitors.

TABLE II. Maximum values of the beam vector and tensor p
larization parameters for the used beam polarization state
SATURNE-II ~taken from@21#!.

Number of the beam
polarization state PZZ

max PZ
max

5 11 11/3
6 11 21/3
7 21 11/3
8 21 21/3
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~1! A relative monitor consisted of two independent d
tector arms each consisting of a telescope of three small s
tillation counters. Particles knocked out from a 250-mm Ta
foil placed in the beam 5 m upstream the LH target wer
detected by each arm independently.

~2! Secondary emission chamber. The beam traverse
metal foil, and the emitted free electrons were collected
an anode. The number of secondary electrons is proporti
to the beam intensity.

~3! A scintillation counter~SBEAM!, operating at lowered
voltage, which was placed in the direct incoming beam j
before the hole in the Tethys yoke. The thickness of scin
lator was about 0.5 cm.

These methods gave the relative beam intensity, an
was checked that they were consistent with each other
data analysis the relative beam intensity measured
SBEAM was used because the highest counting rate of
monitor provided a minimal statistical error that was impo
tant in the polarization measurements. It was found that
counting rate was proportional to the beam intensity, wh
was checked periodically by the measurement of the act
tion of a thin carbon target inserted in the beam for 10 m
The ratios of the counting rates of this monitor to the oth
ones were verified to be constant for all bursts used in
data analysis.

III. MEASURED QUANTITIES

The main goal of the present experiment was the m
surement of the analyzing powersAyy and Ay for reactions
~1!–~3!. Following the Madison convention@17#, a cartesian
coordinate system was used with thez axis along the incident
beam, they axis normal to the scattering plane~and parallel
to the direction of the incident deuteron spin quantizat
axis!, the x axis defined a right-handed coordinate syste
The cross section of thedp inelastic scattering can then b
written as

s6~up ,t !5s0~up ,t !F11
3

2
PZ

6Ay~up ,t !

1
1

2
PZZ

6 Ayy~up ,t !G , ~7!

wheres0 ands6 are the cross sections for unpolarized a
polarized beam, ‘‘0,’’ ‘‘1,’’ ‘‘–’’ denote the corresponding
beam polarization,Ay(up ,t) and Ayy(up ,t) are the vector

at
TABLE III. Results of the beam polarization measurements. T

measurements were performed periodically~each;2 days!.

Number of the measurement Pzz Pz

1 0.904760.081 20.350660.039
2 0.897860.041 20.323860.023
3 0.894060.022 20.319060.012
4 0.929860.036 20.284860.018
5 0.900460.033 20.304460.017
1-4
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and tensor analyzing powers of the reaction,up is the hori-
zontal pion emission angle, andt is the deuteron four-
momentum transfer squared.

It is easy to solve Eq.~7! using the combination of the
polarization states with tensorially polarized beam witho
vector polarization admixture and the vectorially polariz
beam without tensor polarization admixture ifuPZ

1u5uPZ
2u

(uPZZ
1 u5uPZZ

2 u):

Ayy~up ,t !5
2

PZZ

s1
t2s2

t

s1
t1s2

t

, ~8!

Ay~up ,t !5
2

3PZ

s1
v2s2

v

s1
v1s2

v

, ~9!

wheres6
t,v are the cross sections for the tensorially~vecto-

rially! polarized beam.
In this experiment the tensorAyy and vectorAy analyzing

powers were calculated for each selected reaction by the
lowing way:

Ayy~up ,t !5
2

PZZ

N51N62N72N8

N51N61N71N8
, ~10!

Ay~up ,t !5
2

3PZ

N52N61N72N8

N51N61N71N8
, ~11!

A0~up ,t !5
N52N62N71N8

N51N61N71N8
. ~12!

HereN5 , N6 , N7, andN8 are the numbers of events detect
at each beam polarization state normalized to the co
sponding beam intensities.

The last equation represents the false asymmetry. T
asymmetry was checked for all reaction channels and
consistent with zero in all cases, proving the polarizat
observables to be under full control.

IV. MEASUREMENTS

The measurements were done at the deuteron beam
mentum 3.73 GeV/c with three different settings of the
SPES4 and Tethys magnetic fields, to assure a complete
erage of the Roper resonance mass region~Fig. 4!. The cen-
tral momentum settings of the SPES4 spectrometer w
2.85 GeV/c, 2.94 GeV/c, and 3.04 GeV/c. The correspond-
ing regions of the four-momentum transfer squaredt were
for 2.85 GeV/c 20.28<t<20.14 (GeV/c)2, for 2.94
GeV/c 20.22<t<20.1 (GeV/c)2, for 3.04 GeV/c 20.17
<t<20.07 (GeV/c)2. The Tethys and SPES4 magne
fields were varied proportionally, assuring identical trajec
ries of the deuterons accepted by SPES4. The field stren
were monitored by use of nuclear magnetic resonance p
with accuracy better than 1 Gauss.

The coincidences of signals from SPES4~see above! and
the scintillation hodoscopes of the FS were used for trigg
ing, SPES4~FS1LS!.

For each setting background measurements with
06400
t

l-

e-

is
as
n

o-

ov-

re

-
ths
be

r-

e

empty target were performed periodically. The ‘‘full’’-to
‘‘empty’’ event ratio, after all selection criteria were applie
amounted to.20.

The summary of the main characteristics of the setup
the data taking is given in Table I.

V. DATA ANALYSIS AND RESULTS

A. Identification of the reaction channels

The detected events originated mainly from the inelas
p(d,d8)Np(p) reactions, elastic backward~in c.m.s.!
p(d,p)d scattering, and the breakupp(d,p)pX reaction
@18#, as seen in Fig. 5. The protons from these processes
were in the momentum range of64% from the central mo-
mentum of SPES4 settings, were registered by SPES4
were identified by~time of flight, momentum! correlations
inambiguously~see Fig. 5!. Background due to quasielast
NN scattering was suppressed at the trigger level already
requirement of coincidences between FS and the focu
spectrometer SPES4. This kind of the background cont
utes in the random rates only.

The elastic process was unambiguously identified by
tecting the recoil proton in SPES4 (pp.2.93 GeV/c) in co-
incidence with the scattered deuteron in the FS (pd
.0.8 GeV/c). It provided useful information for the cali
bration of the setup@13,14#. The data on thep(d,p)d tensor
analyzing power, obtained in the present experiment
published in@18#, agree well with the existing world dat
@19,20#.

For the inelastic processp(d,d8)X, X5Np(p), the scat-
tered deuterons were detected by SPES4, while the cha

FIG. 4. Momentum spectrum of the scattered deuterons.
distribution is generated according to@22#. Regions, covered by the
setup acceptance corresponding to the different spectrometer
tings, with the central momenta of scattered deuterons of 2
GeV/c, 2.94 GeV/c, and 3.04 GeV/c are indicated. Dashed regio
corresponds to the Roper resonance excitation.
1-5
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products of the decay of the intermediate systemX were
registered by the forward spectrometer.

The calculated missing mass was used for the identifi
tion of the reaction channels,

mx
25~kd1ktarget2kd82kch!

2,

wherekd , kd8 , ktarget5(mtarget,0,0,0), kch5(Ech ,pW ch), are
respectively the four-momenta of the incident deuteron, s
tered deuteron, target proton, and charged particle detect
the FS (p1 or proton!. The particles in the FS were ident
fied by time-of-flight ~TOF! and energy loss~ADC,
amplitude-to-digit converter units! measurements. The two
dimensional plots of the TOF versus the energy loss, T
versus the particle momentum, and ADC versus the part
momentum were constructed for each counter of the FS
doscope and the selection criteria were chosen separate
each counter and for each setting~see an example of suc
distributions in Fig. 6!. Note that the probability to misiden
tify p1 as protons or proton asp1 increases with increasin
particle momentum. Particles with momenta below 0
GeV/c can be identified unambiguously. For particles w
momenta above 0.7 GeV/c the possibility of different iden-
tification was considered separately by the missing mass
culations.

We analyzed events in which one charged particle w
detected by the FS and the scattered deuteron by the SP
A specific feature of the experiment was that the second
particles from different reactions populate different angu
and momentum regions. In Figs. 7~b!–7~f! the regions of
kinematical variables accepted by the setup for all conside
reactions are presented. These regions were mapped w
Monte Carlo simulation using phase space distributions
the particles, with cuts implied by the setup boundaries
the trigger conditions. The sizes of the FS holes were

FIG. 5. Experimental plot of ‘‘momentum in SPES4
(GeV/c)—‘‘time of flight in SPES4’’ ~ns!. ~A!: Deuterons in the
SPES4 from inelasticp(d,d8) ~the big ‘‘mountain’’!, ~B! protons
from p(d,p)d ~the small peak!, ~C! protons from thep(d,p)pX
reactions~the tail of the small peak!. These regions are well sepa
rated.
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larged in the data analysis~and in the simulation! in order to
eliminate random triggers and were set at 18313 cm2 in the
chambers and 25330 cm2 in the hodoscope.

The choice of the experimental cuts for the channel se
tion was verified by the Monte Carlo calculations.

If the particle registered in the FS was identified as
positive pion, the missing mass distribution should have
peak close to the neutron mass corresponding todp
→dnp1 reaction and a broader structure at higher mass
responding to the reactiondp→dNp1p.

If the particle registered in the FS was identified as
proton then the missing mass distribution should have a p
close to thep0 mass corresponding to thedp→dpp0 reac-
tion and a broader distribution at higher mass correspond
to dp→dppp reaction.

The p2 were not considered due to low acceptance
p2 registration by the FS.

The results ofAyy andAy measurements are presented
Table IV. The errors shown there are only statistical.

1. One-pion production channels

dp→dnp1 reaction. Figure 8 shows the selection o
events from thedp→dnp1 reaction. Positive pions from
this reaction were detected by the FS. For each setting of
SPES4 spectrometer the region of the corresponding f
momentum transfer squaredt was divided into three equa
parts~bins!. In Fig. 9 the missing mass squared spectra c
responding to the unobserved neutron from thednp1 final
state are shown for eachutu bin for both tensor polarization
states. The corresponding spectra taken with ‘‘empty targ
measurements were subtracted. The background from

FIG. 6. Plots for the particle identification for the FS hodosco
counter number 3 at the SPES4 setting 2.94 GeV/c. ~a! Time of
flight ~TOF! versus amplitude~ADC!, both in arbitrary units.~b!
ADC versus the charged particle momentum.~c! TOF ~in time-to-
digit converter units! versus the charged particle momentum.
1-6
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ticle misidentification~very small! was fitted by a polyno-
mial and subtracted. Similar spectra were obtained for
three settings of SPES4.

In Figs. 10~a!–10~c! the tensor analyzing powerAyy , vec-
tor analyzing powerAy , and the false asymmetryA0 are
presented for this reaction as a function of the meanutu value
of the bin. The regions covered by the SPES4 settin
(Dpd /pd564%) overlapped~Fig. 4!, so it is possible to
compare the values of the polarization observables meas
at different settings of the spectrometer. From Fig. 10~a! one
can see that these measurements are consistent, and th
average values ofAyy are taken for eachutu, Fig. 10~d!. A
similar method was used for all other reaction channels.

dp→dpp0 reaction. In Fig. 11 the selection of event
from thedp→dpp0 channel is shown for the SPES4 spe
trometer setting 2.94 GeV/c when protons were detected
the FS. Similar plots were obtained for settings 2.85 GeVc
and 3.04 GeV/c. In Fig. 11~a! the spot near zero missin
mass squared corresponds todp→dpp0 reaction; the other
events are fromdp→dppp and from misidentified positive
pions from the reactiondp→dnp1. In Fig. 11~b! the two-
dimensional distribution of the proton horizontal emissi
angle (ux) and momentum is shown. The rectangle in t
lower left corner indicates the selection criteria for the eve
from dp→dpp0 reaction. This has to be put together wi
the calculated range of the accepted proton momenta
angles shown in Fig. 7~c!. The latter consists of two parts

FIG. 7. Acceptance of the setup for different reaction chann
calculated usingGEANT package.d8 is accepted by the SPES4
Events were generated by phase space simulation codeGENBOD. ~a!
Momentum versus the horizontal emission angle of deuterons
cepted by the SPES4.~b!–~f! Momentum versus the horizonta
emission angle of the charged particle fromdp→dNp(p) reac-
tions accepted by the FS.
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corresponding to protons withpp,0.5 andpp.0.7 GeV/c,
respectively. Only protons with momentapp,0.5 GeV/c
could be identified reliably in the experiment. For this rea
tion it was impossible to distinguish protons with momen
pp.0.7 GeV/c from the strong background of misidentifie
particles; consequently these events were rejected. The
angle in the lower left corner indicates the selection crite
for the events fromdp→dpp0 reaction. In the bottom par
of Fig. 11 the distributions of the missing mass squared
shown. Figure 11~c! represents the one without application
the selection criteria. Figure 11~d! shows the one for proton
with ux,20.7 rad andpp,0.5 GeV/c. A clear signal forp0

events was obtained for this part of the proton spectra.
In Figs. 10~d!–10~f! the tensor analyzing powerAyy , vec-

tor analyzing powerAy , and false asymmetryA0 are pre-
sented. Because of the lack of statistics for this channel, o
the mean value ofutu for each setting is taken.

Ayy angular and t dependence for the one-pion channe
In general the amplitude for thedp→dNp reaction depends
on the momenta and angles of all outgoing particles,
under the kinematical conditions of this experiment, wh
the scattered deuterons are detected at angles close to 0
Me f f is directly related witht, the tensor analyzing powe
Ayy is a function of two independent variables only, the ho
zontal pion emission angleup and t.

Ayy(up ,t) is presented in Table IV as a function of bo
variablesup and t. TheAyy dependencies ont andup , inte-
grated over the accepted values of the other variable are
sented in Figs. 10~d!–10~h!.

Events from the reactionsdp→dnp1 anddp→dpp0 de-
tected in the SPES4-p spectrometer populate different re
gions of the horizontal pion emission anglesup ~Fig. 12!.
The accepted angular region fordp→dpp0 is narrow. On
the contrary for thedp→dnp1 channel it is rather broad
and it was divided into three equal parts~bins!. The mean
value ofup over the bin was taken. In Fig. 10~g! the depen-
dence ofAyy upon up ~for positive pion fromdp→dnp1

and for neutral pion fromdp→dpp0) reactions is presented
Three points fordp→dnp1 and one fordp→dpp0 are
shown. All possible values ofutu are included, which is
equivalent to integration over the wholeutu range. It is seen
in this figure that theAyy is an even smooth function ofup ,
Ayy values being almost the same for the points with
similar absolute values ofup .

If we plot Ayy as a function ofutu only ~which corresponds
to the integration over the horizontal pion emission ang
allowed by the setup, i.e.,236°,up1,6° for dnp1 and
6°,up0,36° for dpp0 final states! the values ofAyy for
the discusseddp→dNp channels with the sameutu values
are essentially different@Fig. 10~d!#. This is due to the dif-
ferentup range selected in both cases.

Ay angular and t dependence for the one-pion channe
Similar to Ayy , the one pion asymmetry,Ay , for dp
→dNp shows a strong angular dependence@Fig. 10~h!#. It is
an odd function of the angle, consistent with zero at ze
pion emission angles. TheAy angular dependence seems
be understood qualitatively if one takes into account tha
collinear kinematics (d8 is detected at about zero angle! the

s,

c-
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TABLE IV. Spin-dependent observablesAyy andAy .

t (GeV/c)2 ^utu& (GeV/c)2 up ~deg! Ayy Ay

dp→dnp1, p1 is detected in the FS

0.2260.02 236°<up1<6° 0.51660.081 20.00460.078
0.1960.01 236°<up1<6° 0.32760.046 0.10760.044
0.1560.01 236°<up1<6° 0.29460.032 0.09160.031
0.1260.01 236°<up1<6° 0.25460.037 0.19660.036
0.0860.03 236°<up1<6° 0.18160.066 0.24760.064

20.28<t<20.14 0.1960.05 0°<up1<8° 0.34960.062 20.01160.06
20.28<t<20.14 0.1960.05 210°<up1<0° 0.26260.068 0.05160.06
20.28<t<20.14 0.1960.05 238°<up1<218° 0.52560.083 0.16160.08

20.22<t<20.1 0.1560.05 0°<up1<8° 0.30760.056 20.03360.055
20.22<t<20.1 0.1560.05 210°<up1<0° 0.25960.048 0.13060.045
20.22<t<20.1 0.1560.05 238°<up1<218° 0.41160.065 0.23460.064

20.17<t<20.07 0.1260.05 0°<up1<8° 0.26860.079 20.04160.072
20.17<t<20.07 0.1260.05 210°<up1<0° 0.12360.052 0.19760.051
20.17<t<20.07 0.1260.05 238°<up1<218° 0.42560.098 0.29860.091

dp→dpp0, p is detected in the FS

20.28<t<20.14 0.1960.02 6°<up0<36° 0.42860.120 20.20460.110
20.22<t<20.1 0.1560.02 6°<up0<36° 0.52160.076 20.11560.071
20.17<t<20.07 0.1260.02 6°<up0<36° 0.37460.065 20.14460.061

dp→dNp1p, p1 is detected in the FS

0.2260.01 256°<up1<0° 0.31460.089 0.03160.086
0.1960.01 256°<up1<0° 0.43860.062 0.00560.060
0.1560.01 256°<up1<0° 0.38260.062 0.04860.046
0.1260.01 256°<up1<0° 0.25960.062 0.05360.060
0.0860.03 256°<up1<0° 0.2160.17 20.1060.16

dp→dppp, p is detected in the FS

0.2260.01 260°<up(2,1,0)<60° 0.35160.054 0.02660.048
0.1960.01 260°<up(2,1,0)<60° 0.37360.038 0.04660.036
0.1560.01 260°<up(2,1,0)<60° 0.31760.028 0.03660.026
0.1260.01 260°<up(2,1,0)<60° 0.25060.028 0.03660.027
0.0860.03 260°<up(2,1,0)<60° 0.19360.050 0.00560.048
f
r

n

nt
e
se-
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reaction plane is determined by the momentum vector o
secondary particle and the incoming beam direction; the
fore when they are almost collinear (up;0), the reaction
plane becomes undefined.

Ay as a function ofutu, integrated over the pion emissio
angles allowed by the setup, has different signs fordp
→dnp1 and dp→dpp0 channels at the sameutu values
@Figs. 10~b! and 10~e!#. This is a consequence of the differe
up range selected.
06400
a
e-

The dependence ofAy on up and t is presented in Table
IV, for each bin ofup the mean value ofutu for the whole
setting is given.

2. Two-pion production channels

Channel selection.In this experiment the events from th
reaction channels with two pions in the final state are
lected when eitherp1 or protons were detected in the FS
1-8
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The case whenp2 were detected by the FS was not cons
ered due to low acceptance forp2 registration@Fig. 7~f!#.

In Fig. 8~b! the missing mass squared spectrum for eve
from dp→dNp1p2 with p1 detected in the FS is shown
The selection criteria are complementary to those used
dp→dnp1 with pion momentum less than 0.5 GeV/c and
angleup,0 ~see Figs. 4 and 7!.

Ayy and Ay t dependence for the two-pions channels.In
Fig. 13 the tensor analyzing powerAyy , vector analyzing
powerAy , and the false asymmetryA0 are presented for the
two-pion production channels as functions oft. The data for
Ayy were obtained in both ways: whenp1 were detected in
the FS or when protons were detected in the FS; the res
coincide. As only one charged particle was detected in a

FIG. 8. Experimental missing mass squared distributions for
dp→dNp1(p) channels whenp1 is detected by the FS at th
central momentum of SPES4 equal to 2.94 GeV/c. ~a! Missing
mass squared distribution for all selected events fromdp
→dNp1(p). Dotted line corresponds to the events fromdnp1.
~b! Missing mass squared distribution for events fromdNp1p.
Figures~c!–~g! represent the missing mass squared versus mom
tum of p1 distributions for different intervals oft. Figures~c!, ~e!,
and ~g! represent the distributions for the left part of theX cham-
bers; figures~d!, ~f!, and~h! represent the distributions for the righ
one. The cuts on the momentum ofp1 for the selection of events
from dnp1 were chosen for each interval oft and for each part of
the X chambers separately@solid arrows in the Figs.~c!–~h!#.
06400
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tion to the deuteron, the measured observables were
grated over all possible angles~and momenta! of the nonreg-
istered particles. The values ofAy andAyy are very similar in
the case of detection of a pion or of a proton for the sa
momentum transfer, moreover the vector analyzing powerAy
for these channels is close to zero: see Figs. 13~b! and 13~e!.
This can be explained in the following way: both whenp1

or a proton is detected, there is no defined reaction plane~in
contrast withdp→dNp reactions!, and therefore there is no
reason to expect a dependence ofAyy andAy on up ; more-
over the vector analyzing powerAy for these channels is
close to zero: see Figs. 13~b! and 13~e!.

3. Comparison of t-dependence of Ayy for one- and two-pion
production channels

The difference between the tensor analyzing powerAyy
for the reactiondp→dnp1 and for the channels with two
pions in the final state is not significant~Fig. 14 and Table
IV !. They actually differ only at the point with the maximum
utu, t520.225 (GeV/c)2. As discussed before it was ex
pected that two-pion final states correspond to the pureN*

e

n-

FIG. 9. Experimental missing mass squared distributions for
dp→dnp1 channel whenp1 is detected by the FS at the centr
momentum of SPES4 equal to 2.94 GeV/c. Solid line: the positive
tensorial polarization of the beam; dashed line: the negative te
rial polarization.
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FIG. 10. Data for the spin-
dependent observablesAyy andAy

versust and up for the one-pion
production channels. Squares: th
setting corresponding to the cen
tral momentum of SPES4 3.04
GeV/c; triangles: 2.94 GeV/c;
stars: 2.85 GeV/c; ~a! Tensor ana-
lyzing power Ayy versus utu, for
each setting separately.~b! Vector
analyzing powerAy versusutu, for
each setting separately.~c! False
asymmetryA0 versusutu, for each
setting separately.~d! Mean val-
ues ofAyy for dnp1, p1 detected
by the FS ~triangles!; Ayy for
dpp0, p detected by the FS~filled
circles!. ~e! Vector analyzing
power Ay for dpp0 channel.~f!
False asymmetryA0 for thedpp0

channel.~g! Mean values ofAyy

for dnp1 ~triangles! and Ayy for
dpp0 ~filled circles! versus the
horizontal emission angle of the
pion in the lab system.~h! Mean
values ofAy for dnp1 ~triangles!
and Ay for dpp0 ~filled circles!
versus the horizontal emissio
angle of the pion in the lab sys
tem.

FIG. 11. Experimental distributions for th
dp→dpp(p) reaction, when the protons wer
registered in the FS at the central momentum
SPES4 equal to 2.94 GeV/c. ~a! Missing mass
squared versus the proton momentum.~b! Hori-
zontal emission angle versus the proton mome
tum. ~c! Missing mass squared for thedp
→dpp(p) reaction ~without cuts!. ~d! Missing
mass squared ofp0.
064001-10
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FIG. 12. Monte Carlo simulation of the reaction channels:dp
→dpp0; dp→dnp1: momentum versus the horizontal emissi
angle of a secondary particle. The events were generated by
phase space simulation codeGENBOD. The scattered deuterons a
accepted by the SPES4.
e

06400
signal, for one-pion final states bothD and N* resonances
give a contribution. In the lowutu region theD excitation in
the projectile dominates in inclusivedp→dX @5#, but ac-
cording to Monte Carlo simulation of our setup with th

he

FIG. 14. Comparison of the tensor analyzing powerAyy for
p(d,d8)X ~world data@6#! with the results of this experiment fo
the reactionsdp→dnp1 anddp→dppp. World data: the squares
circles, and diamonds correspond topd59 GeV/c, pd

55.5 GeV/c, pd54.5 GeV/c.
s
e
4

FIG. 13. Data on the spin-
dependent observablesAyy , Ay ,
and A0 for the two-pion final
states. In all the panels, square
correspond to the setting with th
central momentum of SPES4 3.0
GeV/c; triangles: 2.94 GeV/c;
stars: 2.85 GeV/c; ~a!–~c! for
dNp1p, whenp1 is detected by
the FS: ~a! Tensor analyzing
power Ayy . ~b! Vector analyzing
power Ay . ~c! False asymmetry
A0. ~d!–~f! For dppp, whenp is
detected by the FS.~d! Tensor
analyzing powerAyy . ~e! Vector
analyzing power Ay . ~f! False
asymmetryA0. ~g! Mean values of
Ayy for dNp1p ~empty dia-
monds!, p1 detected by FS;Ayy

for dppp ~filled circles!, protons
detected by the FS.
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matrix element of@22# ~Fig. 4! it is expected that contribu
tion of theD(1232) resonance excitation in the projectile
suppressed in our experiment and does not exceed one-f
of theN* contribution even at the highest setting of SPES
3.04 GeV/c. The simplest possible interpretation of the a
sence of the difference between tensor analyzing power
one- and two-pion production channels is that the exclus
reaction in the kinematics of this experiment is fully dom
nated by the Roper. This interpretation is based on the@22#
consideration of thep(d,d8)X reaction.

In Fig. 14 the data for these reaction channels are c
pared with the existing world data from the inclusiv
p(d,d8)X scattering. The inclusive data onAyy demonstrate
an approximate scaling inutu, but the points corresponding t
the exclusive measurements are higher~compare triangles
with diamonds in Fig. 14! than the inclusive ones when take
at the closest beam momentum (pd54.5 GeV/c). It may be
explained by hypothesizing that the integration over the
phase space of the missing mass in (d,d8) allows some other
contributions that lowersAyy somewhat.

VI. CONCLUSIONS

Tensor and vector analyzing powers for the reactionsdp
→dnp1, dp→dpp0, dp→dNpp were measured in the
energy region of the RoperN(1440) resonance excitation a
functions of the deuteron four-momentum transfer square
the t range,20.28<t<20.07 (GeV/c)2, of the effective
mass of the subsystems (Np), (Npp), 1.33<M e f f
<1.48 GeV/c2, and of the pion emission angle. The resu
C

I
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are presented in Table IV and in Figs. 10, 13, and 14.
The results of this experiment show two interesting fe

tures.
~1! Taken as a function oft, one- and two-pions produc

tion channels have the same values ofAyy within statistical
uncertainty,

~2! Compared to the world data at the nearest beam
ergy on inclusivep(d,d8)X, the exclusiveAyy data are sys-
tematically higher than the inclusive ones.
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