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Measurement of polarization observables in thed¢ 1p˜p¢ 1p1n reaction at Td 5 2.0 GeV
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We have studied the deuteron breakup in thep(d,2p)n reaction atTd52.0 GeV. In this experiment, the
vector analyzing powerAY , the tensor analyzing powerAYY , and the polarization of the forward scattered
proton are measured close to the quasifreepp scattering kinematics. These observables are presented as a
function of the neutron momentum ranging from 0.04 to 0.45 GeV/c in the rest frame of the deuteron. Marked
deviations from the impulse approximation using conventional deuteron wave functions are observed. Correc-
tions due to the multiple scattering, the final state interaction, and theD excitation are calculated in a model
where the spin-isospin structure of the elementary amplitudes is treated rigorously. With this model, a reason-
able account of the measured polarization observables is obtained. The global agreement with all observables
is, however, not good enough that we can reliably discriminate between conventional wave functions.
@S0556-2813~97!02507-7#

PACS number~s!: 24.70.1s, 21.45.1v, 25.10.1s, 25.45.2z
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I. INTRODUCTION

The deuteron is a very interesting nucleus as a pure
relation between the proton and the neutron. A detailed st
of its structure will bring information on the strong intera
tion between two bound nucleons in specific quantum sta

While the static properties of the deuteron, such as bi
ing energy, radius, and magnetic and quadrupole electric
ments, are well known, the dynamics of this system are
well documented. The knowledge of the probability for
nucleon to have an internal momentumq in the deuteron is a
strong constraint for theNN potential. The larger this mo
mentum, the smaller the relative distance between the
nucleons.

As the internucleon distance decreases, meson excha
and excitation of the nucleon internal structure leading
NN* andDD components and even new dynamical effe
appear. These ultimate effects still under investigation
due to the increasing overlap between the two nucleo
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three-quark bags. Experimental information from the pol
ization observables as functions ofq, is sensitive to small
components of the wave function and so could help to d
entangle these effects.

The kinematics of the exclusive processdW 1p→pW 1p
1n is completely specified for each identified event, a
scanning inq is possible assuming the validity of plane wa
impulse approximation~PWIA!. A measurement of the vec
tor and tensor analyzing power and of polarization transfe
one outgoing proton, provides four independent observa
of the reaction in addition to existing cross-section data. T
redundancy will be a stringent test for a good understand
of the reaction mechanism. Experimentally the analyz
powers are ratios of cross sections and offer easy acce
small probabilities with regards to normalization and ef
ciency problems. The usefulness of polarized-deute
breakup experiments was emphasized and studied in se
papers@1–3#.

The PWIA for the reactionp(d,2p)n under investigation
assumes that one of the nucleons in the deuteron is a s
tator, being unaffected by the breakup process. The mom
tum of this nucleon in the outgoing channel boosted to
50 © 1997 The American Physical Society
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56 51MEASUREMENT OF POLARIZATION OBSERVABLES IN . . .
deuteron rest frame is interpreted as its Fermi momentuq
or internal momentum of the nucleon in the deuteron. Hen
in the framework of the IA, it is possible to study the intern
momentum distributionuF(q)u25u2(q)1w2(q). Within the
same approximation, the polarization observables are se
tive to the ratiou(q)/w(q), momentum space wave func
tions of theS andD state components of the deuteron, r
spectively. The structure of the deuteron has been the su
of many investigations, both theoretically and experime
tally.

Conventional theoretical studies are based on model
theN-N potential. From the potential, the wave function
the deuteron as a bound state of the proton and the neutr
deduced. Among the numerous results, we will specifica
use the Bonn wave function@4# and the Paris wave functio
@5# as representatives of reasonable variations of various
nomenological potentials.

A number ofed elastic scattering experiments have be
performed to measure the charge, quadrupole, and mag
form factors~see Ref.@6#, and references included therei!
up to a transfered momentum of 4.6 fm21. However, the
transverse and longitudinal structure functions,A(Q2) and
B(Q2) have been measured up to 8 and 10 fm21, respec-
tively. It should be noted that if the momentum transfer
elastic scattering isQ, then the corresponding value of th
deuteron internal momentum isq5Q/2.

Exclusive and inclusive deuteron breakup reactions, b
providing in principle direct access to the deuteron wa
function have been extensively investigated. There are
from the exclusived(p,2p)n @7–15# andd(e,e8p)n @16–18#
reactions, and also from the inclusive reactionA(d,p)X @19–
22#. An exclusive experiment on polarized deuteron pho
disintegration is in progress in Novosibirsk@23# and at
NIKHEF @24#.

Inclusive polarized deuteron breakup has been intensi
investigated using Dubna and Saturne polarized deute
beams@21,22,25–28#. These studies have demonstrated t
polarization observables such as the tensor analyzing po
T20, were independent of beam energy, and only wea
dependent upon the target nature, when analyzed as a
tion of internal momentumq, over a range of deuteron en
ergies from 1.25 to 4.4 GeV. Polarization transfer data sh
a similar energy and target independence asT20, although
the experimental evidence is weaker.

The various reactions give a coherent picture of the d
teron density and are well understood in terms of the IA w
a conventional deuteron wave function up to momentum
about 200 MeV/c. Above thisq value, depending upon th
reaction and the kinematics, the results differ significan
After corrections to the PWIA, theuF(q)u2 from (e,e8p)
experiment@18# is in agreement with the Paris wave functio
up to 500 MeV/c, while the uF(q)u2 extracted from (p,2p)
@15# agrees better with the Bonn wave function in the sa
internal momentum range. In inclusive breakup, with a p
ton detected in the forward direction, a marked bump
excess of probability, is observed around 320–350 MeV/c in
the data, above conventional wave function predictions
all targets and energies of the deuteron beam@19–22#. Up to
now this bump is not unambiguously understood. New
grees of freedom in the deuteron structure were also s
gested; for example, Kerman and Kisslinger~followed by
e,
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others! introducedDD andNN* isobaric components in the
deuteron wave function@29# and Ableevet al. @20# suggested
six-quark effects following many theoretical studies@30–32#.

Whatever the deuteron structure, the PWIA needs to
complemented at high internal momenta by known effe
such as final state rescattering~FSR!. The off-shell effect of
the proton in the reactiond(e,e8p) was discussed in Ref
@18#. The estimated correction to the cross section was fo
to be small~a few percent!. The possibility of FSR processe
was studied@1,8# and included in most of the interpretation
This aspect is especially detailed in@33# where the exclusive
d(p,2p)n and inclusivep(dW ,p)X cross section and tenso
analyzing powerT20 are computed up to double scatterin
but in a coplanar geometry. The virtualD excitation was also
discussed@34,10#, for the d(p,2p)n cross section, conclud
ing that it can be dominant when the two final protons a
emitted symmetrically with an invariant mass arou
MN1MD . In other kinematics closer to the quasifree sc
tering, the virtualD contribution was shown@15# to have
modest effects.

When FSR orD excitation play a significant role, it is no
possible to interpret the momentum of the spectator nucl
as the internal momentum of the deuteron constituent nu
ons. Yet this interpretation still provides an easy way to p
ture and discuss experimental results which are fivefold
ferential in a three body final state experiment. We exp
that polarization data will provide a test of the validity ran
of the PWIA from the universality of observables with r
spect toq, as well as a strong constraint in the separation
the reaction mechanism from possible unconventional d
teron components.

In the present experiment the tensorAYY and vectorAY
analyzing powers, and the polarization of the outgoing f
proton in thedW 1p→pW 1p1n exclusive reaction, have bee
measured with polarized deuteron beams from
SATURNE synchrotron at Laboratoire National Saturne
France. The coincidence cross sections measured in the
experiment were published@35# and are thus not discussed
the present paper.

The theoretical model used for the analysis of the po
ization observables is similar to the one used for
Gatchina unpolarizedpd→ppn experiment@15#. More de-
tails concerning the description of polarized observables
given in Sec. II. The experiment and data reduction are
scribed in Sec. III. In Sec. IV, the results are presented
discussed with a summary of the theoretical model used.
conclusions are drawn in Sec. V.

II. DESCRIPTION OF OBSERVABLES

In the PWIA first-order approximation for the reactio
mechanism, the spectator nucleon remains in the same
state and has the same momentum as prior to the reactio
this experiment the angles of detection for the two proto
were chosen to favor quasifreepp-scattering events, leaving
the neutron in the deuteron as a spectator.

The amplitude of the reaction in the PWIA can be writt
as

FM ,m
m1 ,m2 ,m35^x1/2

m1 ,x1/2
m2 ,x1/2

m3 ,uVpp~1,2!ux1/2
m ,C1

M~1,3,qW !&,
~1!
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52 56S. L. BELOSTOTSKIet al.
where the spin part of the wave functions is specified wit
notation illustrated in Fig. 1. The deuteron wave function
momentum space is

C1
M~1,3,qW !5

1

q (
L50,2

uL~q!@YL~ q̂!•x1~1,3!#1
M , ~2!

where the spherical harmonicsYL(q̂) determine the angula
dependence, andx1 is the deuteron spinor. The radial depe
dence of theS andD state of the deuteron are the functio
uL(q) to be denoted in the following asu(q) andw(q), or
u andw for short. The cross section of the exclusive react
for a given spin stateM of the initial deuteron is then

d5sM

dp1dV1dV2
5dsM5

1

2(m (
m1 ,m2 ,m3

uFM ,m
m1 ,m2 ,m3u2, ~3!

where the notationdsM is introduced for shortness.
Following the Madison convention@36# the differential

cross section for vector (py) and tensor (pyy) polarization of
the deuteron beam is

d5s

dp1dV1dV2
~py ,pyy!

5
d5s

dp1dV1dV2
~0,0!F11

3

2
AYpy1

1

2
AYYpyyG ,

~4!

with corresponding vector and tensor analyzing powers
fined as

AY5
dsM12dsM21

dsM11dsM01dsM21
, ~5!

AYY5
dsM11dsM2122dsM0

dsM11dsM01dsM21
, ~6!

and the unpolarized cross section as

d5s

dp1dV1dV2
~0,0!5ds5

dsM11dsM01dsM21

3
. ~7!

From these expressions, one can derive the following exp
sions for the three observables in the PWIA:

AY~q!5PppF2~u22w2!2uwA2
3~u21w2!

ny1
w~A2u1w!

u21w2 ky~kW ,nW !G
5PppBY , ~8!

FIG. 1. Notations for thep(d,2p)n reaction. The letters M,m,
andm i refer to the spin magnetic quantum number of each parti
a

-

n

e-

s-

AYY~q!5
1

2
~3q̂Y

221!
w~2A2u2w!

u21w2 , ~9!

ds5
dspp

4pq2
~u21w2!, ~10!

wherekW5qW /q5q̂W , nW is the unit vector along the normal t
the plane of thepp scattering,Ppp the polarization, and
dspp the differential cross section of thepp scattering. The
expression forAY(q) defines a structure functionBY(q) for
the deuteron.

The polarization of the fast proton, which was also me
sured in this experiment, is defined as

P5
Nup2Ndown

Nup1Ndown
, ~11!

where the number of fast protons in the up or down spin s
is

Nup~down!5(
M

nMdsM
up~down!

5(
M

nM
1

2 (
m,m2 ,m3

uFM ,m
up~down!,m 2,m 3u2. ~12!

If the proportion of incident deuterons in each spin state
n1 , n2, andn0, then the vector and tensor polarization
the beam are

py5n12n2 , ~13!

pyy5n11n222n0 , ~14!

n11n21n051, ~15!

and the spin structure of thep(d,2p)n amplitude leads in IA
to

P5
Ppp13BYDpppy/21AYYpyyPpp/2

113AYpy/21AYYpyy/2
, ~16!

whereDpp is the depolarization parameter in freepp scat-
tering. The depolarization parameter for thep(d,2p)n reac-
tion can be defined as

Dv5
ds↑↑2ds↑↓

3ds
, ~17!

with

ds↑↑5
1

2 (
m,m2 ,m3

@ uF1,m
↑,m2 ,m3u21uF

21,m
↓,m2 ,m3u2#, ~18!

ds↑↓5
1

2 (
m,m2 ,m3

@ uF21,m
↑,m2 ,m3u21uF1,m

↓,m2 ,m3u2#, ~19!

and

ds5
1

2

1

3 (
M ,m,m1 ,m2 ,m3

uFM ,m
m1 ,m2 ,m3u2. ~20!

.
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56 53MEASUREMENT OF POLARIZATION OBSERVABLES IN . . .
TheDv observable measures the fraction of fast proto
with their spin in the same direction as the deuteron spin
the IA, this observable is equal to

Dv5BYDpp , ~21!

whereBY is the same deuteron structure function which w
introduced earlier in the definition ofAY ; BY has values in
the range from11 to 21.

Labeling the polarization of the fast protonP1 for an
incident deuteron in the state (M511), andP2 for the state
(M521) the expression ofDv , follows,

Dv5
P12P2

3py
1AYS P11P2

2 D . ~22!

Combining the two independent quantitiesP1 andP2 it can
be shown that

P05
P11P2

2
1
3

2
AYpyS P12P2

2 D , ~23!

which is the polarization of the fast proton for unpolariz
deuteron beam. In the IA it is equal to the polarization in fr
pp scattering:

P05Ppp . ~24!

To summarize, we note that the spin observablesAY ,
AYY, andDv are functions of the ratio between theS and the
D states at an internal momentumqW fixed by the kinematics
in the outgoing channel. In the IA, the momentumqW is the
momentum of the spectator neutron, in the deuteron
frame. In this paper all the observables are shown as fu
tions of uqW u, being summed up over other kinematic variab
within the experimental acceptance. This representation
observables which are fivefold differential, does display
main dynamical features of the reaction to first order; t
point will be further discussed in more detail in Sec. IV.

At large values ofuqW u, the IA should be complemente
with other graphs including FSI,D excitation, and so on~see
Fig. 2!, which modify the observables substantially. It fo
lows that strong constraints for the calculation of the react

FIG. 2. The Feynman diagrams included into the calculati
The exclusive breakup~O! is the coherent sum of first-order im
pulse approximation~A!, final state rescattering~B!, andD excita-
tion ~C!. For graphs A and B, the two circular permutations of t
final particles are also computed. For graph C, only the permuta
of n andp1 is considered.
s
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mechanism will result from the comparison of theoretic
predictions with the four independent observablesAY ,
AYY, Dv , andP0.

The term q̂Y in Eq. ~9! takes into account events wit
pp scattering out of the horizontal plane resulting from t
large vertical aperture of the detectors in this experime
But thePpp andDpp parameters are defined only for copl
nar pp scattering.

Expressions for the analyzing power, valid in the fram
work of the IA, and similar to Eqs.~8! and ~9!, have been
discussed by Wilkin@37#, and used for analysis of inclusiv
deuteron breakup reaction data@21,22# and of 6Li inclusive
breakup reaction data@38#. However, Eqs.~8! and~9! differ
from them by the fact that they contain a term depending
qY .

III. DESCRIPTION OF EXPERIMENT
AND DATA HANDLING

The polarized deuteron beam from the atomic ion sou
HYPERION is injected in the preaccelerator MIMAS an
then into the synchrotron ring SATURNE, where it is acc
erated up to 2 GeV. The extracted beam is transported to
target point of the SPES 4 spectrometer shown in Fig. 3@39#.
The scattering angleu1 of the fast protonp1 was set to
18.3° by means of a movable dipole magnet upstream of
target. The recoil protonp2 was detected in coincidence wit
the protonp1 within a range of scattering anglesu2 from
52.5° to 61.5° with the recoil spectrometer~RS! located in
the target area. The beam was stopped downstream from
target in a beam dump. The RS detectors were prote
from a direct view of the beam dump by a concrete wall
1.5 m thickness.

A. The deuteron beam and the target

The beam was focused on the target with a spot of dim
sions 6 mm horizontally by 2.2 mm vertically. The targ

.

n

FIG. 3. Experimental setup: The magnets of the beam line
of the SPES 4 spectrometer are shown with the location of the
arm and of the POMME polarimeter. The shaded areas are con
walls. The RS detectors are protected from a direct view of
beam stop.
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54 56S. L. BELOSTOTSKIet al.
was a vertical cylinder cell filled with liquid hydrogen. Th
cell had a diameter of 40 mm with walls made of 1
mm-thick mylar. The slow recoiling protons exited the targ
vacuum chamber 38 cm away from the target cell throug
50 mm titanium window.

The beam time structure was of 0.4 s duration at 3
repetition period. The beam intensity was limited
3.03109 deuterons per spill to maintain acceptable values
the leakage current in the proportional chambers of RS
cated close to the target. Also when data were taken clos
the quasielastic peak the beam intensity was further redu
to keep the dead time of the data acquisition system rea
ably small.

There is no depolarization of the deuterons during
acceleration in SATURNE@40#, so that the polarization ca
be measured at 385 keV with a low-energy polarimeter@41#
located at the exit of the ion source before injection into
preaccelerator MIMAS. The polarization state of success
beam bursts was repeated cyclicly, either in the two-s
mode ~states 2 and 3!, or in the four-states mode~states
5,6,7, and 8!. Successive beam bursts had a different po
ization, as summarized in Table I, together with the ma
mum polarization delivered by the atomic source in each
of these states.

The data were obtained during two separate period
two consecutive years. The measured polarizations were
stant during each period and are given in Table II after
propriate normalization@41# and dead time correction@42#.
In addition to the statistical uncertainty from the beam pol
ization measurements, the estimate of the systematic err
66% for the tensor and64% for the vector polarization
@41#. The data measured during the two runs have b
summed after checking that they were consistent within
tistical uncertainty.

B. The SPES 4 spectrometer

The spectrometer SPES 4 is shown in Fig. 3; its confi
ration is discussed in detail in@39,43#. A time of flight is

TABLE I. Beam polarization extremal value~on the target! and
associated beam state number.

Assigned beam pyy ; tensor py ; vector
state number polarization polarization

1 0.0 0.0
2 0.0 2/3
3 0.0 22/3
4 0.0 0.0
5 1.0 21/3
6 1.0 1/3
7 21.0 21/3
8 21.0 1/3

TABLE II. Absolute value of the beam polarization measur
during the two runs with the statistical error.

Run 1 Run 2

py ~states 2 3! 0.64760.020 0.63360.007
py ~states 5, 6, 7, 8! 0.30160.017 0.32660.012
pyy 0.94760.018 0.91260.014
t
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obtained with the start from scintillators~1-mm thickness! at
the intermediate focus~IF!, and the stop given by scintilla
tors ~3-mm thick! in the final focus~FF! ~Fig. 4!; the time-
of-flight has a base distance of 16.8 m and provides excel
trigger selectivity for protons. The spectrometer moment
resolution isDp/p;1023. A collimator defined a solid angle
of DV50.69 msr, with angular acceptancesDuh51.04°
horizontally, andDuv52.17° vertically; the momentum ac
ceptance was 4% without cuts, extending to 6% with a
creasing solid angle. The angular resolution after analysi
the tracks was;0.1° @full width at half maximum~FWHM!#
horizontally and;0.2° vertically. The polarization of the
protonsp1 selected by SPES 4 is measured with the po
imeter POMME@44#. The polarimeter~Fig. 4! measures the
azimuthal asymmetry ofp-C inclusive scattering from a
31.2-cm-thick carbon analyzer located near the FF pla
Proton tracks upstream and downstream of the carbon b
are reconstructed using 6 multiwire (XY) proportional cham-
bers with sensitive area 50350 cm2 for the three front
chambers and 1003100 cm2 for the three rear chambers
The polarimeter has its own trigger given by a coinciden
between the FF,P, andQ scintillators. The three front cham
bers are also used for the precise tracking that determine
momentum and scattering angle at the primary liquid hyd
gen target.

C. The ‘‘recoil spectrometer’’ RS

The ‘‘recoil spectrometer’’ consists of twoX,Y modules
of multiwire proportional chambers CH1 and CH2, an arr
of seven scintillation platesDEi , and a 734 matrix of scin-
tillation blocksEi j for DE,E analysis~Fig. 5!. The distances
between the target point and the wire chambers are res
tively 1.2 and 2.7 m, which together with the 4-mm spaci
of the wires and the multiple scattering in the target and
titanium window result a resolutionDu2;0.45° ~FWHM!.
The seven plates of theDE array, each of 5003125310
mm3, were placed horizontally at a distance of 3.03 m fro
the target. Each plate is viewed on both sides by a photom
tiplier, and for each of them a time and a energy loss inf
mation are recorded. TheE matrix consists of 28 blocks
plastic scintillator 12031203200 mm3, each of them
viewed by a single photomultiplier and with charge inform
tion recorded.

D. Calibration by elastic dp scattering

To obtain an absolute calibration of the angle betwe
SPES 4 and RS, elastic two-body scatteringdp→pd data

FIG. 4. Polarimeter POMME: The hodoscope of plastic scin
latorsFi is located at the final focalization~FF! of the spectrometer.
The P andQi lath of plastic scintillators are connected to phot
multipliers on each side.
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56 55MEASUREMENT OF POLARIZATION OBSERVABLES IN . . .
were recorded and analyzed for several SPES 4 ang
uSPES4of 17.0°,16.5°, and27.0°. In this calibration, the
deuteron was detected in SPES 4, and the proton in RS.
measurement was extended to negative angle in orde
have a constraint for the determination of the 0° value
uSPES4; it was found that the nominal zero angle was shift
by 0.33° ~to the left, the usual scattering side in a SPES
experiment!.

For the largeruSPES4 values of 7.9°, 9.54°, 10.93°, an
12.86°, the correlation of the elastic scattering data and
two-body kinematics constraint is shown in Fig. 6. The v
ues Dud and Dup are the direct angular measurement
SPES 4 and RS with respect to their central axis. From
comparison between the experimental points and the curv
was determined that the angle between the axis of SPE
and RS was 75.0°.

The elastic scattering data were also used to calibrate
time of flight and theDE and E detectors of the RS fo
known proton energies. A more detailed description of
these calibrations can be found in Ref.@45#.

FIG. 5. Recoil Spectrometer~RS!: The RS arm is shown from
the side~on the right part! and from the back~on the left part!. The
distance betweenEi j scintillators and betweenDE scintillators is
enlarged on the picture. The distance is actually only the wrapp
papers.

FIG. 6. The correlation from elasticdp scattering data used fo
calibration.
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E. Event selection

The p(d,2p)n reaction events were selected by requiri
the appropriate timing between SPES 4 and RS~rTOF!. The
accuracy for rTOF was better than 1.0 ns~FWHM!. Once the
proton in SPES 4 was identified and its momentumpW 1 re-
constructed, rTOF could be converted to the time of flight
the recoil proton, from the target vertex to theDE detector.
We denote this converted time of flight as TOF. This val
represents the particle velocity detected by RS allowing
calculate the recoil proton momentump2. The (DE,p2) scat-
ter plot was used to identify protons. The momentump2 was
used instead of the measured energy in theEi j counters,
because above 175 MeV, the protons were not stoppin
the 200-mm-thick plastic scintillators. This additional info
mationEi j was only used to solve ambiguous cases.

For thedp→p1p2n process at a given deuteron kinet
energyTd , when pW 1 is determined from the SPES 4 me
surement andf2 from the RS measurement, there is a co
relation

f ~Td ;pW 1 ,f2 ,p2 ,u2!50 ~25!

betweenp2 andu2. This equation defines a maximum sca
tering angleu2

max(pW1,f2) and two possible values ofp2 for a
given scattering angleu2 smaller than this maximum. In the
following, the low-energy solution~LES! corresponds to the
lowest value ofp2 and the high-energy solution~HES! to the
highest. The correlation is used to select thedp→ppn pro-
cess from the remaining background. The angleu2 is mea-
sured by the multiwire proportional chamber~MWPC! of RS
andp2 by the TOF, assuming the RS particle to be a prot

Due to multiple scattering and detection resolutions,
detected events are spread around the pure kinematical
relation ~25!, even outside the kinematical limit. To ove
come this difficulty, a method that minimizes the probabil
of deviation from the three-body kinematics was used.
‘‘distance’’ d between the measured event at (u2

m,p2
m) and

the expected (u2 ,p2) correlation is defined

d25
~p2

m2p2!
2

sp2
2 1

~u2
m2u2!

2

su2
2 , ~26!

whereu2 is actually given by

u25g~pW 1 ,f2 ,p2! ~27!

derived from the correlationf . The closest value (u2
c ,p2

c) is
obtained by a minimization of expression~26! with respect
to p2.

This value (u2
c ,p2

c) will then determine all other kinemati
cal quantities associated with the measured event and c
patible with thedp→ppn three-body kinematics. A cut is
also applied on the minimizedd2 value ~smaller than 4! to
select thedp→ppn reaction and reject background.

The background contamination was determined from F
7 in a region outside the kinematic limits of thedp→ppn
reaction. In the figure, the contour which is equivalent to
allowed phase space ofdp→ppn reaction is shown, but

g
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shifted to larger value of TOF. The estimated backgroun
was around 2% in total, but it affected mostly the region o
low counting rate~e.g., largeq). In Fig. 8, the estimated
background and realp(d,2p)nevents after subtraction of the
background, are shown as a function ofq.

For the selected events withpW 1 and pW 2 determined, the
magnitude of the spectator momentumq was calculated with

FIG. 7. The correlation to select the contaminations from bac
ground. We used the events inside the contour shown to estim
the contribution from the background.

FIG. 8. The estimated background~a! and real events~b!.
d
f

a typical accuracy of 8 MeV/c ~rms!. For a given setting, the
precision onq ranges from 2 to 30 MeV/c in extreme cases

The measurements were performed at six different
tings of the magnetic fields in SPES 4 with central values
1.6, 1.7, 1.8, 1.9, 2.0, and 2.05 GeV/c, corresponding to the
different domains ofq listed in Table III.

F. Data handling for the polarization of the fast proton

Only for those events identified as originating from t
dp→ppn reaction was the polarimeter POMME informatio
analyzed. The particle trajectories reconstructed before
after the scattering, and the reaction vertex in the grap
analyzer were obtained from the front and rear chamb
coordinates~Fig. 4!. The thickness of the analyzer was 31
cm. A cut on the range of the reaction vertex to match
actual size of the12C block was first applied. The distribu
tion of theuc scattering angle after this cut is shown in Fi
9~a!.

Because the small scattering angles are mostly due
multiple scattering and not to a nuclear interaction, eve
with uc,2.5° were rejected. These events have negligi

-
te

TABLE III. Internal momentaq for different SPES 4 settings.

p10, GeV/c q, GeV/c

1.6 0.03–0.20
1.7 0.04–0.22
1.8 0.10–0.38
1.9 0.16–0.41
2.0 0.22–0.44
2.05 0.29–0.45

FIG. 9. ~a! The distribution of the scattering angle (uc) after
vertex cut. We used only the eventsuc>2.5° for the polarization
analysis.~b! The final distribution of the azimuthal anglewc .



est
-
p

e

56 57MEASUREMENT OF POLARIZATION OBSERVABLES IN . . .
FIG. 10. Depolarization (Dv) of the

dW 1p→pW 11p21n reaction and polarization
(P0) of the fast proton (p1) as a function ofq,
the momentum of the neutron in the deuteron r
frame. Each family of symbol is for a given cen
tral momentump1 detected in SPES 4; the to
figures~a! and ~c! for the low-energy solution of
the second proton (p2) detected in RS and the
bottom figures~b! and ~d! for the high-energy
one. The binning inq is 50 MeV/c, but the points
at the sameq value are slightly displaced to se
the various error bars.
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asymmetry and suffer from a bad determination of the a
muthal angle (wc). A ‘‘cone test’’ @46# was then applied.
This test requires that the cone defined byuc for the running
event lies within the acceptance of the polarimeter to c
sider this event. It is used to eliminate systematic asym
tries by ensuring a sufficient azimuthal acceptance. The
ciency of the polarimeter for this experiment was typica
8%.

The azimuthal angle (wc) distribution of the events afte
the cone test is shown in Fig. 9~b!. A wc distribution was
obtained for a number ofq values. To get reasonable stati
tics, the binning size forq was taken as 0.05 GeV/c.

For each event, the coefficients

a15Ay
c~uc!cos~wc!, ~28!

a25@Ay
c~uc!#

2, ~29!

were calculated withAy
c(uc) the analyzing power of the in

clusivep112C reaction at the scattering angle (uc). Values
of Ay

c(uc) were obtained in a previous calibration of th
POMME polarimeter@44#. For each bin ofq, the quantities
a1 anda2 were summed for all events, and the proton pol
ization was obtained as

P6~q!52
(a1~q!

(a2~q!
. ~30!

This polarizationP1 (P2) is measured for the polarizatio
state 2~respectively 3! of the incident deuteron beam. Rel
tions ~22! and ~23! were used to calcute the observables.

The statistical uncertainty onP0 andDv is rather large. In
Fig. 10 each observable obtained for different SPES 4 m
mentum is plotted as a function ofq but separately for the
high- and the low-energy solution of the proton. With th
partition, q seems a good variable at least to the level
accuracy of the experiment as verified by ax2 test between
measurements at the sameq value. Most of thex2 per point
i-

-
e-
fi-

-

o-

f

are much smaller than 1. So values obtained at the samq
but for different SPES 4 settings were combined.

The internal momentumq is the scaling variable only
below ;200 MeV/c, where the IA is known to be valid
Above this value, the deviation from the IA forP0 andDv
should be smaller than the precision of the measurem
There is, however, an obvious difference between the h
and the low-energy solution. They correspond to differe
orientations of the neutron momentumqW which should in-
duce very different corrections to the IA and this is the re
son why we have kept this dependence.

G. Observables from selected events

As was mentioned in previous sections, there are two
nematical solutions and the observablesAY , AYY, P0, and
Dv can be calculated as a function ofq for each solution
separately. Denoting the number of selected events a
background subtraction asNi(q), wherei is the beam polar-
ization state number given in Table I, the analyzing pow
AY andAYY are given by

AY~q!52
2

3

1

upyu
N2~q!2N3~q!

N2~q!1N3~q!
,

AY~q!5
2

3

1

upyu
N5~q!2N6~q!1N7~q!2N8~q!

N5~q!1N6~q!1N7~q!1N8~q!
, ~31!

AYY~q!52
1

upyyu
N5~q!1N6~q!2N7~q!2N8~q!

N5~q!1N6~q!1N7~q!1N8~q!
,

where the beam polarizationspy andpyy are defined in Eqs.
~13!, ~14!, and in Table II. Expressions~31! follow from Eqs.
~4!, ~5!, and ~6!. The complete set of experimental valu
with statistical errors is given in Table IV~high energy! and
Table V ~low energy of the recoil protonp2).
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TABLE IV. Measured values of the tensor and vector analyz
power and statistical~rms! errors as a function ofq. See text for
details and systematic errors. This table is for the recoiling pro
p2 of highest energy. The momentump1 of the fast proton in the
laboratory is specified.

p1 ~GeV/c) q ~MeV/c) AYY s(AYY) AY s(AY)

1.6 50.0 0.092 0.032 0.256 0.009
70.0 0.093 0.019 0.265 0.005
90.0 0.145 0.017 0.255 0.005
110.0 0.135 0.020 0.248 0.006
130.0 0.184 0.026 0.238 0.007
150.0 0.270 0.036 0.210 0.011
170.0 0.318 0.051 0.183 0.015
190.0 0.192 0.065 0.164 0.021
210.0 0.021 0.086 0.129 0.028
230.0 0.050 0.104 0.120 0.036
250.0 20.014 0.124

1.7 90.0 0.194 0.018 0.270 0.006
110.0 0.251 0.012 0.259 0.004
130.0 0.271 0.012 0.249 0.004
150.0 0.295 0.014 0.246 0.005
170.0 0.357 0.021 0.214 0.007
190.0 0.430 0.029 0.210 0.010
210.0 0.553 0.038 0.173 0.014
230.0 0.557 0.050 0.194 0.018
250.0 0.472 0.060 0.203 0.022
270.0 0.221 0.028

1.8 150.0 0.360 0.025 0.285 0.012
170.0 0.389 0.019 0.287 0.007
190.0 0.438 0.020 0.258 0.007
210.0 0.481 0.023 0.248 0.009
230.0 0.490 0.032 0.192 0.010
250.0 0.512 0.043 0.164 0.013
270.0 0.540 0.057 0.131 0.017
290.0 0.559 0.071 0.130 0.022
310.0 0.468 0.087 0.132 0.020

1.9 210.0 0.424 0.046 0.358 0.029
230.0 0.382 0.022 0.304 0.009
250.0 0.321 0.021 0.251 0.008
270.0 0.270 0.022 0.234 0.008
290.0 0.175 0.025 0.180 0.009
310.0 0.145 0.031 0.154 0.010
330.0 0.204 0.041 0.124 0.012
350.0 0.149 0.057 0.083 0.015
370.0 20.065 0.076 0.051 0.019

2.0 290.0 0.041 0.077 0.270 0.039
310.0 20.076 0.036 0.259 0.011
330.0 20.126 0.031 0.201 0.009
350.0 20.133 0.029 0.172 0.009
370.0 20.200 0.030 0.162 0.009
390.0 20.122 0.034 0.110 0.010
410.0 20.252 0.047 0.144 0.014
430.0 20.268 0.102 0.187 0.033

2.05 350.0 20.163 0.075 0.237 0.028
370.0 20.116 0.047 0.197 0.018
390.0 20.121 0.041 0.167 0.017
410.0 20.211 0.049 0.151 0.020
430.0 20.163 0.094 0.154 0.037
IV. THEORETICAL INTERPRETATION
AND DISCUSSION OF RESULTS

A. Model used

The kinematics of this experiment is dominated by t
p-p quasielastic scattering. Nevertheless, then-p term taking
into account scattering of the neuteron in the deuteron off
target proton producing either the slow recoil proton (p2)
detected with RS or the fast one (p1) detected by the forward
spectrometer SPES 4 was added coherently to the maip-
p scattering term in the IA. Thisn-p contribution to the
cross section is rather small but it is not negligible for t
polarized observables.

All the NN second-order rescattering terms~FSR’s! were
included taking into account both the low-energy final st
interaction and Glauber-type rescattering of the fast proto
In addition, theD33 excitation diagrams were also evaluate

n

TABLE V. Measured values of the tensor and vector analyz
power and statistical~rms! errors as a function ofq. See text for
details and systematic errors. This table is for the recoiling pro
p2 of lowest energy. The momentump1 of the fast proton in the
laboratory is specified.

p1 ~GeV/c) q ~MeV/c) AYY s(AYY) AY s(AY)

1.7 150.0 0.293 0.021
170.0 0.344 0.014
190.0 0.320 0.016
210.0 0.281 0.021
230.0 0.208 0.029
250.0 0.217 0.050

1.8 170.0 0.211 0.139
190.0 0.350 0.059 0.275 0.018
210.0 0.328 0.047 0.311 0.012
230.0 0.459 0.048 0.289 0.013
250.0 0.445 0.057 0.284 0.015
270.0 0.455 0.079 0.193 0.021
290.0 0.562 0.106 0.172 0.030
310.0 0.470 0.153 0.127 0.045

1.9 230.0 0.317 0.044
250.0 0.426 0.066 0.292 0.017
270.0 0.343 0.051 0.271 0.014
290.0 0.327 0.043 0.221 0.015
310.0 0.345 0.042 0.204 0.018
330.0 0.339 0.049 0.160 0.025
350.0 0.400 0.060 0.167 0.019
370.0 0.127 0.024
390.0 0.112 0.033

2.0 310.0 0.238 0.075 0.257 0.020
330.0 0.186 0.052 0.223 0.016
350.0 0.218 0.049 0.191 0.014
370.0 0.299 0.049 0.183 0.014
390.0 0.228 0.056 0.146 0.015
410.0 0.303 0.073 0.181 0.019
430.0 0.168 0.191 0.190 0.036

2.05 370.0 0.056 0.072 0.208 0.028
390.0 0.226 0.065 0.199 0.025
410.0 0.171 0.063 0.223 0.026
430.0 0.444 0.104 0.299 0.047
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The calculations results presented below are obtained by
herent summation of the IA, FSR, andD33 excitation dia-
grams:

M5M IA1MFSR1MD . ~32!

AmplitudesM IA , MFSR andMD correspond to the diagram
A, B, and C shown in Fig. 2.

The spin structure of the inputNN amplitudes is included
in the energy-dependent phase shift analysis~PSA! of Arndt
et al. @47#. Following Everett@48#, in the triangle diagram
B, theNN amplitudes were taken out of the loop integr
and evaluated at the optimum Fermi momentum. Howe
when the nucleon pair interacting in the final state ha
small relative energy, it is necessary and possible to cor
thisNN amplitude for the off-shell behavior of the interm
diate state@49–51#:

Moff5Monf ~s31,mv
2!. ~33!

The form factor f is a function of the invariant energ
s31 of the pair and of the virtual mass (mv

25e22p2) of one
of the intermediate nucleon. Its precise form can be deri
from the deuteron momentum wave function using closu
as in Ref.@52#. This form factor was kept with proper propa
gators and vertices in the loop integral and replaced by u
above 200 MeV.

The amplitudeMpd→NN has been computed taking int
account the one-loop diagrams with theND33 as intermediate
state and also the diagrams with thepN scattering in the
S, P, andD waves parametrized by their phase shifts.
order to avoid double counting we have excluded
nucleon pole in thepN amplitude which already contribute
to the IA term in Eq.~32!, and theP11 wave in thepN
scattering which is part of the FSR term. Finally, ther ex-
change is also taken into account in the interaction of the
nucleons of thepd→NN amplitude. Further details can b
found in @53#.

In the framework of this model a very good description
the exclusive unpolarized differential cross sections for
d(p,2p)n reaction studied in Gatchina has been obtain
@15#. It should be stressed that here kinematics are develo
to include events out of the scattering plane; the calculati
are integrated over the experimental aperture of the de
tors. A more complete description of the model is in progr
and will be published soon.

B. Discussion

The tensor analyzing powerAYY for each setting of the
SPES 4 central momentum, and for both high- and lo
energy solutions, is shown in Figs. 11 and 12. Results of
calculations with the deuteron Bonn wave function are a
presented in the figures. At the 1.6, 1.7, and 1.8 GeV/c set-
tings, the tensor analyzing power for the high-energy so
tion shows good agreement with IA in the ran
0.03<q<0.20 GeV/c. Above this region, the simple IA fails
but is rather well corrected by additional diagrams. The sa
behavior is observed at the 1.8 GeV/c setting for the low-
energy solution. At 1.9, 2.0, and 2.05 GeV/c the strong de-
viation of the measured tensor analyzing power from IA
both low and highT2 is not explainable by the calculation
o-
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However, including second-order terms reveals the ri
trend with respect to the experimental points.

As it follows from Eq. ~9!, in IA the experimentalAYY

divided by the factor 123qY
2 should scale versusq for the

two kinematic solutions and all the SPES 4 settings. Ho
ever, this is by far not the case, which means unambigou
that the IA fails to describe the data atq larger than 0.2 GeV/

FIG. 11. The tensor analyzing powerAYY for the high-energy
solution. The experimental points are presented for the differ
values of the central momentum detected in the magnetic spect
eter and as a function of the outgoing neutron momentum expre
in the deuteron rest frame. The high- and low-energy solution re
to the energy of the slow proton detected at the same angle in
The curves are the calculations explained in the text. The das
dotted line is the impulse approximation, the dashed line has
addition the FSR contribution, and the continuous line is the
calculation including in addition the virtualD.

FIG. 12. The tensor analyzing powerAYY for the low-energy
solution. Same notations as in Fig. 11.
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c, and no modification of the deuteron wave function c
help.

The vector analyzing power results are presented in F
13 and 14. They exhibit a similar tendency: the full calcu
tions result in a significant correction to the IA above 0.
GeV/c. A good agreement between the full calculations a
the experimental points is achieved at 2.0 and 2.05 Gec
both for the high- and low-energy solutions.

Polarization of the forward-scattered protonsP0 and de-
polarizationDv are presented averaged over each SPE
setting in Figs. 15–18. A good description is obtained
P0 when all diagrams are included, whereas this is not
case forDv . Especially the rather high value ofDv at 220
MeV/c is not reproduced, but the correction to the IA loo
reasonable at highq momenta. The IA is closer to the da

FIG. 13. The vector analyzing powerAY for the high-energy
solution. Same notations as in Fig. 11.

FIG. 14. The vector analyzing powerAY for the low-energy
solution. Same notations as in Fig. 11.
n

s.
-

d
/

4
r
e

than the full calculations for the low-energy branch esp
cially for intermediate values ofq. However, considering the
large error bars in this kinematics, it appears that there is
decisive discrimination from the calculations.

V. CONCLUSION

An extensive and consistent set of data on polarizat
observables has been obtained for thedW (p,pWp)n three-body
breakup of deuteron on hydrogen up to deuteron inter
momentaq.440 MeV/c.

The vectorAY and the tensorAYY analyzing powers ex-

FIG. 15. The forward proton polarizationP0 for the high-energy
solution. The notation of the curves are the same as in Fig. 11.
calculations are done consistently as forAY andAYY for each set-
ting of the spectrometer while the data are summed as explaine
the text.

FIG. 16. The forward proton polarizationP0 for the low-energy
solution. The notation of the curves are the same as in Fig. 11
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hibit a large deviation from IA for internal momentaq larger
than 200 MeV/c. The analyzing powers, being ratios of r
action amplitudes, could be thought to be less modified
distorsions of the IA than cross sections, but this simple c
sideration appears clearly wrong, at least in the kinema
investigated here.

The deviation from the IA is particularly large for th
tensor analyzing power. One can conclude, based on te
analyzing power data only that IA fails to describe theAYY
data above 200 MeV/c. This conclusion cannot be change
by means of modification of the deuteron wave functio
Description of the data is considerably improved at mode
q when conventional second-order terms are included in
reaction mechanism in the framework of the theoreti
model discussed above. Noticeable deviations of the the
from the data take place forAYY at largeq, where the res-
cattering~FSR!, though showing the right trend, is not suffi
cient to describe the experimental data for the high-ene
kinematics branch.

Smaller deviations from IA are found for the vector an
lyzing power than forAYY. A very good description of the
AY data has been obtained for all settings of the spectr
eter. It should be noted that out of plane scattering is trea
and integrated over the experimental acceptance in the
culations.

The excitation of a virtualD is found to have very little
effect, even though the invariant energy of the nucleon p
is sometimes very close toMN1MD . However, it should be
mentioned that there is one missing graph in the model;
D formation on the target proton.

The polarizationP0 of the fast proton measured for th
high-energy branch is convincingly reproduced by t
model. This is a good test for the understanding of the re
tion mechanism, because this observable is not sensitiv
first order to the deuteron structure. The depolarization

FIG. 17. The depolarization parameterDv for the high-energy
solution. Same notations as in Fig. 11.
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rameterDv is poorly reproduced by the model.
To conclude, the polarization data obtained in this expe

ment have provided a severe test of a detailed model of
dWp→pWpn reaction mechanism around 1 GeV per nucleo
The model has been already successfully used for descrip
of the Gatchina unpolarized exclusive breakup data@15#. The
importance of corrections to the IA in various kinematic co
ditions is clearly demonstrated both by polarized and un
larized exclusive experiments. However, it does not giv
coherent and precise picture of all observables.

Nevertheless we do not have much freedom to use v
different deuteron wave functions, taking into considerat
the good description of the unpolarized deuteron brea
data obtained in the framework of the same model. T
agreement obtained between data~especiallyAY) and theory
with a conventional deuteron wave function implies that n
degrees of freedom in the deuteron structure, such as
quark bag, are not revealed in the kinematic region inve
gated.
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FIG. 18. The depolarization parameterDv for the low-energy
solution. Same notations as in Fig. 11.
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