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The cross section, the deuteron vectorAd
y and tensor analyzing powersAij , the polarization transfer

coefficientsK
y0

ij , and the induced polarizationPy0 were measured for thedp elastic scattering at 270 MeV.
The cross section andAd

y are well reproduced by Faddeev calculations with modern data-equivalent
nucleon-nucleon forces plus the Tucson-Melbourne three-nucleon force. In contrast,Aij , K

y0

ij , or Py0 are
not described by such calculations. These facts indicate the deficiencies in the spin dependence of the
Tucson-Melbourne force and call for extended three-nucleon force models.

PACS numbers: 21.30.–x, 24.10.– i, 24.70.+s, 25.10.+s
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Three-body forces, such as that between a satelli
the moon, and the Earth caused by tidal forces or t
long range Axilrod-Teller force [1] between three atom
caused by mutual polarization of the electron clouds, a
pervasive in nature. Also three-nucleon forces (3NF
have become more and more the topic of focus of bo
theoretical and experimental investigations. Althoug
their existence is not doubted, what is looked for is
lucid signal in experimental data that can be tested by t
present day 3NF models. Present day nucleon-nucle
(NN) forces are not capable to provide correct binding e
ergies of light nuclei [2]. They are underbound and 3NF
are natural candidates to fill the gaps. The 3NFs ari
naturally in the standard meson exchange picture [3,4]
well as in the more recent concept of chiral perturbatio
theory [5–7]. Their precise strength and detailed prope
ties (spin and isopin dependencies) are still under deb
[6,8,9]. The need for additional dynamics beyond NN
forces only is also clearly seen in 3N scattering [10] an
in the first theoretical results in 4N scattering [11]. On
outstanding example is the low energy nucleon analyzi
powerAN

y in elastic Nd scattering [10,12], which exhibits
a strong discrepancy to NN force predictions only. A
often used first model of a 3NF is the2p exchange in
the form called the Tucson-Melbourne parametrizatio
(TM-3NF) [4]. Another version is the Urbana 3NF
[13]. Both forces are well suited to shift the theoretica
binding energies of three- and four-nucleon system
into the right places, but they should be probed in mo
detail in 3N scattering, where a great variety of scatterin
observables is available [10]. Both types of 3NFs ju
mentioned do not remove the discrepancy inAN

y [14]. It is
presently considered that this is caused by either defe
in modern NN forces [15] or by still undiscovered 3NF
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properties such as spin-orbit interactions [5,6,8]. Mor
insight both theoretically and experimentally is neede
This Letter is a step in that direction.

The 3N scattering observables are accessible theore
cally, since recently it became possible to solve the d
namical 3N equations rigorously [10,16] using modern NN
and 3N forces. They are also accessible experimenta
since new facilities became available for elaborate me
surements of polarization degrees of freedom [17]. Naive
one can expect that an analyzing powerAy is dominated
by a spin-orbit interaction�� ? s�, while tensor analyz-
ing powersAij depend on tensor interactions (like through
the deuteronD state) as well as on a�� ? s�2 interaction.
On the other hand, the polarization transfer coefficien
should also be sensitive to a spin-spin interaction. Th
one should have a chance to study various aspects of 3
effects in elastic Nd scattering.

Resently Witałaet al. [18] pointed out that a signature
of a 3NF might show up in the minimum region of the Nd
elastic cross section at intermediate energies. The calcu
tions with NN forces alone underestimate significantly th
experimental data. This discrepancy is well accounted f
by adding a 3NF [18]. The main part of the discrepancy
also explained by including theD isobar degrees of free-
dom explicitly [19] which is an important ingredient of a
3NF. As to the polarization observables the measureme
are scarce at intermediate energies. Very recently the p
ton analyzing powersA

p
y for the �pd scattering have been

measured [20,21]. It is found that the observedA
p
y agrees

with neither Faddeev calculations with or without a 3NF.
Sakamotoet al. [17] have measured the�dp scattering

cross sections and vector and tensor analyzing powers
Ed � 270 MeV. Data are compared with Faddeev calcu
lations employing the old AV14 NN force [22] without
© 2000 The American Physical Society
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a 3NF. Again the observed cross section is found to be
underestimated by 30% in the region of the cross section
minimum. Also the analyzing powers are reproduced only
moderately.

In order to assess further the 3NF effects, high quality
data are needed to distinguish possible subtle 3NF effects
and at the same time it is important to extend the measure-
ment to new observables which are possibly sensitive to
particular parts of a 3NF. In this Letter we present precise
data on the dp cross section and the complete set of analyz-
ing powers Ad

y , Axx , Ayy , and Axz at Ed � 270 MeV span-
ning nearly the whole angular range uc.m. � 10± 180±.
Our former work [17] was only for uc.m. � 57± 138±. In
addition, we present for the first time the polarization trans-
fer measurement for the �d 1 p ! �p 1 d elastic scatter-
ing. This measurement also yields an induced polarization
Py0

of the outgoing proton. Those results are compared
with fully converged Faddeev calculations based on vari-
ous modern NN forces together with the TM-3NF.

The experiment was performed at the RIKEN Accel-
erator Research Facility (RARF) using vector and tensor
polarized deuteron beams of 270 MeV [23]. The polar-
ization axis was rotated prior to the acceleration with a
Wien filter system to the direction required for the mea-
surement. The beam polarization was monitored by using
dp scattering [17] and it was 60% 80% of the ideal value
throughout the experiment. The CH2 target with a thick-
ness of 46.7 mg�cm2 was bombarded, and either the scat-
tered proton or deuteron was momentum analyzed by the
magnetic spectrometer SMART [24].

The focal-plane polarimeter DPOL [25] was used to
measure the proton polarization. It was primarily de-
signed and optimized for deuteron polarization measure-
ments. Therefore the effective analyzing power �Ay� of
DPOL had to be calibrated for protons. It was done
at 198 MeV by utilizing the induced polarization Py0

of
the 12C�p, �p� 12C elastic scattering. The vector analyz-
ing power Ay for the time-reversed 12C� �p, p�12C elastic
scattering at Ep � 200 MeV, hence Ay � Py0

, has been
accurately measured at IUCF [26]. The calibration was
performed at two different angles uc.m. � 16± and 28±

where the polarizations of 0.93 and 20.33 are expected
[26], respectively. The graphite target with a thickness of
284 mg�cm2 in the SMART scattering chamber was bom-
barded by an unpolarized proton beam of 200 MeV. The
scattered protons bombarded the polarization analyzer tar-
get of DPOL which consisted of a graphite plate and a
plastic scintillator with thicknesses of 5 cm and 13 mm,
respectively. The left-right asymmetry of these double
scattered protons was used to extract the �Ay� value as
0.48 6 0.01 at Ep � 198 MeV. The energy dependence
of �Ay� of DPOL has been estimated by a Monte Carlo
simulation.

The measured cross section and analyzing powers
(open circle) are shown in Fig. 1 together with the theo-
retical predictions and previous data (open square) from
Sakamoto et al. [17]. Where the data overlap, good
agreement is found between the present data and those of
Ref. [17].

The statistical error for the cross section is better than
61.3% over all the measured angles. The uncertainties of
the target thickness and the charge collection of the beam
were estimated by comparing the measured cross sections
for the p 1 p scattering with the calculated values by SAID

[27]. This measurement was successively performed by

FIG. 1. Angular distributions of cross section and analyzing
powers Ad

y , Axx , Ayy , and Axz for dp elastic scattering at
270 MeV. Experimental data (open circles and open squares
from Ref. [17]) are compared with Faddeev calculations.
Only statistical errors are indicated. Thin lines are based
on NN forces alone using the CD-Bonn (solid), AV18
(dashed), Nijmegen-I (dotted), Nijmegen-II (dot-dashed), and
Nijmegen-93 (dot-dot-dashed). Thick lines include the
TM-3NF. The reduced x2 values for uc.m. � 50± 180±

with (without) 3NF for CD-Bonn are 16.9(225.2), 2.52(7.71),
31.6(29.8), 12.2(6.03), and 4.93(0.96) for ds�dV, Ad

y , Axx ,
Ayy , and Axz , respectively. Other NN forces give similar values.
5289
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changing the beam from deuteron to H2
1 keeping all ex-

perimental conditions intact except for the magnetic field
strength of SMART. The ratio of the observed cross sec-
tion to the calculated one is 1.010 6 0.013. Thus the
systematic error is estimated to be smaller than 2%. In
this way the high precision of the cross section has been
achieved.

The analysis for nd elastic scattering was made in terms
of Faddeev equations as described in Ref. [10]. The NN
interactions used in the calculations are CD-Bonn [28],
AV18 [29], Nijmegen-I, Nijmegen-II, and Nijmegen-93
[30], which reproduce the set of NN data with a reduced
x2 close to unity. The 2p-exchange TM-3NF [4] has been
used. The TM-3NF depends on a cutoff parameter of the
pNN vertex function which is adjusted to reproduce the
experimental triton binding energy [31] for each NN po-
tential separately. High total angular momenta j of the
NN subsystem and the total J of the 3N system are needed
to obtain converged results. Stable numbers appear for
jmax � 5 and Jmax � 25�2.

The calculations with NN forces alone significantly un-
derestimate the cross section irrespective of the choice of
NN forces in the region uc.m. � 60± 180±. On the other
hand, the calculations adding the TM-3NF lead to an ex-
cellent agreement with the data. Note that the difference
seen at forward angles is due to the neglect of Coulomb in-
teractions in the present Faddeev calculations. It is rather
remarkable to see that the predictions are independent of
the input NN forces. This excellent description clearly in-
dicates that the strengths of the NN and TM-3N forces
seem to be adequate, even though the NN and 3N forces
are not consistently derived within one scheme.

The vector analyzing power Ad
y data deviate from the

NN force predictions largely at around 100± and to a lesser
extent at 150±, while they are well described by adding the
3NF, particularly in combination with CD-Bonn.

The descriptions of the tensor analyzing powers Axx ,
Ayy , and Axz by the NN forces only are moderate. There
are noticeable differences, for example, around 140± in
Ayy or at 60± in both Axx and Ayy . It is interesting to
find that the inclusion of our 3NF deteriorates to a large
extent the description of the data. We also note that the
predictions for Axz adding the 3NF show a noticeable NN
input dependence.

In Fig. 2, the data of the tensor-to-vector polarization
transfer coefficients Ky0

xx and Ky0

yy as well as the induced
polarization Py0

at uc.m. � 120±, 130±, and 150± are shown
together with K

y0

xz at 177.3±. K
y0

ij and Py0

are obtained in
terms of the outgoing reactant laboratory frame [32], but
they are plotted in Fig. 2 against the c.m. scattering angle.

Ky0

xx data at 120± and 130± where relatively large 3NF
effects are predicted are consistent with the CD-Bonn NN
force only calculation. The 3NF prediction, however, shifts
the calculation upwards leading to a poor agreement. On
the other hand, Ky0

yy data show a good agreement with the
NN 1 3NF calculations showing the importance of 3NF.
5290
FIG. 2. Experimental tensor-to-vector polarization transfer co-
efficient Ky0

xx , Ky0

yy , and Ky0

xz and induced polarization Py0 for
�d 1 p ! �p 1 d elastic scattering at 270 MeV (open circles).
Theory as in Fig. 1. Only statistical errors are indicated.

At 150± neither 3NF effects nor NN force dependence ap-
pears in the calculations. The observed Ky0

xx value agrees
with the predictions, while the Ky0

yy value is much more
negative than the predictions. This apparently shows a
common defect of the data-equivalent modern NN forces,
our specific 3NF, or both. At 180± owing to its special
space symmetry, noncentral interactions such as spin-orbit
or a tensor type do not contribute directly. The theoretical
predictions with NN forces only are below the measured
Ky0

xz value, while the inclusion of that 3NF slightly over-
estimates the value. The discrepancy observed between
the measured Py0

and the Faddeev calculations (with or
without 3NF) is essentially the same phenomenon recently
reported [20,21] as the A

p
y puzzle at intermediate energies.

Note A
p
y � 2Py0

.
In summary, we have shown precise dp scattering data

at Ed � 270 MeV: cross section, deuteron analyzing
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powers Ad
y , Axx , Ayy , and Axz , tensor-to-vector polar-

ization transfers Ky0

xx , Ky0

yy , and Ky0

xz , and the induced
polarization Py0

. The measured cross section which is
underestimated by the Faddeev calculations with the
recent data-equivalent NN forces in uc.m. � 60± 180±

are excellently reproduced by the calculations which take
into account the TM-3NF. The deuteron vector analyzing
power Ad

y is also well reproduced by the calculation with
the CD-Bonn NN force plus TM-3NF. These facts could
be considered as the clearest signatures of 3NF effects.
However, the same calculation fails to explain the tensor
analyzing powers. The inclusion of the TM-3NF some-
what deteriorates the moderate agreement obtained by the
NN forces only calculations. As for the tensor-to-vector
polarization transfer, the significant difference between
data and the NN force predictions is removed in one case
and overcompensated in other ones. The induced polariza-
tion deduced from the polarization transfer measurement
confirms the similar disagreement shown recently in A

p
y

for �pd scattering [20,21]. These results clearly indicate
the necessity of 3NF effects, since NN force predictions
alone do not describe the data. They also show that the
2p-exchange 3NF properly adjusted to the 3N bound
state leads to effects which have overall the right sizes,
though not always shifting the wrong NN force only
predictions into the data. Clearly there are deficiencies
in the spin dependencies of the TM-3NF. We employed
that force due to practical reasons. It will be interesting to
apply other theoretical 3NF models such as those proposed
in Refs. [13,33]. At the same time the efforts to modify
the TM-3NF [5,34,35] are also very important. They are
inspired by chiral perturbation theory [7].

The present high precision data set constitutes the most
substantial one for the dp elastic scattering observables at
intermediate energies and therefore serves as the best test-
ing ground for the theoretical investigation of 3NF effects.
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