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Tepexun A.A. u nip. E1-2019-31
HucdepeHnn TpHOE ceYeHHe ASHTPOH-TPOTOHHOTO ympyroro p ccednus mpu 500,
750 u 900 MaB/ayknon

[penct BieHsI pe3ysabT ThI 110 AU epeHIn JTHHOMY CEUEHHUI0 dp-ynpyroro p cce-
SIHUS, TTOJTyYE€HHbIE H CT HIMW BHYTPEHHUX MHIIEHEW HYKJIOTpoH mpu sHepruu 500,
750 u 900 M»B/uykioH. [| HHbIE OMyd9eHbI B yIiioBoM a1 11 30He 70-120° B c. 1. M.
VYI710BbIE 3 BUCUMOCTH CP BHHB JINCh C MUPOBBIMH /I HHBIMU TIPH OITU3KUX DHEPIHSX,

T KXe€ C TeOPETUYECKHUMH BBIYHCIICHUSIMHU, BBIIOJHEHHBIMUA B P MK X DEJISITHBUCT-
CKOW TEOpPHUH MHOTOKp THOTO p ccesnus. [losemenue mucpdpepeHIn JTHHOTO CEYSHUS
npu (PUKCUPOB HHBIX YOI X P CCesHUS B I 11 30HE MOJNHON dHeprud /s = 3,1—
3,42 T®B H XomuTcs B p 3yMHOM COIVI CHUM C NPEICK 3 HHUIMH NP BWJI KB PKOBOTO
cuer .
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The Differential Cross Section in Deuteron—Proton Elastic Scattering at 500, 750 and
900 MeV/Nucleon

The results on the differential cross section of dp elastic scattering obtained at
the Internal Target Station at the Nuclotron of JINR at energies of 500, 750 and
900 MeV/nucleon are presented. The measurements have been performed using
an unpolarized deuteron beam and a polyethylene foil target. The data have been
obtained in the angular range of 70°~120° in the cms. The angular dependences of
the data from the present experiment are compared with the world experimental data
obtained at similar energies as well as with the theoretical calculations performed
within the relativistic multiple scattering theory. The behavior of the differential
cross section at the fixed scattering angles covering the total cms energy region of
Vs = 3.1-3.42 GeV is in qualitative agreement with the s-power-law dependence.

The investigation has been performed at the Veksler and Baldin Laboratory of
High Energy Physics, JINR.
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INTRODUCTION

Elastic nucleon—deuteron scattering is the simplest process of the hadron
nucleus collisions which is used to understand the structure of nucleon—nucleon
and three-nucleon interactions. The study of dp elastic scattering at high energies
is aimed to obtain the information on the role of relativistic effects, contribution
of baryonic resonances exchanges and manifestation of the fundamental degrees
of freedom of the strong interaction.

Since the first nucleon—deuteron experiments performed as early as the 1950s
[1-5], a significant amount of data at energies above 400 MeV/nucleon has been
accumulated both on the differential cross section and on polarization observables
[6-17]. Recently new results on the cross section and deuteron analyzing powers
[18-20] have been obtained at the Internal Target Station (ITS) [21,22] at the
Nuclotron.

The forward-angle dp elastic scattering at high energies is successfully de-
scribed by the Glauber—Sitenko diffraction multiple-scattering theory [23, 24]. The
interference between the single- and double-scattering amplitudes [25] including
the D-state in the deuteron wave function (DWF) allowed one to explain the fill-
ing of the cross section diffractive minimum [26]. Further the multiple scattering
formalism for deuteron—proton elastic scattering up to 1 GeV/nucleon has been
developed as an extension of the Glauber—Sitenko theory incorporating the com-
plete spin structure and the corrections to the eikonal approximation [27]. The
consideration of the relativistic and off-energy-shell effects playing an important
role at the scattering angles larger than 30° in the cms [28, 29] allowed describing
satisfactorily the angular behavior of the dp elastic scattering cross section up to
600 MeV/nucleon using CD-Bonn DWF [30] and the SPO7 solution of the phase-
shift analysis for elastic nucleon—nucleon scattering [31].

The differential cross section of dp elastic scattering at backward angles in the
cms demonstrates a strong energy dependence and an enhancement in the vicinity
of the A-isobar excitation. In the model of Kerman and Kisslinger [32] such be-
havior is interpreted as due to the admixture of /NN *-state in the standard deuteron
wave function. It is shown that the interference of the A-isobar excitation with



the pole mechanism could provide a satisfactory description of the energy depen-
dence of the dp elastic scattering cross section at backward angles [33, 34]. The
description of the cross section data improves significantly when the contribution
from the three-baryon resonances obtained in the bag model as the nine-quark
states with hidden color is added [35]. However, the double scattering with a
nucleon in the intermediate state has not been considered. The cross section and
polarization observables in dp elastic backward scattering were studied within a
covariant approach based on the Bethe—Salpeter equation [36]. It was shown
that the relativistic effects become significant already at proton momenta in the
deuteron rest frame of 0.4-0.5 GeV/c. The one-pion exchange contribution is
essential to describe the cross section data [37]. A good description of the dif-
ferential cross section of the dp elastic scattering in a whole angular range at
the deuteron energies between 500 and 1300 MeV was obtained within the mul-
tiple scattering expansion formalism taking into account one-nucleon exchange,
single and double scattering and A-isobar excitation [38]. The contribution of
the A-isobar mechanism is essential at backward angles growing with the initial
deuteron energy.

According to the constituent counting rules (CCR) [39-41], the scaling behav-
ior of the differential cross section of binary reactions can be an indication of the
transition from hadrons to quark—gluon degrees of freedom. A self-similarity [39],
perturbative QCD [40] and AdS/QCD correspondence [41] approaches predict
5716 scaling behavior for the dp elastic scattering cross section at the fixed
angles in the cms. In this respect, new data on dp elastic scattering obtained at
large transverse momenta could shed light on the manifestation of the fundamental
degrees of freedom in nuclear interactions.

This paper presents new experimental data on the angular dependence of the
dp elastic scattering differential cross section at the beam kinetic energies of 500,
750 and 900 MeV/nucleon obtained at ITS at the Nuclotron [21]. The angular
range of the measurements corresponds to large transverse momenta of the scat-
tered deuteron (up to ~900 MeV/c). The paper is organized as follows. Section 1
describes the details of the experiment and data analysis. The procedure of the
differential cross section evaluation is given in Section 2. The comparison of the
obtained results with the theoretical predictions within the relativistic multiple-
scattering model and CCR is presented in Section 3. The conclusions are drawn
in the last section.

1. EXPERIMENT AND DATA ANALYSIS
The measurements were performed using ITS [21] at the Nuclotron with a

control and data acquisition system [22]. The ITS consists of a spherical scattering
chamber and a target sweeping system. The scattering chamber is fixed on the



flanges of the Nuclotron ion tube. The disk mounting six different targets is
located on the axle of the stepper motor. A target used for the measurement is
moved to the center of the ion tube when the particles are accelerated up to the
required energy. A 10 pm polyethylene (CHy) foil was used as a proton target. A
8 um carbon (*2C) wire was used to evaluate the background originating from the
carbon content in CHs. The effect on the hydrogen was obtained using CHy — C
subtraction. A signal from the target position monitor [42] was used to tune the
accelerator parameters to bring the interaction point close to the center of the ITS
chamber.

A detector support mounting 6 plastic scintillation counters was placed down-
stream the ITS spherical chamber. Each plastic scintillation counter was coupled
to a Hamamatsu H7416MOD photo-multiplier tube. Two pairs of scintillation de-
tectors were used to register scattered deuterons and recoil protons from dp elastic
scattering in kinematical coincidence over the cms angular range of ~75°-120°.
Two proton detectors were installed on the left and on the right at a distance of
580 mm from the target. The angular span of one proton detector was 2° in the
laboratory frame, which corresponds to ~4° in the cms. Two deuteron detectors
were placed at the scattering angles of deuterons coinciding kinematically with
the protons or left and right scattering. A pair of the scintillation detectors was
placed to register two protons from quasi-elastic pp scattering at 6,, = 90° in
the cms in the horizontal plane to monitor the beam luminosity. These detectors
remained stationary during data taking at the fixed energy of the beam. The
deuteron and quasi-elastic pp detectors were placed at a distance of 560 mm from
the target in front of the proton detectors. The details of the detection system
description can be found in [20].

The data on the angular dependences of dp elastic scattering were obtained at
energies of 500, 750 and 900 MeV/nucleon. The additional measurements at 650
and 700 MeV/nucleon at several scattering angles were performed to evaluate the
normalization coefficients.

Selection of dp elastic scattering events was based on the kinematical co-
incidence of scattered deuterons and recoil protons by the scintillation counters
at several angles in the cms. The energy loss correlation and time-of-flight dif-
ference for the signals from each proton—deuteron detector pair were used. The
correlation of the deuteron and proton energy losses at 500 MeV/nucleon and
Ocm ~ 76° for the CH, target is shown in Fig.1. Wide graphical cut shown
by the dashed curve in Fig.1 was imposed to minimize the losses of dp elastic
scattering events.

The time difference between the signals from the deuteron and proton de-
tectors gated by the correlation on the energy losses at 500 MeV/nucleon and
Oem ~ T76° for the CHs target is shown in Fig.2. The effects on proton and
carbon content of CHs are clearly seen. The contribution from carbon increases
with increasing beam energy. The time distribution is the sum of useful events
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Fig. 1. Correlation of the deuteron and proton energy losses at 500 MeV/nucleon and
scattering angle 0., ~76° for the CHy target. The dashed line represents the graphical
cut for the dp elastic scattering events selection

30000

and the background from random coincidences. The number of the background
events contained in region I in Fig.2 was estimated as a sum of the events in
regions II and III. The width of intervals II and III was taken to be such that
their sum was equal to the width of region I. The amplitude spectrum for the
proton detector was obtained as a difference of the amplitude spectra with the cut
on time difference in the vicinity of the Hy signal (region I) and with the cut in
regions II and IIT [20].
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Fig. 2. The time difference between the signals from the deuteron and proton counters

at 500 MeV/nucleon and 6 ~ 76° for the CHy target. The vertical lines indicate

the boundaries of the dp elastic scattering events selection (region I) and of the random

coincidences background (regions II and III)
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The final selection of dp elastic events was performed by the CHy — C
subtraction of the amplitude spectra of proton detectors. Figure3 demonstrates
the CHs — C subtraction procedure for the data obtained at 500 MeV/nucleon
and 6., ~ 76°. The CHs- and normalized C-amplitude distributions are given
in Fig.3,a by the open and filled histograms, respectively. The vertical solid
lines delimit the interval for the evaluation of the normalization coefficient for
the subtraction of the carbon background k, which is determined in the interval
of amin < @ < amax, Where a are channels of amplitude distributions obtained on
the CH, and C targets:

Ncn .
k— C 2|amm<a<amax ) (1)

Nc |an1in<a<an1ax

Here, Ncp, and N¢ are the CHs- and C-integrals over the a interval delimited
by the solid vertical lines in Fig. 3, a. The number of dp elastic scattering events
Ngp and its statistical error ANy, can be determined as

Ngp = Ncu, —kNc,
ANg, = +/Ncu, + k?Nc, (2

where Ncu, and kN¢ are the integrals of the total CHy and normalized C spectra.
The region of dp elastic scattering events is bounded in Fig. 3, by the vertical
dashed lines.
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Fig. 3. CHz — C subtraction for € ~ 76° at an energy of 500 MeV/nucleon: a) the
CH:- and normalized C-distributions given by the open and filled histograms, respectively,
the vertical solid lines show the interval of the normalization; b) the result of CHy — C
subtraction, the vertical dashed lines delimit the domain of dp elastic scattering events



2. DIFFERENTIAL CROSS SECTION EVALUATION

The expression for the differential cross section in the cms has the following

form: J N L
g dp _Fpp
A - J C’norm- 3

(dQ ) cms dngb NCH2 P ( )

Here Ny, is the number of dp elastic scattering events, dQ{Zb is the effective solid
angle of the deuteron detector in the laboratory frame under the conditions of its
kinematical coincidence with the proton counter, Ncy, is the number of recon-
structed pp quasi-elastic scattering events at 6, = 90° in the cms obtained on the
polyethylene target, k), is the correction factor for the background coming from
the carbon in the Ncy, value, Jp is the Jacobian transformation for the transition
from the laboratory to the cms, and Cl,o;py 1S the normalization coefficient for the
given deuteron energy.

The effective solid angle d2, and Jacobian transformation Jp were calcu-
lated using the Pluto event generator [43] as

Ay, = (%) ., /r° Jp = d, /A0l (4)
where (ng)lab is the effective deuteron detector area, r is the distance from the
detector to the target, dQZ is the effective solid angle of the deuteron detector
in the cms.

The coefficient &, was calculated as the ratio of the total number of pp quasi-
elastic events obtained on the CHy target without carbon background subtraction
to the number of events after subtraction for all dp elastic scattering angular
settings. The k,, values for different energies are given in Table 1. One can see
that £, grows with increasing energy.

Table 1. The carbon background correction factor k,, for pp quasi-elastic scattering
events on the polyethylene target for different deuteron energies

Energy,
MeV/nucleon Kvp A(kpp)stat A(kpp)sys
500 1.33 0.0014 0.003
750 1.70 0.005 0.004
900 1.89 0.006 0.009

The normalization coefficients C) o at 500 and 900 MeV/nucleon were
calculated using the data obtained at 700 MeV/nucleon. The measurements at this
energy were performed for the scattering angle 6., = 75.8°. The obtained result
for the differential cross section was normalized to the data taken at the same
angle 0., [19]. The differential cross section value of (0.031 & 0.004) mb/sr
(the error is the total) was calculated as the result of a linear spline function



between the data obtained at 6., = 72.3° and 0., = 77.5°. The normalization
coefficient was found to be C7% = (6.7-1072 4+ 9.0-10~*) mb. The error is
due to the error of the data obtained earlier at 700 MeV/nucleon [19].

The normalization coefficients 052915?0") at energies of 500 and 900 MeV/nuc-

leon were taken as C/90 /R, where R is the ratio of the differential cross sections

for pp elastic scattering at energies of 700 and 500 (900) MeV/nucleon within the
acceptance of the monitor scintillation detector:

do \ 70
S <dQcm> d cosOem

- d 500(900) :
S <dQ(Zm) d oS Oepn

Here the integration is performed within the angular acceptance of the monitor
detector at 700 and 500(900) MeV/nucleon, respectively. The angular dependence
of the pp elastic scattering cross section data was taken from Ref. [44].

The normalization coefficient CS20 ~at an energy of 650 MeV/nucleon was
obtained for calculation of the differential cross section at 750 MeV/nucleon. The
world data at 641 MeV/nucleon [10] were approximated by a function taken in
the form f(fcm) = Py - e1%m in the angular range of 71° < 6.y, < 90°. In this
range, the data at 650 MeV/nucleon obtained in our experiment were approximated
by a function F(fp,) = C - ef%m with a fixed parameter P;. The normalization
coefficient calculated as C%° = Py/C equals (5.6 - 1072 4 1.3 - 10~2) mb.

The error of the C%°  coefficient was determined by the statistical errors of

norm
the data obtained in our experiment and uncertainty of the P, parameter. The
normalization coefficient at an energy of 750 MeV/nucleon was calculated as
Cr50 = 830 /R, where R is the ratio of the pp elastic scattering cross sections
at 650 and 750 MeV/nucleon within the monitor scintillation detector acceptance.

The values of the R and C290:750:900 coefficients are given in Table 2.

norm

&)

Table 2. The values of the R and C32%,750:900 ¢qefficients

Energy,
MeV/nucleon R Crorm, mb
500 0.50 £ 0.01 | 1.4-10724+26-1073
750 1.66 +£ 0.03 | 3.4-1072+£7.9-1073
900 231 +£0.03|29-1072+3.9-107*

The statistical error of the differential cross section was determined by the sta-
tistical error of dp elastic scattering events ANy, calculated according to Eq. (2),
the statistical error of the number of reconstructed pp quasi-elastic scattering
events /Ncy, and the statistical error of the carbon background correction fac-
tor A (kpp),,,, (see Table 1).



Several systematic errors for each data point were taken into account. The
normalization coefficient error ACy,m, Was general for all data points obtained
at a given energy. The A (k) and ANSZS = Ak - N¢ were the uncertainties
of the carbon background subtraction procedure for the luminosity monitor and
useful events, respectively. The errors of the solid angle of the deuteron detector
AdQPE, and the Jacobian transformation A.Jp were estimated using a Monte Carlo
simulation with Pluto generator [43]. A typical total systematic error is about 30%.

The differential cross section data obtained at energies of 500, 750 and
900 MeV/nucleon are given in Tables 3, 4 and 5, respectively.

Table 3. Differential cross section of dp elastic scattering at 500 MeV/nucleon

Ocrm, dO’/dQCm, A (da/dgcm)stat’ A (dU/dQcm)sys,
deg. ub/sr ub/sr ub/sr

75.9 61.54 1.28 234

81.3 57.70 0.83 21.1

106.5 34.56 0.94 15.1

112.5 35.62 0.65 15.4

116.7 33.45 0.58 15.1

119.7 34.19 0.94 12.8

Table 4. Differential cross section of dp elastic scattering at 750 MeV/nucleon

Ocrm, | do/dQem, | A(do/dQem) ner | A (da/de)sys,
deg. ub/sr ub/sr ub/sr
78.9 25.19 2.07 8.23
83.7 24.93 1.41 8.14
88.8 18.82 1.88 6.05
93.9 18.03 2.10 5.55
98.7 14.51 2.08 4.88

Table 5. Differential cross section of dp elastic scattering at 900 MeV/nucleon

Ocm, | do/dQem, | A(do/dQem)yys | A (do/dQem)y,
deg. ub/sr ub/sr ub/sr
75.9 17.97 1.17 5.41
86.3 10.00 0.93 3.28
96.4 5.21 0.93 1.70
101.6 3.45 0.48 1.11
104.2 4.33 0.70 1.74
111.4 3.14 0.74 1.23




3. RESULTS AND DISCUSSION

The differential cross section data obtained in the present experiment at
energies of 500, 750 and 900 MeV/nucleon are shown by the solid squares in
Figs.4, 5 and 6, respectively. Only statistical errors are given. One can see
reasonable agreement of the Nuclotron data with the results from the previous
experiments [6, 10, 12] represented by the open symbols.

The theoretical curves in Figs.4-6 correspond to the predictions of the rel-
ativistic multiple scattering model [28,29,38]. In this approach, the expression
for the reaction amplitude was obtained by iterating AGS equations for dp elas-
tic scattering up to second-order terms of two-particle t-matrices. As a result,
four contributions were included in consideration: one-nucleon exchange (ONE),
single-scattering (SS), double-scattering (DS) terms, and term with A-isobar exci-
tation in the intermediate state. These terms are presented schematically in Fig. 7.

The curves in Figs.4-6 correspond to the calculation results taking into
account different reaction mechanisms. The predictions taking into consideration
only ONE and single nucleon—nucleon scattering are presented by the dotted lines.
The dashed curves correspond to the calculations considering not only ONE+SS
but also double nucleon—nucleon scattering. The results presented by the full
lines include in consideration ONE+SS+DS and also A-isobar in the intermediate
state.
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Fig. 4. Differential cross section of dp elastic scattering at ~500 MeV/nucleon. The
solid squares and open triangles correspond to the data obtained in the present experiment
at 500 and 470 MeV/nucleon [6], respectively. The curves are the predictions obtained
within the relativistic multiple-scattering model [38] taking into account different reaction
mechanisms
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Fig. 5. Differential cross section of dp elastic scattering at ~750 MeV/nucleon. The solid
squares, open triangles and open circles are the data obtained in the present experiment at
750, 641 and 800 MeV/nucleon [10], respectively. The curves are the same as in Fig.4
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Fig. 6. Differential cross section of dp elastic scattering at ~900 MeV/nucleon. The solid
squares, open triangles and open circles are the data obtained in the present experiment at
750, 800 [10] and 1000 MeV/nucleon [12], respectively. The curves are the same as in
Fig.4

All these curves practically coincide at forward scattering angles. But the
difference between the experimental data and the ONE+SS curves is significant
at scattering angles above 60° and increases with growing energy. Additional
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Fig. 7. The diagrams included in consideration: «) the one nucleon exchange diagram;
b) the single scattering diagram; c¢) the double scattering diagram with a nucleon in the
intermediate state; d) the double scattering diagram with A-isobar in the intermediate state

consideration of the DS-term improves the agreement between the data and the-
ory in the angular range of 60°-~140°. Influence of the A-isobar excitation is
remarkable at backward scattering angles. Inclusion of the A-isobar term in con-
sideration allows describing a rise of the differential cross sections at 6., > 140°
at an energy of 500 MeV/nucleon. As a result, good agreement between the data
and theory is obtained in the whole angular range at 500 MeV/nucleon (Fig. 4).
The description of the existing data at 750 MeV/nucleon is also quite reasonable
(Fig.5). But at higher energy the agreement between the data and theoretical pre-
dictions gets worse. We have a rather good description of the data at an energy of
900 MeV/nucleon only up to a scattering angle of about 90° (Fig. 6), but at larger
angles the discrepancy between the data and theory is significant. Unfortunately,
there is no data at backward angles at energies of 750 and 900 MeV/nucleon to
estimate the quality of the theoretical predictions in this angular range.

In spite of the essential progress in the description of the differential cross
section of dp elastic scattering, the angular region of 80°-130° remains the
most problematic from the theoretical point of view. The considered reaction
mechanisms are not enough to describe the experimental data in a whole angular
range at energies above 500 MeV/nucleon. Moreover, the discrepancy between
the data and theory at these scattering angles increases with growing energy.
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Fig. 8. Differential cross section of dp elastic scattering at 0o ~ 82°. The solid squares
are the data from the present experiment, solid triangles [19] and circles [20] are the data
obtained earlier at the Nuclotron, open symbols are the results of the previous experiments
[6-12]. The solid and dashed lines are the results of the fit by the functions f ~ s~ " and
f ~ 5716, respectively
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Fig. 9. Differential cross section of dp elastic scattering at fcm ~ 95°. The symbols and
lines are the same as in Fig. 8

Constituent counting rules predict s~16 scaling behavior for the dp elastic
scattering cross section at the fixed angles in the cms at high energies and large
transverse momenta [39-41]. The differential cross section of dp elastic scattering
as a function of the total cms energy /s is shown in Figs. 8, 9 and 10 for the cms
scattering angles of ~82°, ~95°, and ~111°, respectively. The solid squares,
circles, and triangles are the results obtained at the Nuclotron in the present
experiment, at 650 and 700 MeV/nucleon [20], and at 1000 MeV/nucleon [19],
respectively. The world data [6-12] are shown by the open symbols. One can
see a good consistency of the results from the Nuclotron and from the previous
experiments.
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Fig. 10. Differential cross section of dp elastic scattering at Oy ~ 111°. The symbols
and lines are the same as in Fig. 8

The solid lines are the results of the experimental data parameterization by
the function f ~ s~™ over the range of /s = 3.1-3.42 GeV. The values of
the n parameter obtained from the fit are 14.2 £ 0.2, 15.7+ 0.2 and 17.4 + 0.3
for ey ~ 82°, Ocy ~ 95° and 6y, ~ 111°, respectively. The dashed lines are
the s~16-power-law dependences predicted by CCR [39—41]. One can see good
agreement of the energy behavior of the experimental data at 6., ~ 95° with the
CCR predictions, while the deviation from the s~'6-dependence is observed at
scattering angles of ~ 82° and ~ 111° at /s > 3.3 GeV. On the other hand, the
data used for the analysis were obtained in various experiments since the 1960s
with quite large statistical and systematic errors, which could influence the fitting
results. Therefore, new precise systematic measurements at energies higher than
Vs > 3.3 GeV and at different scattering angles are required to make a conclusion
about the validity of CCR [39-41] in dp elastic scattering.

CONCLUSIONS

The results on the differential cross section of dp elastic scattering have been
obtained at ITS [21] at the Nuclotron at energies of 500, 750 and 900 MeV/nucleon
at large transverse momenta of up to ~900 MeV/c. The results are in reasonable
agreement with the data obtained earlier.

The data have been compared with the calculations of the relativistic multiple
scattering theory. It has been shown that taking into account the double-scattering
and A-isobars excitation in the intermediate state improves the description of
the experimental results. The A-isobar contribution becomes sizable at angles
of 0., > 80°. The best agreement of the experimental data with the theory
predictions is observed at 500 MeV/nucleon. However, the discrepancy increases
with increasing energy.
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The energy behavior of the dp elastic scattering differential cross section at
the fixed scattering angles of 0y, ~ 82° and 111° and at /s = 3.1-3.42 GeV
is in qualitative agreement with the s-power-law dependence. However, further
check of the CCR [39-41] validity requires new precise systematic measurements
at /s > 3.3 GeV.
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