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An experiment to investigate the H(d,pp)n breakup reaction using
a deuteron beam of 300, 340, 380 and 400 MeV and the WASA detector
has been performed at the Cooler Synchrotron COSY-Jiilich. As a first
step, the data collected at the beam energy of 340 MeV are analysed, with a
focus on the proton—proton coincidences registered in the Forward Detector.
Elastically scattered deuterons are used for precise determination of the
luminosity. The main steps of the analysis, including energy calibration,
particle identification (PID) and efficiency studies, and their impact on the
final accuracy of the result, are discussed.
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1. Introduction

Few nucleon systems are ideal laboratories to study details of nuclear
interactions. Their theoretical and experimental investigation started from
the simple nucleon—nucleon (2N) systems and gradually evolved into more
complex environments. At present, the breakup observables can be cal-
culated using modern realistic pairwise nucleon—nucleon NN interactions,
combined with model of 3N forces [1]. Moreover, the two- and three-nucleon
interactions can be modelled within the coupled-channel (CC) framework
by an explicit treatment of the A-isobar [2]. Alternatively, the dynam-
ics is generated by the chiral effective field theory (YEFT), so far at the
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next-to-next-to-leading order with all relevant NN and 3N contributions
taken into account [3]. The new, improved version of ChPT is currently
being developed [4]. The modern theoretical calculations include also the
long-range Coulomb interaction [5], particularly important at low relative
momentum of outgoing protons. Recent years brought important progress
in the theoretical calculations with respect to the relativistic treatment of
the 3N systems. The first predictions were developed using 2N potential
in [6] and this approach has also been extended for calculations including
3NF in [7]. The relativistic effects reveal at different parts of the phase-
space with various magnitude. It was shown that in some particular regions
of the breakup phase space, relativistic effects can increase or decrease the
calculated breakup cross sections by up to 60%. With the lack of complete
calculations performed in relativistic regime, including 3NF and Coulomb
interaction, there is a need of the systematic (in the beam energy) data set
collected in a large phase space. This may allow us to trace the effects in the
kinematic regions where they play locally very important role. A new mea-
surement of the 'H(d, pp)n breakup cross section using a deuteron beam of
300, 340, 380 and 400 MeV with the aim to check the theoretical predictions
for relativistic effects and to unambiguously fix a relevance of the 3NF.

2. Experiment

The experiment studying the 'H(d, pp)n breakup reaction at 300 MeV,
340 MeV, 380 MeV and 400 MeV deuteron beam energies has been performed
at the Cooler Synchrotron COSY-Jiilich with the WASA-at-COSY detector
[8,9]. The WASA (Wide Angle Shower Apparatus) detector, covering almost
full solid angle, consists of four main components: Central Detector (CD),
Forward Detector (FD), Pellet Target Device and Scattering Chamber (see
Fig. 1). The acceptance of WASA detection system is close to 47 what
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Fig. 1. Schematic view of the detection system.
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makes this devices very well suited for measurements of observables for the
breakup and elastic scattering reactions, and then gives unique possibility
to study various aspects of dynamics in a wide range of kinematic variables.

3. Data analysis

The data analysis is focused on the proton—proton coincidences from the
'H(d, pp)n breakup reaction at 340 MeV deuteron beam energy registered
in the Forward Detector. The aim of our study is the determination of the
differential cross section on a dense angular grid of kinematical configurations
defined by the emission angles of the two outgoing protons: two polar angles
01 and 62 (in the range between 5° and 15°) and the relative azimuthal angle
12 (in the full range between 20° and 180°).

The first step of data analysis is the identification of interesting events,
i.e. two protons from the breakup process and deuterons from the elastic
scattering channel in the Forward Detector (range of the polar angles is from
3° to 18°). The particle identification is based on the AE-F technique. In
the whole range of energies, a clear separation between loci of protons and
deuterons is observed (Fig. 2).
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Fig.2. Example of the AE-FE identification spectrum collected at 340 MeV beam
energy obtained with the use of the Forward Detector.

After the selection of the proton—proton coincidences and having per-
formed the energy calibration, any kinematical configuration of the breakup
reaction within the angular acceptance of the detection system can be anal-
ysed. The position-sensitive detection system allows to determine polar an-
gles with precision better than 1°. The data were integrated within angular
ranges of 012 (£1°) and @12 (£5°). These ranges are larger as compared
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to angular resolution of the detectors and, therefore, no significant system-
atic uncertainty is related to the determination of solid angles obtained for
selected configurations. The effect of averaging is taken into account when
comparing the data with the theoretical calculations, averaged accordingly.
The sample kinematical spectra E; versus Esy are shown in Fig. 3. The cen-
tral line of the experimental band of the registered kinematical spectrum is
lying on the theoretical kinematics. It confirms the correct energy calibra-
tion. The energy threshold for the identification of protons in the Forward
Detector is about 60 MeV. Events belonging to the configuration of interest
are projected onto the kinematical curve corresponding to the point-like,
central geometry. To determine the contribution of the background, the
events were divided into 8 MeV widths slices along S (arclength). Only
events concentrated around kinematical curve within the band of D-values
ranging from —20 MeV to 20 MeV were taken into account (Fig. 3).
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Fig.3. Ey vs. E5 coincidence spectrum of the two protons registered at §; = 5°+1°,
0y = 5° £ 1°, and @12 = 20° £ 5°. The solid line shows a three-body kinematical
curve, calculated for the central values of experimental angular ranges. D axis in
the picture denotes the distance of the (E1, E3) point from the kinematical curve.
Box represents example of integration limits (AS = 8 MeV) for a sample S-slice.

Number of events obtained after background subtraction is presented as a
function of the arclength S. After normalization to the integrated luminosity
and including detector acceptance, all cuts applied in the analysis, detector
efficiency, the differential cross section is obtained. To obtain the differential
cross section of the breakup reaction with precision relevant to study the
3NF or relativistic effects proper determination of above corrections are
very important. All these steps of analysis should be controlled with a high
accuracy.
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3.1. Detection efficiency

WASA Monte Carlo program was used for the precise determination
of efficiency of the detection system. Including detector acceptance and all
cuts applied in the analysis, detector efficiency for registering and identifying
elastically scattered deuterons is about 80%. The efficiency of the detection
system for proton—proton coincidences obtained for each kinematical config-
uration with defined integration limits: Af; = Afy = 2° and Apis = 10° is
presented in Fig. 4.
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Fig.4. The efficiency of the detection system for proton—proton coincidences ob-
tained for chosen kinematical configuration (61, 02, ¢12) using MC simulation.

3.2. Cross-section normalization

For the purpose of normalization of the experimental results, the lumi-
nosity is determined on the basis of the number of the elastically-scattered
deuterons at a given 6 angle, measured in parallel to the breakup reac-
tion, and on the known cross section for elastic scattering at the studied
energy [10]. The integrated luminosity is given by the formula

_ Nei(0q)
otap(04) ALqe (04)

(1)

where Ng is a number of elastically scattered deuterons registered at the
deuteron angle 6, (during the same time period as breakup events) and A2y
(A2 = 2w Af, sin ) is the solid angle for registering deuterons. ot (64)
is the value of elastic scattering cross section, €(f;) is a product of all
efficiencies determined on the base of MC simulations.
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The values of the luminosity presented as a function of the deuteron
scattering polar angle for the sample of data are shown in Fig. 5. The
error bars represent statistical uncertainties only. The boxes represent sys-
tematic errors due to normalization either to calculated or measured (at
170 MeV, [10]) cross section and/or uncertainty related to the subtraction
of the proton background (dominating at 6; = 14°). Taking into account
systematic errors, the results obtained in the range of angles between 9° and
13° are consistent and their average is calculated.
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Fig.5. Determination of the integrated luminosity. Values of the luminosity are
presented at several deuteron polar angles, ;. The error bars represent statistical
uncertainties. The solid line corresponds to the weighted average of five results with
the smallest systematic errors (shown as boxes). The dashed lines represent the
range of systematic error (2%-3%) taking into account to systematic uncertainties
of all experimental points from the range between 9° and 13°.

The differential breakup cross section for a chosen angular configuration
normalized to luminosity value (Eq. (1)) is given by the following formula:

d°0 (S, 21, 82) N (S, £21, (22)
df1df2xdS - LAQlAQQAS6br(S, 2, .QQ) ’

(2)

where Ny, is the number of breakup coincidences registered at the angles
{21, {25 and projected onto a AS-wide arclength bin. Subscripts 1 and 2
refer to the first and second proton registered in coincidence. 2; = (61, ;),
with ¢ = 1, 2, are the polar and azimuthal angles, respectively, and Af2; is
the solid angle (Af£2; = Ab;Ag; sin6;). €’"(S, 21, £2;) contains the product
of all relevant efficiencies determined for each angular configuration.
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3.8. Experimental uncertainties

Statistical errors of the measured cross-section values comprise an un-
certainty of the measured number of the breakup coincidences and of the
luminosity. This statistical error per point of the cross-section data in 189
kinematic configurations is below 2% (in maxima of the cross-section distri-
butions).

The systematic error of the cross section stems primarily form uncer-
tainty of determination of efficiency for proton—proton coincidences which
varies between 1% and 7%, reaching up to 11% for configurations with the
lowest 12 = 20° (see Fig. 4). In conclusion, systematic uncertainties vary
between 4% and 10%.

3.4. Breakup cross section

Examples of the normalized experimental breakup event rate obtained
for the chosen kinematical configurations at the energy of 340 MeV are pre-
sented in Fig. 6. In the figures, the error bars represent the statistical uncer-
tainties. The systematic uncertainties are represented by grey/cyan bands
in the lower part of each individual panel. The data have been compared to
calculations performed by two theory groups (H. Witala et al., A. Deltuva)
with the state-of-the-art 2N potentials, combined with 3NF, Coulomb in-
teraction or carried out in a relativistic regime. The result presented in the
left panel indicates an interplay of 3NF effects, Coulomb force and relativis-
tic effects. For the configuration shown in the right panel, the calculations
underestimate the experimental data. The discrepancy is even increased by
relativistic calculations. Is it due to missing large 3SNF contribution?
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Fig. 6. Examples of the differential cross section of breakup reaction at beam energy
of 340 MeV obtained as a function of the S value for chosen kinematic configurations
(indicated in the panels). Data (black dots) are compared to results of theoretical
calculations designated in the figures. Statistical errors are smaller than the point
size. The grey/cyan bands show ranges of systematic uncertainties.
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4. Summary and outlook

The analysis is continued with the aim to determine the differential cross
sections for the the deuteron breakup process in the d+ p system at energies
of 380 and 400 MeV, performed for a large set of kinematic configurations
covering a significant part of the reaction phase space (for large polar angles).
The data will be compared to the theoretical predictions for three nucleon
systems. The calculations including relativistic effects with 3NFs and studies
of the Coulomb effects are very important to draw definitive conclusions.
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