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We present experimental results for 𝑇20 component of the tensor analyzing power for incoherent 
𝜋− photoproduction on a deuteron. The experiment was performed on an internal tensor-polarized 
gas deuterium target of the VEPP-3 electron storage ring in 2021 using the proton-proton 
coincidence method. The data are compared with the results of numerical simulation.

1. Introduction

Study of meson photoproduction on nucleons and nuclei provides us with a powerful tool for investigating strongly interacting 
matter in the nonperturbative regime of QCD. Use of polarized targets makes it possible to obtain valuable information on the 
underlying mechanisms and relevant degrees of freedom and, last but not least, to study initial and final state interaction effects.

During the last two decades, experimental measurements of the tensor analyzing power components 𝑇2𝑀 for photoproduction 
of the neutral and negative pions on a deuteron have been performed using the internal tensor-polarized deuterium target of the 
VEPP-3 electron storage ring at the Budker Institute of Nuclear Physics [1–6]. The first measurement of 𝑇20, 𝑇21, and 𝑇22 components 
were reported in Ref. [1]. The data were extracted from the statistics collected in 2003 and have relatively low statistical accuracy.
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Fig. 1. General scheme of the experiment.

In this paper we present new experimental results for the 𝑇20 component obtained for the reaction 𝛾𝑑 → 𝑝𝑝𝜋− in the range of the 
proton kinetic energy 55 − 160 MeV and the photon energies 300 − 550 MeV. The first preliminary data were reported in Refs. [7,8]. 
The new data have higher statistical accuracy than those published in [1], but cover a smaller kinematic region.

The paper is structured as follows. In the next two sections the experimental setup and the data analysis are described in some 
detail. The experimental results and their comparison with a statistical simulation are presented and discussed in Section 4. The 
summary and conclusion are given in Section 5.

2. Experimental setup

The general scheme of the experiment is shown in Fig. 1. The elements of the detector were placed in the vertical plane above 
and below the electron beam axis. The energy of the electron beam was 800 MeV. The main goal of the experiment was to study the 
deuteron two-body photodisintegration 𝛾𝑑 → 𝑝𝑛. That is why the lower and upper arms of the detecting system include both proton 
and neutron counters. The registration of a proton and neutron in coincidence allows to completely restore the kinematics of the 
deuteron photodisintegration 𝛾𝑑 → 𝑝𝑛. At the same time, the determination of the kinematic parameters for the two final protons of 
the reaction 𝛾𝑑 → 𝑝𝑝𝜋− allows us to study this incoherent process as well.

Each arm of the detecting system includes the drift chambers, charge-veto counters, a layer of proton plastic scintillators and 
a neutron sandwich calorimeter. For the present analysis the events with a proton detected in the upper proton scintillator in 
coincidence with a proton detected in the lower proton scintillator have been selected. The proton energy was in the range 55 – 
160 MeV. The error of the energy determination did not exceed 15%. The polar and azimuthal angles of the proton emission were 
measured using the drift chambers in the range 50◦ − 90◦ and ±30◦, respectively, with an accuracy not worse than 0.6◦.

An open storage cell installed in the VEPP-3 storage ring was used as an internal gas target. Tensor-polarized deuterons were 
injected into the center of this cell from an atomic beam source (ABS) installed in the median plane of VEPP-3 [9]. The thickness 
of the internal deuteron target was 3.5 × 1013 at/cm2. During the data acquisition the sign of the tensor polarization of the deuteron 
target were reversed every 30 seconds. This duration is three orders of magnitude smaller than the typical time scale of an instability 
of target density, which is mainly due to a slow degradation of the ABS inner surfaces (see Ref. [9] for details). Thus, the false 
asymmetry associated with fluctuations in the target density was insignificant, and the absolute value of the target thickness is not 
2

required to calculate the asymmetries.
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Fig. 2. The left panel is the two-dimensional histogram of the event distributions over the signals from the first and second scintillator of the upper detecting arm. 
The right panel is the one-dimensional histogram of the event distributions over the proton identification parameter.

The detection of the elastic electron-deuteron scattering at low momentum transfer with the aid of the LQ-polarimeter makes 
it possible to measure the degree of tensor polarization of the deuteron target during the accumulation of statistics. The design of 
the LQ-polarimeter was described in detail in Ref. [10]. Despite the almost complete tensor polarization of deuterons (𝑃+

𝑧𝑧
≈ +1 or 

𝑃−
𝑧𝑧

≈ −2) in the beam at the output of the ABS, the degree of tensor polarization decreases significantly inside the storage cell. The 
reason for this is the interaction of deuterium atoms with the walls of the storage cell, with each other, and with the pulsed magnetic 
field of the electron beam in the storage ring. According to the LQ-polarimeter data, the average degree of tensor polarization of the 
deuteron target, averaged over the entire time of the experiment, was 𝑃+

𝑧𝑧
= +0.39 ± 0.025 ± 0.009 and 𝑃𝑧𝑧 = −1.7 𝑃+

𝑧𝑧
, where the first 

and the second errors are statistical and systematic, respectively.

3. Data analysis

To identify the events of the reaction 𝛾𝑑 → 𝑝𝑝𝜋−, the protons from the lower and upper proton scintillators were detected in 
coincidence. It is clear that the overwhelming part of the 𝑝𝑝-coincidences corresponds to the reaction 𝛾𝑑 → 𝑝𝑝𝜋−. In the upper de-

tecting arm, the identification of protons was realized by the Δ𝐸∕𝐸 analysis in scintillator layers. The two-dimensional distributions 
of signals from the scintillators are presented in Fig. 2 on the left. In this plot the first scintillator corresponds to the sum of energy 
deposition in the thin veto-counters in the upper arm. The second scintillator corresponds to the energy deposition in one of the 
proton scintillators in the upper arm. As can be seen, the protons form a band whose width is defined by the energy resolutions of 
the scintillators. Events that do not fall onto the proton band are related either to background processes or to the cases in which the 
deposition of proton’s energy has been distorted. These distortions are associated with an energy loss due to nuclear interactions of 
protons in the scintillator. On the right in Fig. 2, the distribution of the proton identification parameter is presented. The events that 
lie in the interval ±2𝜎 were used for further analysis.

The proton identification method for the lower detecting arm is slightly different. The relationship between the time of flight and 
the amplitude from the proton scintillator was used in this case. The time of flight is time between hits in the veto-counter and one 
of proton scintillators from the lower arm. The corresponding histograms are presented in Fig. 3.

In the lower and upper detecting arms, the kinetic energy of protons was reconstructed from the energy deposited in proton 
scintillators. For an energy calibration, the GEANT4 simulation was used. In our experiment, the scattered electron from the reaction 
𝑒𝑑 → 𝑒′𝑝𝑝𝜋− was not detected. However, for the overwhelming majority of events, the polar angle of the electron scattering 𝜃𝑒 was 
close to zero. Assuming that the electron scattering angle 𝜃𝑒 = 0, and using reconstructed kinematic parameters of the detected 
protons, we could completely restore the kinematics of the reaction 𝛾𝑑 → 𝑝𝑝𝜋−.

To estimate the contribution of the inseparable background to the selected statistics, the GEANT4 simulation using the GENBOS 
photoreaction generator [11] was performed. Fig. 4 shows the experimental distribution of the reconstructed photon energy together 
with the corresponding distribution obtained by use the GEANT4 simulation. Fairly good agreement between the experimental 
and simulation results indicates the correctness of the technique used for reconstructing the kinematic parameters of the reaction 
𝛾𝑑 → 𝑝𝑝𝜋−.

The main background processes contributing to the 𝑝𝑝-coincidences are 𝛾𝑑 → 𝑝𝑝𝜋−𝜋0, 𝛾𝑑 → 𝑝𝑛𝜋0, and 𝛾𝑑 → 𝑝𝑛. The 𝛾𝑑 → 𝑝𝑛𝜋0

and 𝛾𝑑 → 𝑝𝑛 processes contribute to the inseparable background because neutrons can knock out protons, which are then detected 
3

by proton detectors. The simulation showed that for the photon energy 𝐸𝛾 < 550 MeV, the inseparable background is about 3.4%.
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Fig. 3. The left panel is the two-dimensional histogram of the event distributions over the time of flight and the signal from the proton scintillator in the lower 
detecting arm. The right panel is the one-dimensional histogram of the event distributions over the proton identification parameter.

Fig. 4. Distribution of the reconstructed photons energy. The points correspond to the experimental data, the color curves are the results of the GEANT4 simulation: 
the green curve corresponds to the reaction 𝛾𝑑 → 𝑝𝑝𝜋− , the blue curve corresponds to the background reactions, and the red curve is the sum of the green and blue 
curves.

4. Results and discussion

In the absence of the vector polarization of the target, the differential cross section for pion photoproduction on a deuteron reads

𝑑𝜎 = 𝑑𝜎0

{
1 + 1√

2
𝑃𝑧𝑧

[
𝑑2
00(𝜃𝐻 )𝑇20
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, (1)

where 𝑑𝜎0 is the unpolarized cross section and
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Fig. 5. Dependence of the tensor analyzing power component 𝑇20 of the reaction 𝛾𝑑 → 𝑝𝑝𝜋− on the photon energy 𝐸𝛾 and the invariant mass of the 𝑝𝑝-system 𝑀𝑝𝑝 . 
The data points shown by filled circles represent experimental results of the present experiment, with their error bars are reflecting statistical uncertainties. The red 
bars underneath each data point reflect its systematic uncertainty. The results of simulation in the plane-wave approximation (green triangles), of the simulation 
including 𝑁𝑁 rescattering (blue squares), and of the simulation including 𝜋𝑁 and 𝑁𝑁 rescattering (red squares) are also presented.

are the Wigner 𝑑-functions. In Eq. (1), the coefficients 𝑇20, 𝑇21, and 𝑇22 are the components of the tensor analyzing power of the 
reaction, 𝑃𝑧𝑧 is the degree of deuteron tensor polarization, and the angles 𝜃𝐻 and 𝜙𝐻 determine orientation of the magnetic field 
in the coordinate system with the 𝑧 axis along the photon momentum. The polarization degree 𝑃𝑧𝑧 can be expressed in terms of the 
populations 𝑛𝑠𝐻 of the deuteron states having spin projections 𝑠𝐻 = −1, 0, +1 on the magnetic field as:

𝑃𝑧𝑧 = 1 − 3𝑛0 = 3(𝑛+ + 𝑛−) − 2 . (3)

In the experiment, the magnetic field was directed along the photon beam, so that 𝜃𝐻 = 0. As follows from Eqs. (1) and (2), under 
these conditions only the 𝑇20 component contributes to the differential cross section. It should also be noted that Eq. (1) is valid only 
for the coplanar kinematics, when the momenta of all three final particles lie in the same plane.

To separate the contribution from 𝑇20, the sign of the tensor polarization was reversed every 30 seconds. Such frequent reversals 
allow us to suppress systematic errors. Using Eq. (1) one obtains

𝑇20 =
√
2 𝑁+ −𝑁−

𝑃+
𝑧𝑧𝑁

− − 𝑃−
𝑧𝑧
𝑁+

, (4)

where 𝑁+(𝑁−) is the number of the detected events with the tensor polarization of the target 𝑃+
𝑧𝑧
(𝑃−

𝑧𝑧
).

Our results are presented in Fig. 5 versus the laboratory photon energy 𝐸𝛾 and the invariant mass of the 𝑝𝑝 system 𝑀𝑝𝑝. As may be 
seen, the measured 𝑇20 values are quite small, and their magnitude does not exceed 0.1. In Fig. 5, statistic and systematic uncertainties 
are shown for each data point. The former visibly dominates. The systematic uncertainty mainly comes from the uncertainty in the 
degree of the deuteron tensor polarization 𝑃𝑧𝑧.

To compare experimental results with theoretical predictions, we performed a statistical simulation of the reaction 𝛾𝑑 → 𝑝𝑝𝜋−. 
To calculate the amplitude, we used the model [12] which includes quasi-free photoproduction on the bound nucleons and takes 
into account the final state interaction (𝜋𝑁 and 𝑁𝑁 -rescattering). The simulation was performed on the basis of Monte-Carlo 
algorithm [13,14]. This makes it possible to take into account the complex boundaries of the experimental kinematic domain and an 
inhomogeneity of the spatial distribution of the deuteron target. The simulated and experimental data have the same structure, in 
particular, we use the same averaging intervals for the simulated and experimental kinematic variables. This permits one to compare 
the observed distributions directly to the results of simulation.

The principal results are summarized in Fig. 5 and 6. The green triangles correspond to the amplitude in the plane-wave approxi-

mation, the red squares correspond to the amplitude, which also accounts for the 𝜋𝑁 and 𝑁𝑁 rescattering in the final state, and the 
blue squares correspond to the amplitude, which accounts for only the 𝑁𝑁 rescattering. We see that the final state interaction (FSI) 
is very important and generally improves the agreement between the experimental and simulated data. Furthermore, the dominant 
contribution to FSI comes from the 𝑁𝑁 rescattering, whereas the contribution from the 𝜋𝑁 rescattering is much less important.

Nevertheless, even after accounting for the FSI corrections, the model is still unable to reproduce the experimental values of 𝑇20
in some kinematical regions. This especially concerns the results in Fig. 6, where the data demonstrate a sharp variation in the region 
130𝑜 ≤Θ12 ≤ 140𝑜, whereas the theory predicts rather smooth angular dependence. In this regard, we wish to note that in addition to 
the 𝜋𝑁 and 𝑁𝑁 rescatterings there are other possible corrections, which must also be treated as important additional mechanisms of 
pion production. These may include 𝑁Δ interaction in an intermediate state of the reaction and contribution of the ΔΔ component of 
the deuteron wave function [15,16]. In addition, a modification of the 𝑁𝑁 interaction potential at high momentum transfer [17–20]
5

may also visibly affect the components of the tensor analyzing power.
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Fig. 6. Dependence of the tensor analyzing power component 𝑇20 of the reaction 𝛾𝑑 → 𝑝𝑝𝜋− on the opening angle of two protons. Notations as in Fig. 5.

5. Conclusion

In this work, we have presented the measurement of the 𝑇20 component of the tensor analyzing power for the reaction 𝛾𝑑 → 𝑝𝑝𝜋−. 
The results were obtained in the proton energy range 55 − 160 MeV and the photon energy range 300 − 550 MeV. The data obtained 
are compared with the results of statistical simulations. The first simulation is performed within the plane-wave approximation (PW), 
the second one also includes the FSI effects (𝜋𝑁 and 𝑁𝑁 -rescattering), and the third one includes only 𝑁𝑁 -rescattering.

The comparison demonstrates that although the main features of the reaction seem to be well accounted for by the quasi-free 
mechanism followed by FSI, in some cases we do not achieve satisfactory description of the experimental data. Further improvements 
in the theoretical treatment including two-body production mechanisms and additional degrees of freedom are needed to achieve a 
quantitative agreement with the experiment.
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