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CHAPTER 7

SUMMARY, CONCLUSIONS AND
OUTLOOK

7.1 Summary

A basic understanding of the nucleon-nucleon interaction can be achieved by
studying the proton-proton scattering. However, in a nucleus consisting out of
more than two nucleons, the interaction between any two particles is influenced
by the presence of the others. The study of the three-body system is therefore of
great interest, since it presents a step forward in our understanding of the nucleon-
nucleon interactions.

The aim of this thesis is therefore to investigate this phenomenon by studying
the two following proton-deuteron capture reactions:

• p + d → 3He + γ (real-photon capture)

• p + d → 3He + γ∗ (virtual-photon capture)

Experimentally, the real-photon capture is relatively easy to study owing to its
rather large cross section. It has therefore often been analyzed [Did 70], [Cam 84],
[Pic 87], [Sch 87], [Joh98], [Yag 02], [Meh 05]. The virtual-photon reaction, on
the other hand, is much more difficult because of its very low cross section (about
1 nb/sr). Therefore, its study has only been performed worldwide twice: in the
experiment of the TSL for two proton energies (98 and 176 MeV) and two photon
polar angles (40◦ and 80◦) [Tra 97], and in the pilot experiment of the KVI, with
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low statistics (about 300 background-free events for the virtual-photon capture)
[Mes 00].

This second reaction is however of great interest because it provides more in-
formation to our understanding of the three-body systems than the real-photon
capture. Indeed, the yield of the massive photon, called virtual photon, is experi-
mentally detected as the yield of an electron-positron pair. Therefore, the coupling
of the virtual photon to the di-lepton pair allows multiple photon polarizations.
Consequently, the cross section of the virtual-photon capture can be decomposed
into transversal and longitudinal parts, allowing more degrees of freedom than the
real-photon capture, which presents only a transversal one.

The aim of the present work is to test the accuracy of different theoretical
models, by comparing them to our experimental results. These models used to de-
scribe the capture processes are presented in this thesis in Chapter 2. Based on the
Low theorem, the covariant impulse approximation developed by Fäldt [Fal 93]
and the relativistic gauge-invariant model of Korchin are introduced. Both the-
ories result from calculations of the external diagrams, i.e. the coupling of the
virtual-photon on legs of the proton or of the deuteron (see Fig. 2.1 p. 16). How-
ever, the model of Korchin is an improvement of Fäldt’s, which involves more
terms to account for gauge invariance [Kor 98]. Nevertheless, this method does
not define the anomalous magnetic moment of the 3He uniquely, which leads to
uncertainties in the theoretical calculations. This issue will be discussed in the
next section.

In addition to these models, a third and more modern theory, the charge-
dependent CD-Bonn potential model of Deltuva [Del 04], is used for comparison
with our real-photon capture results.

To test the validity of the models and to improve the knowledge of the capture
reactions, an experiment took place at the Kernfysisch Versneller Instituut in 2003,
with a liquid hydrogen target and a deuteron beam of 180 MeV, accelerated by the
cyclotron AGOR. The setup was composed of the Big Bite Spectrometer (BBS),
to detect 3He particles, and of the ∆E − E scintillator detector Plastic Ball, to
collect photons and dileptons pairs. Performing a pulse-shape analysis allowed us
to distinguish between both types of particles. The two advantages of this setup
are the very large phase-space coverage of the Plastic Ball (77 % of 4π) and the
possibility of the BBS to detect 3He at small forward angles, up to θHe = 0◦.
The trigger of the experiment was based on coincidences between both detectors.
Details of the experimental setup are given in this thesis in Chapter 4.

As explained further, the analysis of the real-photon reaction was relatively
easy, and the results were directly compared to the theory. The virtual-photon
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capture, on the other hand, was more difficult due to the much lower cross sec-
tion involved, and a more complicated three-body final state. Simulations were
therefore performed in order to integrate the theory over the same bins as the
experimental data. The Monte-Carlo technique used for the simulations is devel-
oped in Chapter 3. To summarize, this method takes as input an event generator
(GENBOD), one of the theoretical models and the description of the phase-space
covered by our experimental setup in addition to the different thresholds involved.
It produces therefore simulated events which can be analyzed in the same way as
the experimental data.

The methodology of the analysis of both experimental and simulated data is
explained in Chapter 5. It involves, first of all, calibrating the raw data with pre-
cision, and then, applying different selections to separate the real events of both
reactions from the background. However, with this technique, good events might
have been excluded from the analysis due to the previous selections or because of
the phase-space coverage of our setup. Efficiency and acceptance corrections had
thus to be applied to account for these shortcomings. They were calculated us-
ing the Monte-Carlo simulations. Moreover, the systematic errors were estimated
using the simulations: 11 % for the real-photon and 7 % for the virtual-photon
reaction.

Our results, cross sections and response functions, were compared to the ex-
pectations of the theory in Chapter 6. A summary of our results, and conclusions
are presented in the following section.

7.2 Conclusions

As previously mentioned, the anomalous magnetic moment of the 3He is not
uniquely defined, and there are thus uncertainties on the theoretical calculations.
Therefore, as proposed in [Kor 99], the anomalous magnetic moment has been
modified by applying an energy-dependent phenomenological factor a = 1.3 (see
Eq. 2.6 p. 19). This value has been confirmed by the data of Yagata [Yag 02], for
a similar proton-deuteron real-capture study at 200 MeV, which were shown to be
well described by the model of Korchin, applying a = 1.3 (see Fig. 2.3 p. 21).

Concerning our analysis, the following conclusions can be drawn:
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7.2.1 Real-photon capture

In the case of the real-photon capture, the differential cross section has been ob-
tained with negligible statistical errors.

The shape of our data (see Fig. 6.2 p. 81) is in good agreement with the three
models, which all predict a peak at 52◦. The relativistic gauge-invariant model, us-
ing the energy-dependent phenomenological factor a = 1.3, as well as the coupled-
channel model, proved to be reliable, since they reproduce our data relatively well.
However, due to the systematic error of our data, it was not possible to conclude
on the model which describes the experimental data with the better accuracy. The
covariant impulse approximation of Fäldt, on the other hand, has been shown to
under-estimate our data by up to 17 %.

7.2.2 Virtual-photon capture

In the case of the virtual-photon capture, data with good statistics (10.000 events)
were collected, from which differential cross sections have been obtained. Results
are well reproduced by the theoretical predictions of both Korchin and Fäldt. It
was also shown that the magnitude difference between the two models is much
smaller than for the real-photon reaction: less than 10 % (see Fig. 6.4 p. 84).

Moreover, the dependence of the virtual-photon cross section on the invariant
mass Mγ and leptonic angles θl and φl has been studied by its decomposition into
four observables, which are correlated to the polarization of the virtual-photon:
the so-called response functions (RF’s).

Our analysis showed that the deduced transverse RF WT is in good agree-
ment with the theory (Fig. 6.5-top p. 87). On the other hand, the influence of
the contribution of WT in the extraction of WL is predominant (Fig. 6.5-bottom).
Consequently, WL could not be deduced independently.

Moreover, the extraction of the transverse-transverse and longitudinal-transver-
se response functions (Fig. 6.6 p. 88), led to conclusions on the quality of the
model: the sign of WLT seems to be inverted and the amplitude of WTT is not
consistent with our data. However, the extraction of these two RF’s is difficult
because of the limited phase-space coverage of our setup. Consequently, the con-
tribution of WT does not integrate to zero.

A subset of events has thus been selected, for which the acceptance of φl is
known to be flat, and therefore for which the integration of gTT and gLT is zero
(for details on these observables, see Section 6.1.2 p. 77). Within this subset, the
extraction of WTT is made possible since the influence of the interference RF’s
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is negligible. On the other hand, the extraction of WLT is very sensitive to the
influence of the contribution of WT (see Fig. 6.8 p. 91). However, considering
the reliability of our data, one can conclude that the study of the interference
response functions is a good tool to improve our understanding of the virtual-
photon capture.

7.2.3 Conclusions on the theoretical models

It can therefore be concluded that the covariant impulse approximation and the
gauge-invariant model, using the phenomenological factor a = 1.3, are in good
agreement with the data, and reproduce the cross sections of the real- and virtual-
photon captures rather well. However, the model of Korchin seems to reproduce
the data in a more accurate way than the model of Fäldt. Moreover, in the case of
the real-photon capture, the model of Deltuva is equally reliable.

The response functions have been extracted. WT and WL can be theoretically
well understood. However, WTT and WLT present large discrepancies with the
theory.

7.3 Outlook

As previously shown, this thesis has given the evidence that it is possible to
collect good statistics on real- and virtual-photon deuteron-proton capture events,
using as setup the Plastic Ball and the Big Bite Spectrometer. About 10.000
background-free virtual-capture events have been registered. Therefore, the model
predictions can be tested accurately with the present data.

The analysis of both reactions led to an accurate determination of the cross
sections, and extraction of the response functions, in the virtual-photon case.
Comparisons of our data to the theoretical predictions allowed us to estimate the
capabilities of the different models.

However, since the cross section of the virtual-photon capture is very low, it
would have been useful to use an acquisition system which would have been able
to enhance the rate of dilepton-pairs data, by distinguishing online between real-
photons and leptons. To achieve this goal, a Čerenkov inner shell should have
been used, but a lack of time did not allow its implementation in our setup. For
further details on this detector, we refer to Appendix A p. 99.

Nevertheless, problems concerning the phase-space coverage of the Plastic
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Ball would remain. Since this detector covers only 77 % of 4π, any experiment
using it will be confronted to its limitation which will keep the extraction of the
response function a challenging task.




