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THREE-NUCLEON FORCE EFFECTS
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A measurement of the analyzing powers for the 1H(~d, pp)n breakup
reaction at 130 MeV polarized deuteron beam energy was carried out at
KVI Groningen. The experimental setup covered a large fraction of the
phase space. Obtained tensor analyzing powers T22 for selected kinemati-
cal configurations have been compared to theoretical predictions based on
various approaches: the rigorous Faddeev calculations using the realistic
nucleon–nucleon potentials with and without three nucleon force (3NF)
models, predictions of the chiral perturbation theory, and coupled chan-
nel calculations with the explicit ∆ degrees of freedom. In the presented
configurations the results of all predictions are very close to one another
and there are no significant 3NF influences. Not all of the data can be
satisfactory reproduced by the theoretical calculations.
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1. Introduction

Developments within the meson exchange theory resulted in constructing
of modern nucleon–nucleon (NN) potential models, like Argonne AV18 [1],
CD-Bonn [2] and Nijmegen I and II [3]. Calculations with the use of these
potentials, when applied to the three-nucleon (3N) system, are also supple-
mented with three-nucleon force (3NF) models. At present, the most com-
monly used models of such additional dynamics are the upgraded Tucson-
Melbourne (TM99) [4] and the Urbana IX [5] forces. It is worth mentioning
that there exist different methods of including non-nucleonic degrees of free-
dom in describing the 3N system. An example is the explicit ∆-isobar
treatment in the coupled-channel formalism as the method of generating an
effective 3NF [6], also quite successful in reproducing the data.

In parallel to the meson exchange theory of semi-phenomenological NN
and 3N potentials an alternative way of constructing the interaction models
for the few nucleon system is being pursued within the effective field theory
approach. Developed and applied to describe interactions between pions and
matter fields (nucleons, ∆’s, heavy mesons) as well as of pions themselves
in a systematic and, to a large extent, model-independent manner, this ap-
proach is called chiral perturbation theory (ChPT). Recent developments in
ChPT lead to NN potentials where the multi-pion exchanges are treated
unambiguously according to chiral symmetry. In this way the inconsisten-
cies in constructing the NN and 3N potential of the meson exchange based
models have been mostly removed and the theory of nuclear forces is set
up on a more solid and formal basis. First calculations within the ChPT
framework at the NNLO order are quite successful in describing the data for
the 3N system [7].

The 1H(~d, pp)n breakup process, with its three particles in the final state,
is an extremely reach field to study non-trivial aspects of the interaction dy-
namics in the simplest many-nucleon system. Especially, the polarization
observables are expected to provide many hints on the details of the struc-
ture of the 3NF models. The paper presents the first results of the tensor
analyzing powers of the deuteron breakup reaction, which signal a forthcom-
ing large data set of polarization observables, covering a large fraction of the
phase space.

2. Measurement and detection system

The experiment was performed at KVI Groningen, with the use of vector
and tensor polarized deuteron beam of 130MeV. The beam was extracted
from the ion source, accelerated in the superconducting cyclotron AGOR
and guided to the experimental setup, where it was focused to a spot of
one millimeter diameter on a liquid hydrogen (LH2) target. The target was
located approximately in the center of the vacuum scattering chamber while
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the whole detection system was mounted outside the chamber, in the air.
The experimental setup, so-called SALAD (Small Angle Large Acceptance
Detector), was designed for registering and identifying charged particles —
protons and deuterons. It consisted of two layers of a scintillator hodoscope,
transmission ∆E detectors of 2mm thickness and stopping E detectors,
11.2 cm thick, accompanied by a three-plane Multiwire Proportional Cham-
ber (MWPC), allowing to reconstruct polar and azimuthal angles of the
charged reaction products. The detection system covered laboratory polar
angles θ between 10◦ and 35◦ and the full range of the azimuthal angle φ,
from 0◦ to 360◦ [8].

3. Determination of the beam polarization

The main goal of the reported here work was to obtain the experimental
values of the tensor analyzing powers T22 for the breakup reaction.

First, the values of the vector and tensor polarizations of the deuteron
beam were determined with the help of the elastic scattering events. These
data were collected for two polarization states with pure tensor beam polar-
izations (Pz=0, nominal values of Pzz equal to −2 and +1, respectively) and
for an unpolarized beam (Pz = Pzz = 0). The actual values of Pzz for the
two polarized beam states have been found for a few selected kinematical
conditions (several angles θp). For each θp events were sorted with respect
to the proton azimuthal angle φ with the binning of 10◦, and the ratios
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Thus, the shapes of the experimental ratios (1) are described by the
function g(φ) + h(φ). Such dependencies were fitted to the data — see
Fig. 1 (left panel). The vector and tensor analyzing power values at the
selected θp angles were taken (in the absence of the experimental data) from
calculations with the CD-Bonn and TM99 forces.
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From the fits the values of the vector Pz and tensor Pzz polarizations
were obtained. The results for the tensor beam polarization are independent
of the analyzed θp (see Fig. 1, right panel), what confirms the right shape
of the theoretically predicted functions T22(θp) and T20(θp). The resulting
mean values in the two used states are Pzz = −1.346 ± 0.012 and Pzz =
+0.542 ± 0.011, respectively. Vector polarization for these states is close to
zero (Pz = −0.060 ± 0.007 and Pz = +0.016 ± 0.006).

Fig. 1. Left: ratios f
θp

P (φ) for two pure tensor beam polarization states (nominal

polarizations shown in the panel), for one chosen proton polar angle θp = 17◦ ±
0.5◦; Right: tensor polarizations Pzz obtained for the same two states at several

angles θp, with the resulting mean values.

4. Breakup analyzing powers T22

The determined above values of the beam polarizations were used to
obtain the tensor analyzing powers T22 for the breakup reaction.

In the first step, the kinematical spectra E1 versus E2 were built (as
described in [8]) and the events along the kinematical curve were divided into
arclength bins with the width of ∆S = 16MeV. The variable S represents
the distance, measured along the kinematical curve, from the point of mini-
mal E2 value. For every bin in S in the selected angular configuration
(θ1, θ2, φ12), the number of the breakup events NS

P (φ) was obtained as
a function of the azimuthal angle φ of the “first” proton. Similar ratios
as for the elastic scattering (in Eq. (1) the variable θp is replaced by ξ ≡
(θ1, θ2, φ12, S), defining a point in the final phase space) were constructed.
Again, the ratios can be described by a function g(φ) + h(φ) with

g(φ) = + iT11(ξ)Pz

√
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h(φ) = −T22(ξ)Pzz
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which was fitted to the breakup data.
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From the fit it is, in principle, possible to obtain the experimental values
of the analyzing powers iT11, T22 and T20 as functions of S in the selected
configurations (θ1, θ2, φ12). However, in the discussed piece of analysis,
Pz ≈ 0 and the sensitivity to iT11 is suppressed. In addition, even though
T20 and T22 are always fitted simultaneously, we focus here on T22 only,
relying rather on the shape of the φ distribution than on the absolute value
of the ratios. Obtained T22 values for the two beam polarization states have
been found consistent with each other and the weighted averages of those
results were calculated. The examples of T22 distributions are presented
in Fig. 2.
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Fig. 2. The breakup analyzing powers T22 for 3 kinematical configurations, indi-

cated in the individual panels. The error bars represent the statistical uncertainties.

In the upper part the results are compared to the predictions based on the realistic

NN potentials only (light-grey bands) and with the calculations in which the TM99

3NF has been included (dark-grey bands). The results obtained within the coupled-

channel framework with the CD-Bonn+∆ potential are shown as the dashed lines.

In the lower part the same data are compared to the predictions obtained within

the ChPT approach at NNLO: the complete 3N calculations (dark-grey bands)

and the results for the NN contributions only (light-grey bands).
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5. Comparison with theoretical predictions

The experimental results of T22 have been compared with various ap-
proaches to the theoretical treatment of the 3N scattering problem: the
predictions based on the realistic NN (CD-Bonn, AV18, Nijm I and Nijm II)
potentials only and with the TM99 3NF model included, the results of the
coupled-channel calculations with the CD-Bonn+∆ potential, and the pre-
dictions obtained within the ChPT framework at NNLO.

Searches for the 3NF effects are particularly well founded in a situation
when the data are properly described in the regions of consistency between
all the models. Therefore, our studies of T22 started in the angular range
where the theoretical predictions are very similar in all the approaches (see
examples in Fig. 2). The bands of the theoretical predictions are narrow
for both, pure NN and NN + 3NF calculations, and the discrepancies be-
tween results of these two approaches are small. In the case of the ChPT
calculations at NNLO (Fig. 2, lower part), the bands representing the un-
certainties of the ChPT predictions have widths comparable with the 3NF
effects predicted at this order of calculations.

In two of the three presented configurations the data are very well re-
produced by the theoretical predictions. For the configuration θ1 =θ2 =15◦,
φ12 =100◦ the theories fail in describing the data. In order to trace eventual
regularities of the discrepancies a large number of the experimental points
will be analyzed, similarly to the cross section case [8]. In the next step of
the data evaluation also T20 will be extracted, for which large 3NF effects are
predicted in some regions. Establishing patterns of (dis)agreements across
the phase space for all analyzing powers might help in locating weak points
in the present-day understanding of the 3N system dynamics.
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