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Abstract. High-precision tensor analyzing power T20 data of the 1H(d,pp)n reaction at 130 MeV beam en-
ergy have been determined for 81 kinematical configurations. They are compared to theoretical predictions
based on various approaches to describe the dynamics of the three-nucleon (3N) system. The calculations
are performed using modern realistic nucleon-nucleon potentials combined with three-nucleon force (3NF)
models or with an effective 3NF resulting from the explicit treatment of the Δ-isobar in coupled-channels
(CC) calculations. Alternatively, the framework of chiral perturbation theory is used to generate consistent
two-nucleon and three-nucleon potentials at the currently numerically attainable order. Results of the CC
calculations with the Δ degrees of freedom and including long-range Coulomb force are also shown. In gen-
eral all predictions are consistent with each other and describe the experimental T20 results quite well. In
a few configurations small inconsistencies between the data and the results of all approaches are observed.
Predicted effects of the 3NF are not big and in most cases do not lead to an improved description of the
data. The Coulomb force effects are also small in size and often opposite to the effects of TM99 3NF.

PACS. 21.30.-x Nuclear forces – 21.45.-v Few-body systems – 21.45.Ff Three-nucleon forces – 25.10.+s
Nuclear reactions involving few-nucleon systems

1 Introduction

Few-nucleon systems offer a unique opportunity to study
the details of the nuclear Hamiltonian. In the simplest
picture of nuclear dynamics, the potential energy is just a
sum of pairwise nucleon-nucleon (NN) interactions. How-
ever, free NN forces could be modified in the presence of
another nucleon. Three-nucleon (3N) systems have been
attracting a lot of interest as the simplest testing ground
for such a hypothesis. The research in this domain was
mainly motivated by successes of the meson exchange the-
ories in describing the two-nucleon observables and by the
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achievements in theory and experiments: computationally
exact predictions obtained for the 3N systems and avail-
ability of precise experimental results. Those data consti-
tuted a basis for tracing inconsistencies between them and
the theoretical description limited to only pairwise NN
interactions. The emerging discrepancies were attributed
to the effects of additional dynamics related to the pres-
ence of the third nucleon, the so-called three-nucleon force
(3NF). A number of 3NF models and approaches to in-
troduce the 3NF into calculations were worked out call-
ing for an even larger data base for testing and further
developments.

An indication for the significance of 3NF contributions
came from the 3H and 3He bound-state studies [1]. In
parallel numerous evidence on the important role of 3NFs
were deduced from the nucleon-deuteron elastic scattering
observables. Following the first findings in this sector [2,3],
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the data base for the elastic nucleon-deuteron scattering
has been recently enriched by a large number of precise
experiments performed in various laboratories [4–11]. The
results of these studies show the importance of 3NFs for
describing the elastic scattering at medium energies, but
also demonstrate certain failures of the present 3NF mod-
els. The emerging picture is rather complex, especially in
the sector of polarization observables.

Such a situation has called attention to the deuteron-
nucleon breakup process, with its rich kinematics in the
final state. Investigations of observables in that reaction
can shed some light on the kinematical dependencies of
3NF effects, and possibly also on their dynamical origin.
At present, breakup observables can be predicted rigor-
ously via exact solutions of the Faddeev equations with
nuclear forces modeled in various ways. In the medium en-
ergy range the most popular approaches are realistic NN
potentials combined with model 3N forces [2], two- and
three-nucleon interactions obtained by an explicit treat-
ment of the Δ-isobar excitation [12,13] within the coupled-
channels framework or dynamics generated on the basis of
chiral perturbation theory at next-to-next-to-leading or-
der [14] with all relevant NN and 3N contributions taken
into account.

In all of the above-mentioned approaches, the calcula-
tions are performed for the non-relativistic regime. More-
over, until recently, they ignored the long-range Coulomb
interaction, thus properly described the neutron-deuteron
(nd) system, while the data used in their verification are
precise (and numerous) for the proton-deuteron (pd) sys-
tem. Lately, important progress has taken place in both,
the relativistic treatment of the breakup process and with
respect to the inclusion of the Coulomb interaction. A
study implementing boost effects and relativistic kine-
matics to the breakup process [15] revealed quite large
effects in the cross-section for certain specific breakup ge-
ometries. The coupled-channels calculations, in which the
long-range Coulomb force between protons is taken into
account [13], show that the Coulomb force effects can lead
to a dramatic change of the cross-section magnitude in
several regions of phase space.

Until recently, the data base for the breakup reaction
in the region of intermediate energies was rather poor:
only at 65MeV nucleon beam energy several isolated kine-
matical configurations had been investigated with respect
to cross-sections and analyzing powers [16–19]. The com-
parison of those data with theoretical predictions showed
again a mixed picture, not very different from the one de-
termined for the elastic scattering channel: sometimes the
data description is improved by including 3NF, in some
cases the 3NF effect is negligible, and there are cases in
which the inclusion of 3NF drives the predictions off the
data. Therefore, to reach a better understanding of the
breakup reaction and of the 3N system dynamics in gen-
eral, systematic studies of this process over large regions
of the phase space are indispensable.

In order to improve the situation, we set out to perform
a measurement of the 1H(d,pp)n reaction at a beam en-
ergy of 130MeV. The precision of the obtained experimen-
tal results and the coverage of a large fraction of the phase

space for cross-sections [20,21] allow one to reliably test
predictions of various theoretical approaches. The investi-
gations revealed both, sizable 3NF effects [20], as well as
significant influences of the Coulomb interactions [21]. The
next step is to check these conclusions in the sector of the
polarization observables, which contain sums of interfering
pairs of amplitudes and are potentially more sensitive to
contributions from small dynamical ingredients, like 3NFs.
Studies of the 1H(d,pp)n process give access to a number
of spin observables: vector and tensor analyzing powers,
some of which vanish in the case of elastic scattering. How-
ever, in the case of analyzing powers it is even more diffi-
cult (than for the differential cross-sections) to reach the
statistical accuracy required to probe details of the 3N sys-
tem dynamics. Only recently, due to the development of
highly polarized beams and the availability of fast data ac-
quisition systems, it has become possible to achieve a sta-
tistical precision of the many-parameter analyzing power
data sufficient to enable studies of subtle effects.

This paper presents tensor analyzing power T20 data
obtained for a set of 81 selected kinematical configu-
rations. They have been measured within the above-
mentioned project, in the second run with strongly im-
proved data acquisition and read-out systems, thanks to
which the required statistical accuracy could be reached.
The observable T20 was selected as the first from the po-
larization sector due to its special features, which enable
one to extract it in a way suppressing many of poten-
tial systematic uncertainties, as outlined in sect. 2. Some
experimental details, with the focus on the polarization
determination and on improvements with respect to the
first run are given in sect. 3. Section 4 outlines the data
analysis procedure and discusses sources and magnitudes
of the experimental uncertainties. Theoretical approaches
providing predictions which are compared with the data
are briefly recalled in sect. 5, together with the procedure
used to average them in a way fully compatible with the
conditions imposed by the experimental setup. The T20

results and their comparison with the theoretical calcula-
tions are presented in sect. 6 and the conclusions are given
in sect. 7.

2 Observables

In our studies of the 1H(d,pp)n reaction the deuteron
beam is transversally polarized. In that case, the formula
for the cross section I(ξ) in the Cartesian coordinate sys-
tem is [22]:

I(ξ, φ) = I0(ξ) ·
{

1 +
3
2
PZ

[
− sin φ Ax(ξ) + cos φ Ay(ξ)

]

+
1
2
PZZ

[
sin2 φ Axx(ξ) + cos2 φ Ayy(ξ)

− sin 2φ Axy(ξ)
]}

, (1)

where I0(ξ) is the cross-section for an unpolarized beam
and ξ represents a relevant set of the kinematical variables,
ξ = (θ1, θ2, ϕ12 = ϕ2 − ϕ1, S), i.e. proton emission angles
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Fig. 1. Definition of coordinate systems for the studied
breakup reaction with transversally polarized deuterons: the
laboratory system (x′, y′, z′), with z′ along the beam momen-
tum direction (pd) and y′ vertically upwards, is used to define
the angular configuration of the outgoing protons (with mo-
menta p1 and p2). The reaction coordinate system is defined
according to [22], with z along the beam momentum direction
and x obtained by projection of p1 onto the plane perpendicu-
lar to z. The φ-angle is defined as the angle between the y-axis
and the spin quantization axis s, which in the studied case is
vertical (parallel to y′).

(see fig. 1) and the variable S, denoting the arc-length
along the kinematical curve with 0 set at the minimal
energy E2 of the second proton. Vector polarization PZ

and tensor polarization PZZ of the beam are both defined
with respect to the quantization axis s. In formula (1) φ
denotes an angle between the y-axis and the projection of
the spin quantization axis s onto the xy-plane. Ax(ξ) and
Ay(ξ) are vector analyzing powers, while Axx(ξ), Ayy(ξ)
and Axy(ξ) are tensor analyzing powers in the Cartesian
representation.

Formula (1) can be expressed in an equivalent way in
spherical coordinates [22]:

I(ξ, φ) = I0(ξ) ·
{

1

+
√

3PZ

[
sin φ Im iT11(ξ) + cos φRe iT11(ξ)

]

−1
4
PZZ

[√
2 Re T20(ξ)

+2
√

3 cos 2φRe T22(ξ) + 2
√

3 sin 2φ Im T22(ξ)
]}

. (2)

In this representation, the analyzing power component
Re T20 appears in the term not depending on φ, the only
one among polarization-dependent terms which survives
after integration of I(ξ, φ) over a full range of φ:
∫ 2π

0

I(ξ, φ)dφ = 2π · I0(ξ) ·
[
1 −

√
2

4
PZZ Re T20(ξ)

]
. (3)

This features the method we applied to determine ReT20.
The measured rates were integrated over the whole range
of azimuthal angles, taking advantage of the symmetry of
the detection system. The analysis relying on integrated
rates (or in fact their ratio, cf. sect. 4.3) allows one to
extract Re T20 independently from all the other analyzing
power components, thus free of uncertainties due to possi-
ble correlations between them in case a fit of expression (2)
to the distribution of rates is used.

Later on in this paper the real part ReT20 will be called
T20. This simplification is used in analogy to the elastic
scattering process, where all imaginary parts of the sphe-
rical analyzing powers in eq. (2) vanish and therefore all
observables are implicitly assumed to be real.

3 Experimental setup

The experiment was carried out at the Kernfysish Ver-
sneller Instituut (KVI) in Groningen, The Netherlands,
using a deuteron beam accelerated in the AGOR cyclotron
to an energy of 130MeV. A beam of deuterons, vector and
tensor polarized in the transversal direction, was produced
in an atomic-beam–type polarized ion source, POLIS [23].
POLIS proved to be very stable in terms of current and
of polarization magnitude.

Seven various polarization states were used, described
by the maximal vector and tensor polarization values P ≡
(PZ , PZZ): (0, 0), (+2

3 , 0), (− 2
3 , 0), (+1

3 ,+1), (+1
3 ,−1),

(0,−2), (0,+1). These values correspond to 100% effi-
cient transitions between the states of atomic deuterium.
The polarization states were changed sequentially in a
programmed cycle. Each state was set for five minutes,
while switching between the subsequent states took a few
seconds.

The polarized deuteron beam was guided through a
beam line to the experimental setup and focused on the
liquid-hydrogen target [24]. It was further transported to
the Faraday cup, where the beam current was measured.
In the 1H(d,pp)n breakup measurement a very low cur-
rent of about 50 pA was used. The charged reaction prod-
ucts were detected in SALAD [25] (Small Angle Large
Acceptance Detector, see fig. 2). The details of its imple-
mentation to the breakup experiment are described in [20].
The detection system allowed to register coincidences of
the two outgoing-from-the-breakup-process protons or of
the proton and deuteron from the elastic scattering, for
the polar angles θ between 10◦ and 35◦ and over the full
range of the azimuthal angle ϕ, from 0◦ to 360◦.

Charged particles emitted from the target, after leav-
ing the vacuum chamber passed a MultiWire Proportional
Chamber (MWPC), transmission ΔE detectors and were
stopped in E detectors. The MWPC detector was used
for a precise reconstruction of the particle emission an-
gles with the overall accuracy of 0.3◦ for θ and between
0.6◦ and 3.0◦ for ϕ. The energy resolution of the E coun-
ters was about 5%. The E slabs were arranged vertically
and together with the horizontal ΔE strips composed a
2-dimensional array of 140 ΔE-E telescopes, which was
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Fig. 2. Schematic view of the experimental setup. The beam
direction, position of the target in the scattering chamber and
the SALAD detection system, consisting of the MWPC, ΔE
and E detectors, are shown.

used to identify particles, define trigger conditions and
determine energies of the particles.

All parts of the trigger electronics were very similar to
the ones used in the first experimental run [20]. As before,
the logic conditions were built on signals from the scintil-
lators. However, a different scheme for the read-out system
and an upgraded data acquisition system were applied, in
order to assure strongly enhanced data throughput. These
improvements resulted in collecting of about 6 times more
data in a similar time.

Control over the read-out was performed by the FERA
system. Details on the FERA system with distributed
gates, realized with the use of the Tagger and Extender
modules, can be found in [26]. For the purpose of this ex-
periment also the PCOSIII (Proportional Chamber Op-
erating System), collecting information from the MWPC,
was included into the FERA read-out chain. PCOS was
read out via ECL bus, while its CAMAC interface module
was used only in the initialization phase for proper setting
of the system parameters, e.g. internal delays and thresh-
olds. Switching between the two data busses, the FERA
Data Bus and the bus of PCOS, was done via the Data
Selector Module, steered with the PCOS Busy signal. In
this way information from the scintillators and from the
MWPC was read out in the same way and sent to the
buffer memory without any action of the processor.

The front-end processor, RIO2 with LynxOS real time
operating system, controlled the data acquisition with the
use of Multi-Branch System (MBS) [27]. The processor
was hosted in a VME Crate, together with the buffer mem-
ory modules and the so-called Trigger module. Two High-
Speed Memories (HSM) working in the buffering mode
were used: when one HSM was almost filled with data, it
generated an overflow signal which caused a processor in-
terrupt. As a reaction to the interrupt the processor took
care to disable this HSM module and enabled the other
one. Only then it read out the full memory content, di-

rected the data to the DLT tape and sent their fraction
to the on-line analysis for monitoring purposes.

4 Data analysis

4.1 Events selection and energy calibration

Procedures of event selection and energy calibration were
very similar as applied in the analysis leading to the ex-
traction of the cross-section distributions [20]. The events
of interest were coincidences of two charged particles, i.e.
proton-proton pairs from the breakup process or deuteron-
proton pairs from the elastic scattering, which are neces-
sary for the determination of the beam polarization. Only
the events registered in a 20 ns wide time window, set on
all time spectra, were accepted.

The particle identification was based on the ΔE-E
technique. For all 140 telescopes the separation between
protons and deuterons was very good in the whole energy
range.

The energy calibration of the stopping E detectors was
based on the elastic scattering events collected in special
runs with energy degraders and on simulations of proton
energy losses. A small correction for non-linearity in rela-
tion between the deposited energy and the pulse-height,
which appears below 40MeV due to light quenching in
the scintillating material, was introduced. Finally, after
this correction, the calibration provided for every E detec-
tor a unique correspondence between the measured pulse
height and the proton initial energy. This relation was
confirmed by proper reproducing the shapes of the kine-
matical spectra, constructed for each analyzed configura-
tion of the breakup process, as described further in this
section.

4.2 Determination of the beam polarization

In this work we present the results for a tensor analyzing
power, therefore only the states with non-zero PZZ are of
interest: two states with nominally pure tensor beam po-
larization P : (0,−2), (0,+1) and two states with “mixed”
polarization P : (+ 1

3 ,+1), (+1
3 ,−1).

The procedure used to determine values of the beam
polarization in the course of analysis of the elastic scat-
tering events is described in [28]. After normalization, the
numbers of the elastically scattered events Nθ

P (φ) for the
selected polarization state P and polar angle θ were ob-
tained as a function of the angle φ. On the basis of these
numbers the ratio

fθ
P (φ) =

Nθ
P (φ) − Nθ

0 (φ)
Nθ

0 (φ)
(4)

was constructed. Nθ
0 (φ) denotes the analogously obtained

number of events for the unpolarized beam.
The evaluated numbers of events are directly propor-

tional to the corresponding cross-sections. Nθ
P (φ) can be
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Table 1. Beam polarization values obtained for various states,
relevant in the context of this paper; for more details see text.

P PZ ΔPZ PZZ ΔPZZ κ Δκ
`

+ 1
3
,−1

´

0.256 0.002 −0.757 0.005 1.00 0.01

(0, +1) −0.068 0.003 0.556 0.005 1.06 0.01

(0,−2) 0.021 0.002 −1.340 0.005 1.06 0.01
`

+ 1
3
, +1

´

0.198 0.003 0.672 0.006 0.99 0.01

expressed using eq. (2) limited to the non-vanishing terms
in the case of elastic scattering:

Nθ
P (φ) = κ · Nθ

0 (φ) ·
[
1 + iT el

11(θ)
√

3PZ cos φ

−T el
22(θ)

√
3

2
PZZ cos 2φ − T el

20(θ)
√

2
4

PZZ

]
, (5)

where κ denotes the ratio of normalization factors for the
two states, which should be equal to 1 in the case of per-
fect normalization. iT el

11(θ) and T el
22(θ), T el

20(θ) are spherical
vector and tensor analyzing powers of the elastic scatter-
ing process. This leads to the final expression for the ratio:

fθ
P (φ) = κ ·

[
1 + iT el

11(θ)
√

3PZ cos φ

−T el
22(θ)

√
3

2
PZZ cos 2φ − T el

20(θ)
√

2
4

PZZ

]
−1. (6)

For θCM
d below 120◦, values of the analyzing powers

were determined in a separate, dedicated experiment [11],
using absolute calibration of the beam polarization via the
12C(d,α)10B∗[2+] reaction. The function given by eq. (6),
with those measured values of iT el

11(θ), T el
22(θ) and T el

20(θ),
was fitted to the experimentally obtained ratios (4). The
results for various polarization states and their statistical
errors are given in table 1. Systematic errors of polariza-
tion were about ±3%. A small departures of κ from 1
for pure tensor polarization states should be attributed to
un uncertainty in the determination of very low beam cur-
rent. A small (a few pA) offset in the current measurement
affects the ratio of the measured values of beam currents
and, in consequence, changes the ratio of the normaliza-
tion factors κ.

4.3 Evaluation of the tensor analyzing powers T20 for
the breakup reaction

In order to study the observable T20, the breakup events
collected for various polarization states were analyzed sep-
arately. For each configuration θ1, θ2, ϕ12 of the two out-
going protons, the kinematical spectra E2 versus E1 were
built. The angular ranges for event integration were cho-
sen to be Δθ1 = Δθ2 = 4◦ and Δϕ12 = 20◦. This corre-
sponds to an 8 times larger solid angle in comparison to
the cross-section analysis [20] and allows one to achieve a
good statistical accuracy without smeering out details of

the angular distributions. Then, events on the kinematical
curve were divided into ΔS bins with the width of 8MeV.

The obtained numbers of events have been normal-
ized to the beam current collected in the Faraday cup and
corrected for dead time losses. After normalization, the
numbers of events Nξ

P for the selected polarization state
P and kinematical point ξ = (θ1, θ2, ϕ12, S) were obtained
and the ratio

fξ
P =

N ξ
P − N ξ

0

N ξ
0

(7)

was constructed. Nξ
0 denotes the analogously obtained

number of events for the unpolarized beam. Applying the
formula (3), fξ

P can be written as

fξ
P = κ ·

[
1 − T20(ξ)

√
2

4
PZZ

]
− 1. (8)

The values of the beam tensor polarization PZZ and of
the κ factors for the four states were extracted from the
elastic scattering analysis (table 1). fξ

P is determined ex-
perimentally, therefore we have a simple and direct way
to obtain the values of the tensor analyzing power T20(ξ)
for the breakup process, without fitting parameters of the
full distribution (eq. (2)). The final result is calculated
as weighted average of the T20(ξ) values obtained for indi-
vidual polarization states, after their consistency has been
checked.

4.4 Experimental uncertainties

Experimental uncertainties vary strongly in the presented
set of the analyzing power data, but in all the cases sta-
tistical uncertainties dominate. In this section statistical
errors as well as possible sources of systematic uncertain-
ties and their estimated magnitudes are discussed.

4.4.1 Statistical errors

Statistical uncertainties of the ratios fξ
P , propagating from

the statistical errors of N ξ
P and Nξ

0 , introduce the main
contribution to the statistical uncertainties of the breakup
tensor analyzing power T20. In addition, these uncertain-
ties comprise the statistical errors of the beam polarization
PZZ and of the normalization factor κ, following from the
fit to the elastic scattering distributions (cf. table 1). Since
the results obtained for 4 polarization states are correlated
by normalization to the same unpolarized state, this cor-
relation was taken into account in the calculation of errors
of their weighted means.

4.4.2 Systematic effects

One of the main contributions to the systematic uncer-
tainty of T20 arises from the systematic uncertainty of the
tensor polarization values. T20 depends linearly on PZZ ,



18 The European Physical Journal A

so following the discussion from sect. 4.2, we can attribute
a relative error of T20 of about 3% to that effect. This un-
certainty influences only the total normalization factor,
common for all configurations and S values.

The data analysis presented in this paper relies on
determining the ratios of rates measured with a polar-
ized and unpolarized beams. Therefore, many experimen-
tal factors, like, e.g., the detection efficiency of particles in
the MWPC and in the scintillator hodoscope, losses due
to particle identification cuts in ΔE-E spectra, uncertain-
ties in determination of the solid angles, should cancel in
the ratio. However, eq. (3) was obtained from eq. (2) un-
der the assumption of a full integration of the rates over
φ, which can be in reality disturbed by experimental in-
efficiences. Therefore in eq. (8) a small admixture of not
fully cancelled terms of the type C

∫ 2π

0
w(φ) sin(φ)dφ etc.

is expected, where w(φ) denotes the detection efficiency
and C all factors constant in φ. The efficiency factor can
be expressed as w(φ) = η(φ)(1 − ε(φ)), where η(φ) = 0
or 1 corresponds to the acceptance and ε(φ) represents
the small (usually below 10%) inefficiency of the detec-
tion and analysis (discussed in detail in ref. [20]). Losses
of acceptance concern only configurations with low ϕ12

and are due to cases when both protons are registered
in the same detector (E or ΔE). The function η(φ) has
been simulated, while ε(φ) can be found from the analysis
of some specific events, as described in ref. [20], but its
influence on the final T20 values is negligible. Neglecting
ε(φ), taking simulated η(φ) and using theoretical values
of the analyzing powers, the correction to the T20 value
due to “remnant terms” was calculated for each kinemat-
ical point in the region affected by the acceptance losses.
For the purpose of determining this correction, the the-
oretical predictions for iT11 and T22, obtained with the
pure 2N interaction, were chosen. This particular choice
does not matter for the result, since predictions of various
approaches are quite similar. The largest obtained correc-
tions are about 0.02 at some configurations with ϕ12 = 20◦
and 40◦. These values are the main systematic uncertain-
ties of the results at low ϕ12.

In spite of a very carefull relative normalization of the
rates for the polarized and unpolarized beam, the analysis
of elastic scattering reveals some “remnant” factor κ. Its
deviation from 1 reflects a systematic error of the normal-
ization procedure. It has been checked that the factors
κ are stable in time and do not depend on the down-
scaling factors applied to triggers. Their departure from
1 originates from an offset in the beam current measure-
ment, therefore they are independent of the studied pro-
cess. The κ values determined in the fits of distributions of
the elastic scattering process are directly applicable for the
breakup case. Summarizing, the normalization to luminos-
ity is not expected to cause any systematic uncertainty of
the analyzing power results.

The geometry of the setup is well known on the ba-
sis of the elastic scattering kinematics [20]. As has been
shown, there was no, at the level below 0.5◦, systematic
shift of polar angles. Taking into account the ranges of an-
gles used to define the kinematical configurations in the

analysis, the systematic effects related to the angular res-
olution are negligible. Also the uncertainty of the pro-
cedure of subtracting accidental events can be neglected.
The contribution of random events, determined on the ba-
sis of the time spectra, is between 2 and 5% [20] and the
influence of subtracting them from true + random events
is by an order of magnitude smaller than the statistical
errors of fP (ξ).

5 Theoretical formalism

The precise knowledge of the nucleon-nucleon (NN) in-
teraction serves as a basis to describe systems composed
of few nucleons. Models of NN forces, the so-called re-
alistic potentials, describe the long-range interaction ac-
cording to the meson-exchange picture, while the imple-
mented short-range part is phenomenological. We employ
the following realistic NN potentials in comparisons with
the experimental data: charge-dependent (CD) Bonn [29],
AV18 [30], Nijm I and Nijm II [31]. In a system composed
of more than two nucleons, one can expect a need to in-
clude into its description some additional dynamics, which
is called three-nucleon force (3NF). In order to account for
that, NN potentials are combined with the 2π exchange
Tucson-Melbourne (TM) 3NF model. It is a refined ver-
sion of the Fujita and Miyazawa 3NF [32], who considered
a process where a pion is exchanged between two nucleons
leading to an excitation of a Δ-isobar, which subsequently
decays, exchanging a pion with the third nucleon. In the
case of the TM model, the 2π exchange process has been
generalized to encompass any state that can be reached
via a π-N interaction. The TM 3NF model contains one
parameter, ΛTM , which is adjusted for each combination
with the NN potential to reproduce the value of the 3H
binding energy [33]. The so-called TM99 version of this
force fulfills chiral constrains [34] and its strength param-
eters were fitted [35]. The general overviews of the for-
mulation of the 3N system scattering problem with the
realistic potentials and 3NF included into the scheme are
presented in [2,36].

Alternatively, in the coupled-channel (CC) approach
the 3N system is described with an explicit treatment
of a single Δ-isobar excitation. This approach, presented
in [12], is based on the realistic CD Bonn potential. It
differs, however, from the original CD Bonn force in the
treatment of the Δ-isobar, which is considered, in the
given energy range, as a stable particle. The three-nucleon
channels are coupled to those in which one nucleon is ex-
cited and forms the Δ-isobar. The coupled-channel po-
tential includes contributions from the transition between
the NN and NΔ states, from the exchange N-Δ potential
and from direct interaction of the N-Δ states. It should be
mentioned that the creation of a Δ-containing state yields
an effective 3NF, but also the so-called two-baryon disper-
sion. These two contributions usually compete, therefore
the net effects of including the Δ-isobar in the potential
are generally smaller than for approaches with the model
3NFs.
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Only in the coupled-channel approach the Coulomb in-
teraction has been included into the calculation of observ-
ables for the breakup reaction. At 130MeV the predicted
effects are sizable for the cross-section in certain regions
of the phase space [13,21], though much less prominent
for the analyzing powers.

The effective field theories provide a kind of link be-
tween QCD and the NN interaction at low energies: the
chiral perturbation theory (ChPT) enabled to construct
the effective NN potentials consistent with the (broken)
chiral symmetry of the QCD [14]. In the framework of
ChPT two types of interaction are assumed: long-range
pion(s) exchanges, with the crucial role of the chiral sym-
metry, and contact interactions, with the associated ad-
justable parameters: the low-energy constants. In ChPT,
when regarding a system of three nucleons, non-vanishing
3NF contributions appear naturally at the next-to-next-
to-leading order (NNLO). Up to now full calculations, in-
cluding all graphs of the given order, exist only at NNLO.
In the next order (N3LO) graphs corresponding to 3NF
are not yet incorporated. The ChPT method has an ex-
ceptional advantage as compared to other approaches: a
possibility to estimate uncertainties of the obtained pre-
dictions. The calculations are performed with a few com-
binations of the two cut-off parameters, Λ and Λ̃, relevant
for the regularization of the obtained potential. In this
work the data are compared to calculations performed us-
ing five pairs of these parameters, varied between 450 and
700MeV for Λ and between 500 and 700MeV for Λ̃.

5.1 Averaging of the theoretical predictions over
experimental acceptance

The angular ranges applied in the data analysis to de-
fine the kinematical configurations are wide enough to
observe the effects of averaging values of the tensor an-
alyzing power T20(ξ) within these ranges. Therefore, in
order to perform fair comparisons of the data with the
theoretical predictions, the same averaging has to be ap-
plied to the calculated values of T20. For that purpose, for
each geommetry defined by the central values of the angles
θc
1, θc

2, ϕc
12, the T20 and cross-section σ0 values have been

calculated for all combinations of angles θc
1 ± δ1Δθ1/2,

θc
2 ± δ2Δθ2/2, ϕc

12 ± δ3Δϕ12/2, with δ1, δ2, δ3 taking in-
dependently values of +1, 0, −1. All T20 values, obtained
in this way in steps of 1MeV in variable S, have been av-
eraged with the weight given by a product of σ0 and the
solid angle ΔΩ, and projected onto a relativistic kinemat-
ics, calculated for the central geometry (θc

1, θ
c
2, ϕ

c
12). It has

been checked that, due to a rather slow variation of T20

with polar and azimuthal angles, employing a more dense
grid of angles has no influence on the result.

6 Experimental results

The tensor analyzing powers T20(ξ) have been obtained
as a function of S (MeV) for 81 kinematical configura-
tions. The geometries have been selected such that ϕ12

was taken from 20◦ to 180◦ with a step of 20◦ and all
combinations of θ1, θ2 from the set of 15◦, 20◦, 25◦ and
30◦ were used. Since the dependence of T20(ξ) on ϕ12 is
rather smooth, only examples of data for ϕ12 = 40◦, 100◦,
160◦ are shown in figs. 3–5, compared to the predictions
of various theoretical approaches. The error bars represent
the statistical uncertainties only. The ChPT calculations
at N3LO presented in this work still do not include 3NF
contributions.

Generally, all the theoretical calculations provide simi-
lar results and describe well the main features of the expe-
rimental distributions. The only region where significant,
systematic discrepancy between the data and the theories
is observed, occurs at the largest studied θ values, espe-
cially at low ϕ12, see fig. 3. This discrepancy reaches about
0.05, which is larger than the systematic uncertainty due
to acceptance losses, and is almost independent of the the-
oretical approach applied, since in this region all of them
provide similar predictions.

The effects resulting from the explicit treatment of
the Δ-isobar in the coupled-channel calculations are very
small for the phase space studied here. Therefore, in the
figures, we present only results of calculations which in-
clude the Δ-isobar in the potential. Predicted effects of
TM99 3NF are more significant, though also not big. The
largest difference between the pure NN predictions and
the ones with the TM99 3NF included appears for the
configurations with the lowest polar angles θ1, θ2 and
the largest relative azimuthal angle ϕ12. In configuration
θ1 = θ2 = 15◦, ϕ12 = 40◦ (fig. 3) the calculation with the
TM99 3NF included is the most succesful in describing the
experimental data. This is, however, not anymore true for
configurations with the same combination of polar angles
but larger relative azimuthal angles (figs. 4 and 5).

The bands representing results of ChPT calculations
at NNLO and N3LO usually overlap, though there are
also several exceptions, showing the importance of the
complete calculations at N3LO, which would include also
3NF graphs at this order. In the phase space covered in
the present study, the width of the uncertainty bands is
changing strongly: they are rather wide in configurations
with small ϕ12 (fig. 3), then get narrower in the range
of medium ϕ12 (fig. 4). In a number of cases, especially
at large ϕ12 (cf. fig. 5), a widening of the band is ob-
served in the same regions of S where relatively large ef-
fects of TM99 are predicted. This indicates an increased
sensitivity of the results of the calculations to the as-
sumed dynamics in these particular regions of the phase
space.

In order to unveil subtle effects of the 3NF and the
Coulomb interaction, their net impact on T20 analyzing
power values is studied for selected symmetrical configu-
rations (i.e. the geometries with θ1 = θ2). For this pur-
pose the results of calculations performed with the CD
Bonn potential (T cdb

20 ) have been subtracted from the ex-
perimental data and from the theoretical predictions. The
obtained distributions are shown in fig. 6. In this represen-
tation, one can easily observe that effects of the Coulomb
interaction are often opposite in sign to the effects of
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Fig. 3. Breakup analyzing power T20 for 9 kinematical configurations characterized by the relative azimuthal angle ϕ12 = 40◦

and for various combination of polar angles θ1, θ2 of the two coincident protons. Error bars reflect only statistical uncertainties.
Upper part: the results are compared to predictions obtained with the realistic NN potentials only (light-grey (cyan on-line)
bands) and when the TM99 3NF is included into calculations (dark-grey (magenta on-line) bands). Theoretical predictions
obtained within the coupled-channel framework with the CD Bonn + Δ potential without (dashed line) and with (solid line)
Coulomb force are also shown. Lower part: the same data are compared to predictions obtained on the basis of the ChPT
approach at NNLO (dark-grey (green on-line) band) and (incomplete) N3LO (light-grey (orange on-line) band).

TM99 3NF. Therefore, calculations incorporating both,
the model TM99 3NF and the Coulomb force, would be
important for unambiguous conclusions. It is worth men-
tioning that the kinematical region where T20 is sensi-

tive to the Coulomb force effects is different than in the
case of the cross-section results [21], where the largest
Coulomb interaction effects showed up at the lowest θ1,
θ2 angles.
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Fig. 4. The same as in fig. 3 but for the relative azimuthal angle ϕ12 = 100◦.

Generally, none of the models prevails systematically.
In the region of large ϕ12 (the last column of fig. 6) the
coupled-channel calculations are the most succesful in de-
scribing the data, especially when the Coulomb force is
included.

7 Summary and conclusions

Precise results for the tensor analyzing power T20 have
been obtained for a systematic grid of laboratory angles.

Similarly to the case of elastic scattering [28], T20 ana-
lyzing power for the dp breakup reaction turned out to
be only weakly sensitive to various aspects of dynamics
beyond the pure NN interaction.

Generally, all the theoretical approaches describe the
data well, proving that basic ingredients of the system
dynamics are well under control. There are, however, ex-
ceptions from the perfect description of the measured
data. In a few geometries characterized by large polar and
small ϕ12 angles, a systematic discrepancy of about 0.05
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Fig. 5. The same as in fig. 3 but for the relative azimuthal angle ϕ12 = 160◦.

between the data and the theory appears, completely in-
dependent of the theoretical approach applied.

There are also configurations, for which the quality
of the description of various approaches differs. The pre-
dicted effects of the model TM99 3NF are not big and in
most cases do not lead to an improved description of the
experimental data. In contrast to the cross-section case,
the Coulomb effects for T20 are small and not localized in
the regions of FSI. In several configurations they compete
with small 3NF effects, therefore calculations including

the TM99 force model and the Coulomb interaction simul-
tanously would be crucial in order to draw futher conclu-
sions. The novel technique of treating the proton-proton
Coulomb force [37] might be the first step towards this
aim. Also ChPT calculations at N3LO with 3NF graphs
included are important to understand the details of the
breakup process at medium energies.

The results obtained for T20 in the present study will
be confronted in the future with results obtained for all an-
alyzing powers, some of which are more sensitive to 3NF.
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Fig. 6. Net effects of the TM99 3NF and of the Coulomb force on T20 —examples for symmetric configurations: upper panel: θ1 =
θ2 = 15◦, middle panel: θ1 = θ2 = 20◦, bottom panel: θ1 = θ2 = 25◦; the relative azimuthal angles ϕ12 are shown in the panels.
Theoretical predictions obtained with the pure CD Bonn potential have been subtracted from the data and from the predictions
obtained with the inclusion of TM99 3NF ((magenta on-line) grey solid line), as well as from the calculations performed in the
coupled-channel framework without (dashed line) and with inclusion of the Coulomb interaction (black solid line).
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37. R. Skibiński, J. Golak, H. Wita�la, W. Glöckle, Eur. Phys.
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