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Taking advantage of the high acceptance and axial symmetry of the WASA-at-COSY detector, and
the high degree of the polarized proton beam of COSY, the reaction p
~p → ppη has been measured
close to threshold to explore the analyzing power Ay . The angular distribution of Ay is determined
with the precision improved by more than one order of magnitude with respect to previous results
allowing a first accurate comparison with theoretical predictions. The determined analyzing power
is consistent with zero for an excess energy of Q = 15 MeV signaling s wave production with no
evidence for higher partial waves. At Q = 72 MeV the data reveals strong interference of P s and

2
P p partial waves and cancellation of (P p)2 and Ss∗ Sd contributions. These results rule out the
presently available theoretical predictions for the production mechanism of the η meson.
PACS numbers: 13.60.Le, 14.40.Aq

In recent decades hadron physics has been rich in discoveries in the low energy region where the interaction
between hadrons is a manifestation of the strong force
between their components [1–5]. However there are still
many open questions involving the non-perturbative dynamics and details of hadron production processes. Spin
observables oﬀer an essential new tool to probe this
physics. The internal spin structure of the proton, understanding why quarks contribute just ∼ 30% of the proton’s spin, has been one of the driving themes in QCD
research in the last 30 years [6]. In this Letter we focus on η meson production in low-energy proton-proton
collisions with a spin polarized proton beam. We report
the ﬁrst precise measurements of the analyzing power for
the p~p → ppη reaction at two energies close to threshold.
These measurements yield powerful new constraints on
models of the η production process.
The presented results are based on about 200 times
larger statistics and drastically reduced systematic uncertainties with respect to the previous experiments [7–9].
The main improvement of systematics is due to: (i) axial symmetry and full acceptance of the WASA-at-COSY
detector (more than 20 times larger than for the COSY11 experiment [10]), (ii) no magnetic ﬁeld in the detector
and, in addition the systematics was controlled by the
measurements (iii) for two spin orientations and (iv) for
two diﬀerent decay channels of the η meson.
Previous studies by the CELSIUS [11–14], COSY [15–
19] and SATURNE [20–22] experiments of the total and
diﬀerential cross section for η meson production in pp and
pn collisions revealed that the η meson is predominantly
produced via the excitation of one of the nucleons to the
S11 current via exchange of virtual mesons with the subsequent decay into the proton-η pair. This conclusion
was obtained from the observation of a large η production cross-section relative to the η ′ meson production and
the isotropic angular distribution of the η mesons in the
center of mass system (CMS). Measurements of the total
cross-section for η production in diﬀerent isospin channels [14, 19] revealed a strong contribution from isovector
exchanges which is additive in proton-neutron collisions
and which (partially) cancels in proton-proton collisions,
bringing more constraints to theoretical models. While
much progress has been achieved, the mechanism for the
excitation of the colliding proton to a resonance state
still remains very much incomplete with a host of models
each with diﬀerent weighting of exchanges proposed to
explain the dynamics.
Here we use spin as a tool to gain further insights.
The experiment involves a polarized proton beam with
incident momentum in the z direction and transversely

polarized in the y direction colliding with an unpolarized
ﬁxed proton target. The analyzing power is a sensitive
extra constraint on the details of the η production mechanism.
The η meson production process proceeds through exchange of a complete set of virtual meson hadronic states,
which in models is usually truncated to single virtual
meson exchange. Theoretical models have been proposed involving π, η, ρ, ω and σ (correlated two-pion)
exchanges [23–28] and excited nucleon resonances, primarily the S11 (1535) plus small contributions from the
D13 (1520) and P11 (1440) [24, 25]. OZI violating gluonic
excitations might also couple to the ﬂavour-singlet part of
the η meson in short distance proton-proton interaction
[29]. These exchanges induce very diﬀerent spin dependence in the production process. Polarized beams and
measurement of the analyzing power can therefore put
powerful new constraints on theoretical understanding of
the η production process. For example, ρ exchange and
π exchange models predict a near threshold analyzing
power with diﬀerent sign [23, 25]. Pure s-wave production would give zero analyzing power.
The measurements of the p~p → ppη reaction were conducted by means of the large acceptance close to 4π and
axially symmetric WASA-at-COSY spectrometer, operating as an internal ﬁxed-target facility at the Cooler
Synchrotron COSY [30]. The vertically polarized proton
beam was circulating through the vertical stream of the
hydrogen pellets leading to the p~p → ppη reaction in the
center of the WASA-at-COSY detector. The measurements were performed for the beam momentum values
of 2026 MeV/c and 2188 MeV/c, corresponding to excess energies in the CMS of Q = 15 MeV and 72 MeV,
respectively. The orientation of the proton beam polarization was ﬂipped from cycle to cycle.
The charged hadronic ejectiles were registered by
means of forward scintillator hodoscopes and the straw
tube trackers and were identiﬁed using the energy deposited in the subsequent scintillator layers. The η
mesons were detected by the electromagnetic calorimeter and the plastic scintillator barrel. The production of
the η meson via the p~p → ppη reaction was identiﬁed using missing and invariant mass techniques. In total more
than 400000 η meson events were identiﬁed and used for
the determination of the analyzing power.
The center of the interaction region where the polarized proton beam collided with the pellet target was monitored with a precision of about 0.5 mm by the concurrent
measurement of elastically scattered protons. The superconducting solenoid was switched oﬀ in order to minimize
losses of the spin polarization. Only neutral decay prod-
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FIG. 1. Examples of missing mass distributions obtained for
the excess energy Q = 15 MeV: (left) ~
pp → pp2γ, and (right)
p
~p → pp 3π 0 → pp 6γ reactions. The legends above the figures indicate the spin orientation and the angular intervals.
Experimental data are denoted by solid blue circles. Vertical
bars indicate the statistical uncertainty. The shaded green
area denotes the simulated contribution from multipion production background. The shaded red histograms corresponds
to the η events obtained by subtracting the multipion background.

ucts of the η meson were reconstructed. In particular,
the η → γγ and η → 3π 0 → 6γ decay channels with the
highest branching ratios (altogether over 71% [31]) were
used in the presented analysis. A detailed description of
the WASA-at-COSY experiment as well as methods and
results of the monitoring of the interaction region have
been described in details in the dedicated articles [32–35].
The analyzing power Ay (θη ) for the given polar angle
θη of the emission of the η meson in the CMS was determined from the asymmetry of the eﬃciency corrected η
meson production yields Nη

background observed for the pp → pp6γ reaction shown
in Fig. 1 (right) [37]. The contribution of the background
was estimated by a ﬁt to the experimental spectra of the
shapes of missing mass distributions simulated for the
production of the π 0 , 2π 0 and 3π 0 . The data simulated
for the multi-pion production reaction included the response of the detector system and were analyzed using
the same procedures as used for the analysis of the experimental events. Next, after subtraction of the background
the number of the registered η mesons was determined.
Fig. 2 shows exemplarily an asymmetry for the p~p →
ppη reaction yield as a function of the azimuthal angle φη
of the η meson momentum vector in the CM system. A
ﬁt of Eq. 2 to the angular dependence of the asymmetry
enables one to determine the product P ·Ay which divided
by the polarization P gives the value of the analyzing
power Ay .
The polarization P was determined for each spin orientation and each excess energy separately, by the simultaneous measurement of asymmetries for the elastically scattered protons for which the analyzing power is
known [38, 39]. The method of the polarization analysis is described in detail in references [37, 40, 41], and
the resulting values together with corresponding statistical uncertainties are listed in Tab. I. The systematic uncertainty of the polarization determination amounts to
about 0.01 and, as it is shown in detail in Ref. [42], it is
predominantly due to the uncertainty of the reconstruction of the position of the interaction region. It is also
important to stress that the spin polarization was stable
during the whole run [37, 40, 41] and that, as expected,
the analysis of the data taken with the unpolarized beam
resulted in the asymmetry equal to zero within the uncertainties [37, 41].

Nη (θη , φη ) − Nη (θη , φη + π)
Nη (θη , φη ) + Nη (θη , φη + π)
(1)
extracted as a function of the azimuthal angle φη
Asymmetry(θη , φη ) ≡

Asymmetry(θη , φη ) = P · Ay (θη ) · cos(φη ),

(2)

where P denotes the degree of the spin polarization of
the proton beam. In the presented analysis the Madison
convention [36] was applied to ﬁx the sign of the asymmetry.
The yields of the η meson production Nη were determined based on the missing mass spectra, independently
for each (θη ,φη ) angular range. Exemplary spectra for a
chosen angular range are presented in Fig. 1. The spectra show only a small range of masses close to the kinematical limit where a clear signal from the production
of the η meson is seen on top of the multi-pion production background. It is important to stress that the
missing mass spectra for the pp → pp2γ reaction channel shown in Fig. 1 (left) include a background which
is much larger when compared to the nearly negligible

FIG. 2. Example of asymmetry distributions as a function of
the φη angle for a chosen θη angular bin, for an excess energy Q = 72 MeV and the p
~p → ppη → 6γ reaction. Filled
blue points denote extracted asymmetry values with the statistical uncertainty, while the red curves indicates the fit of
Eq. 2 to the experimental points. The legend above the figures
indicates spin orientation and the angular intervals. It is evident that the results obtained for different spin orientations
are consistent. The asymmetry is shown in the full φη range
though the fit was performed only in the range between 0◦
and 180◦ since Asymmetry(φη) = −Asymmetry(φη + 180◦ )
per definition.
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pbeam [MeV/c]
2026
2188

Spin mode
up (↑)
down (↓)
up (↑)
down (↓)

Polarization
0.793 ± 0.010
-0.577 ± 0.007
0.537 ± 0.009
-0.635 ± 0.011

Calculations of the analyzing power Ay were conducted
separately for spin up and spin down orientation, and for
each spin mode the Ay was determined separately for
two decay channels: η → 2γ and η → 6γ. Moreover,
for all above cases, the number of events Nη corresponding to the p~p → ppη reactions, have been determined for
each angular bin (θη , φη ) separately. This enabled us to
control systematic uncertainties which may occur due to
the misalignment of the detector and due to the methods
of events reconstruction. The ﬁnal results obtained as a
mean average of values determined for both spin orientations and both decay channels are given in Tab. II and are
presented in Fig. 3. The systematic uncertainties listed in
the table have been estimated by calculating changes in
the values of Ay to the variation of the parameters used in
the analysis. After changing a tested parameter the full
analysis chain was repeated and a new Ay values were determined. In particular the following contributions to the
systematic error were taken into account [37]: (i) selection criteria used in the particle identiﬁcation, (ii) range
in the missing mass spectra used for counting the number of produced η mesons, (iii) diﬀerences between Ay
values obtained for diﬀerent decay channels (iv) uncertainty of the values of polarization, and (v) diﬀerences
between Ay values obtained for spin-up and spin-down
measurements.
Integrating over the proton degrees of freedom results
in the analyzing power Ay (θη ), which in a partial-wave
decomposition may be expressed as follows:
Ay (θη )

dσ
y0
y0
= 2π[Gy0
1 sin θη + (H1 + I ) sin 2θη ]. (3)
dΩη

y0
Here the form-factors Gy0
and I y0 are deﬁned
1 , H1
in Winter et al. [7], which generalizes the analysis of
spin dependence of π 0 production with polarized proton
beams to η production [43]. The superscript y0 indicates
beam polarization along the y-axis and an unpolarized
target.
We use the usual spectroscopic notation to describe the
i
pp → ppη process, viz. 2S +1 LiJ i →2S+1 LJ , l. Here, the
relative orbital angular momentum of the two outgoing
protons in their rest frame is denoted by capital letters Lp
= S, P, D, ..., the one of the η meson in the CMS by the
small letters lq = s,p,d, ... With this notation the individy0
y0
ual terms Gy0
correspond to (Ps∗ Pp), (Pp)2
1 , H1 and I
∗
and (Ss Sd) interference, respectively. The Pauli principle means that even and odd partial waves of the protons
in the ﬁnal state cannot interfer with each other. In total

with polarized beams there are one Ss, two Ps, nine Pp
and two Sd ﬁnal state production amplitudes [43]. For
example, the Ss amplitude corresponds to the process
3
P0 →1 S0 , s. The (Pp)2 and Ss∗ Sd interference amplitudes always appear together in the analyzing power and
angular distribution [43].
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FIG. 3. (upper panel) Analyzing power for the p
~p → ppη
reaction as a function of θη for Q = 15 MeV. The full circles represents the results obtained in this work, while the
triangles are the values of the analyzing powers measured by
the COSY-11 Collaboration for Q =10 MeV [8]. Horizontal error bars indicate the angular range. The vertical bars
show total uncertainties with statistical and systematic errors
separated by dashes. The superimposed dashed line denotes
the predictions based on pseudo-scalar meson exchange model
[25], whereas the dotted line represents the vector exchange
model [23]. The result of the fit of Eq.(4) to the data is presented by the solid line. (bottom panel) Analyzing power for
the p
~p → ppη reaction for the Q = 72 MeV. Horizontal bars
indicate the angular range. The vertical bars show total uncertainties with statistical and systematic errors separated by
dashes. The solid line denotes the result of the fit of Eq.(4).

Following Eq.(3) we ﬁt the data as
Ay (θη )

dσ
= C1 sin θη + C2 cos θη sin θη ,
dΩη

(4)

where C1 and C2 are treated as free parameters. For
Q = 15 MeV the angular distribution of the cross
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TABLE II. Analyzing power Ay with statistical and systematic uncertainties detemined for the p
~p → ppη reaction at
excess energies of Q = 15 MeV and Q = 72 MeV.
θη [deg]
0 - 18
18 - 36
36 - 54
54 - 72
72 - 90
90 - 108
108 - 126
126 - 144
144 - 162
162 - 180

Ay (θη ) for Q = 15 MeV
0.056 ± 0.038 ± 0.011
0.008 ± 0.021 ± 0.011
-0.016 ± 0.016 ± 0.022
0.009 ± 0.013 ± 0.021
0.004 ± 0.013 ± 0.014
0.005 ± 0.013 ± 0.046
0.005 ± 0.013 ± 0.003
0.013 ± 0.014 ± 0.015
0.006 ± 0.017 ± 0.012
-0.011 ± 0.027 ± 0.041

Ay (θη ) for Q = 72 MeV
0.038 ± 0.065 ± 0.045
0.107 ± 0.034 ± 0.022
0.133 ± 0.021 ± 0.017
0.123 ± 0.018 ± 0.014
0.108 ± 0.016 ± 0.011
0.110 ± 0.014 ± 0.009
0.114 ± 0.014 ± 0.008
0.088 ± 0.017 ± 0.013
0.076 ± 0.024 ± 0.013
0.055 ± 0.047 ± 0.024

dσ
was assumed to be constant as determined
section dΩ
η
by the COSY-11 [17] and COSY-TOF [16] experiments.
dσ
For the ﬁt at Q = 72 MeV the dΩ
determined by
η
the WASA-CELSIUS collaboration [13] was used. For
Q = 15 MeV we ﬁnd C1 = (0.001 ± 0.001) µb/sr and
C2 = (−0.002 ± 0.003) µb/sr. For Q = 72 MeV we obtain the ﬁt parameters: C1 = (0.104 ± 0.006) µb/sr and
C2 = (0.020 ± 0.012) µb/sr.
At Q = 15 MeV we ﬁnd no evidence for partial waves
beyond s-wave production. At Q = 72 MeV we ﬁnd
evidence for a signiﬁcant contributions of higher partial
waves. If we conclude from the ﬁnite coeﬃcient C1 of the
sin θη term that both Ps and Pp give signiﬁcant contributions, then the vanishing (within errors) coeﬃcient C2
points to a cancellation between (Pp)2 and Ss Sd contributions.
Previously, in the COSY-11 analysis of the 15.5 MeV
M(pp) shape it was suggested that the high mass region
was a signal for a Ps contribution at Q = 15 MeV [17].
If this is indeed present in the data, then the small coeﬃcient C1 would indicate small Pp contribution at this
excess energy. At Q = 72 MeV Petren et al [13] found
that a sizable Pp contribution is needed to get the valley
along the diagonal of the Dalitz plot for the pp → ppη reaction. Maximal Ss∗ Sd interference there was suggested
to explain the angular distribution of η production at
Q = 40 MeV.
These results have the following interpretation.
First, the data indicate just s-wave production at
Q = 15 MeV. This result contradicts predictions based
on single meson exchange as shown in Fig. 3.
Measurements of the isospin dependence of η meson production in proton-nucleon collisions have revealed
that the total cross-section for the quasi-free pn → pnη
exceeds corresponding cross section for pp → ppη by
a factor of about three at threshold and by factor of
six at higher excess energies between about 25 and 100
MeV [14, 19]. This isospin dependence is interpreted
as evidence for a strong isovector exchange contribution
which exhibits (partial) cancellation in proton-proton

collisions and addition in proton-neutron collisions. This
isovector exchange was interpreted in terms of the ρ meson in Ref. [23] and π exchange in [25]. These oneboson exchange models, when ﬁt to early data on η
production, made predictions for Ay as shown in Fig. 3
with Ay (θη ) = A sin 2θη where |A| = 0.18 at Q = 15
MeV. Note here that these ρ [23] and π [25] exchange
curves come with the opposite sign, i.e. the distribution
is shifted by θη = 90 degrees. One possible explanation
might be cancellation through destructive interference
between π and ρ exchanges in η production in protonproton collisions very close to threshold together with
a strong (spin independent) scalar σ exchange contribution.
Cancellation of (Pp)2 and Ss∗ Sd interference terms at
Q = 72 MeV suggests a phase cancellation of various
meson exchanges and resonance contributions, e.g. associated with the nucleon resonances S11 (1535), D13 (1520)
and P11 (1440).
To summarize, we have measured the spin analyzing
power for η production close to threshold with precision
improved by one order of magnitude. For excess energy
Q = 15 MeV the data is consistent with η production
process in pure s-wave. We ﬁnd evidence of higher partial waves at Q = 72 MeV. The Ps∗ Pp interference determines the shape of the measured analyzing power with
cancellation of Ss∗ Sd and (Pp)2 interference terms. The
data contradicts predictions of presently available meson
exchange models of the production mechanism. The analyzing power complements previous measurements of the
energy and angular distribution of η meson production
and provides valuable new constraints for future model
building.
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