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pseudoscalar mesons in broken chiral symmetry 3
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❖ At finite density/temperature, 
chiral symmetry will be partially restored 

‣ cf. deeply-bound pionic atom 

‣ large mass reduction, as a consequence of 
suppression of  the anomaly effect? 

❖ optical potential: V(r)=(V0+iW0)ρ(r)/ρ0 

‣ |V0|= (mass reduction),  2|W0|= (absorption width)

η′ meson in medium 4
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η′ optical potential: state of the art
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transparency ratio measurement
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Table 1
Sources of systematic errors.

fits ≈ 10–15%
acceptance ≈ 5%
photon flux 5–10%
photon shadowing ≈ 10%

total ≈ 20%

function f (m) = a · (m − m1)
b · (m − m2)

c . Alternatively, the signals
were fitted by a function allowing for low mass tails as in [29] and
the background shape was also fitted with a polynomial. Variations
in the determined η′ yields were of the order of 10–15% and rep-
resent the systematic errors of the fitting procedures. For the cross
section determination the acceptance for the detection of an η′-
meson in the inclusive γ A → η′ + X reaction was simulated as a
function of its kinetic energy and emission angle in the laboratory
frame, as described in [28]. Thereby a reaction-model independent
acceptance corrections is obtained which is applied event-by-event
to the data. Particles were tracked through the experimental setup
using GEANT3 with a full implementation of the detector system,
as described in more detail in [30]. However, since only cross
section ratios are presented, systematic errors in the acceptance
determination tend to cancel. The photon flux through the target
was determined by counting the photons reaching the γ intensity
detector at the end of the setup in coincidence with electrons reg-
istered in the tagger system. As discussed in [31], systematic errors
introduced by the photon flux determination are estimated to be
about 5–10%. Systematic errors of ≈ 10% arise from uncertainties
in the effective number of participating nucleons seen by the in-
cident photons due to photon shadowing (see [21]). The different
sources of systematic errors are summarized in Table 1. The total
systematic errors in the determination of the transparency ratios
and of quantities derived from them are of the order of 20%.

2.3. Results and discussion

Cross sections were measured for the four targets and the re-
sulting transparency ratios were normalized to carbon, according
to Eq. (4). The transparency ratio as a function of the nuclear mass
number A is shown in Fig. 2 for three different incident photon
energy bins, namely: 1600–1800 MeV, 1800–2000 MeV and 2000–
2200 MeV. These curves are calculated using Eqs. (1) to (7) for
different values of the in-medium width Γη′(ρ0) of the η′-meson
in Eq. (7), ranging from 10 MeV to 40 MeV. The magnitude of Γ
at ρ0, the normal nuclear matter density, is used in what follows
when we refer to the in-medium width.

Best agreement with the experimental data is obtained for an
in-medium width of the η′-meson of 15–25 MeV. Assuming the
low density approximation

Γ = ρ0σinelβ, (9)

with

β = pη′

Eη′
(10)

in the laboratory and taking the average η′ recoil momentum
of 1.05 GeV/c into account, an inelastic cross section of σinel ≈
6–10 mb is deduced.

This value is consistent with the result of a Glauber model anal-
ysis. Within this approximation an expression for the transparency
ratio has been derived in [27]
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where λ = (ρ0ση′N )−1 is the mean free path of the η′-meson in a
nucleus with density ρ0 = 0.17 fm−3 and radius R = r0 A1/3 with
r0 = 1.143 fm. Fitting this expression to the η′ transparency ratio
data shown in Fig. 3 an in-medium η′N inelastic cross section of
ση′N = (10.3 ± 1.4) mb is obtained.

So far, in order to determine σinel we have assumed that the
η′ absorption process is dominated by one-body absorption. In
[16] two-body absorption mechanisms have also been evaluated;
close to threshold results have been obtained in terms of the un-
known η′N scattering length. Although the energies of the η′ are
on average higher in the present experiment, the results of [16]
are used to estimate the uncertainties: if |aη′N | is of the order
of 0.1 fm, the η′ width at ρ0 is of the order of 2 MeV, and
only 6% of it is due to two-body absorption mechanisms. Ob-
taining a width as large 20 MeV, as found here, would require
values of |aη′N | of the order of 0.75 fm, in which case the con-
tributions of the one-body and two-body absorption mechanisms
turn out to be similar. We consider this to be a rather extreme
situation, providing a boundary for the determination of σinel. In
this case the density dependence of the width would be given
by Γ 1+2

η′ (ρ) = Γ 1+2
η′ (ρ0)[ρ/ρ0 + (ρ/ρ0)

2]/2. An explicit calculation
using this density dependence gives rise to very similar curves for
different values of Γ 1+2

η′ (ρ0) as in Fig. 2, only displaced slightly
upwards. The best agreement with the data is then found for
Γ 1+2

η′ (ρ0) = 17–27 MeV. The similarity of this value to the width

Fig. 2. Transparency ratio relative to that of 12C, T A = T̃ A/T̃12, as a function of the nuclear mass number A, for different in-medium widths of the η′ at three different
incident photon energies. Only statistical errors are shown. The systematic errors are of the order of 20% but tend to partially cancel since cross section ratios are given.

TA =
�(�A � ��X)

A · �(�N � ��X)

transparency ratio
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Fig. 6. (Left) Transparency ratio for different mesons – η (squares), η′ (triangles) and ω (circles) as a function of the nuclear mass number A. The transparency ratio with a
cut on the kinetic energy for the respective mesons is shown with full symbols. The incident photon energy is in the range 1500 to 2200 MeV. The solid lines are fits to the
data. Only statical errors are shown. The impact of photon shadowing on the determination of the transparency ratio has been taken into account for the η′ meson, but has
not been corrected for in the published data for the other mesons. (Right) α parameter dependence on the kinetic energy T of the meson compared for π0 [32], η [33,28],
η′ and ω ([34], this work). This figure is an updated version of a figure taken from [28].

Because of the near constancy of Γ one would expect (see
Eq. (9)) a rise of σinel towards lower η′ momenta, as indicated
by the data in the lower panel of Fig. 5 (right). An increase of
σinel for low η′ momenta has in fact been predicted in [7], rather
independent of the η′ scattering length. The theoretical predic-
tions follow qualitatively the trend of the data and may even be
compatible with the experimental results, allowing for the large
systematic uncertainties in the determination of σinel due to the
unknown strength of two-body absorption processes, discussed
above.

In Fig. 6 the results for the η′-meson are compared to trans-
parency ratio measurements for the η [28] and ω meson [34]. In
this comparison it should be noted that – in contrast to the present
work – the impact of photon shadowing on the transparency ratio
had not been taken into account in earlier publications. The data
are shown for the full kinetic energy range of recoiling mesons
(open symbols) as well as for the fraction of high energy mesons
(full symbols) selected by the constraint

Tkin ! (Eγ − m)/2. (12)

Here, Eγ is the incoming photon energy and Tkin and m are the
kinetic energy and the mass of the meson, respectively. As dis-
cussed in [28], this cut suppresses meson production in secondary
reactions. Fig. 6 (left) shows that within errors this cut does not
change the experimentally observed transparency ratios for the ω-
meson and η′-meson while there is a significant difference for the
η meson. For the latter, secondary production processes appear to
be more likely in the relevant photon energy range because of the
larger available phase space due to its lower mass (547 MeV/c2)
compared to the ω (782 MeV/c2) and η′ (958 MeV/c2) meson.
The spectral distribution of secondary pions, which falls off to
higher energies, together with the cross sections for pion-induced
reactions favor secondary production processes in case of the η-
meson: 3 mb at pπ ≈ 750 MeV/c in comparison to 2.5 mb at
pπ ≈ 1.3 GeV/c for the ω-meson and 0.1 mb at pπ ≈ 1.5 GeV/c
for the η′-meson, respectively [22]. In addition, η-mesons may be
slowed down through rescattering with secondary nucleons, which
can be enhanced by the S11(1535) excitation. According to Fig. 6
(left) the η′-meson shows a much weaker attenuation in normal
nuclear matter than the ω and η-meson, which exhibit a similarly

strong absorption after suppressing secondary production effects in
case of the η-meson.

An equivalent representation of the data can be given by pa-
rameterizing the observed meson production cross sections by
σ (A) = σ0 Aα(T ) where σ0 is the photoproduction cross section on
the free nucleon and α is a parameter depending on the meson
and its kinetic energy. The value of α ≈ 1 implies no absorption
while α ≈ 2/3 indicates meson emission only from the nuclear
surface and thus implies strong absorption. All results are summa-
rized in Fig. 6 (right) and additionally compared to data for pions
[32]. For low-energy pions, α ≈ 1.0 because of a compensation of
the repulsive s-wave interaction by the attractive p-wave π N in-
teraction. This value drops to ≈ 2/3 for the ( excitation range and
slightly increases for higher kinetic energies. After suppressing sec-
ondary production processes by the cut (Eq. (12)) the α parameter
for the η-meson is close to 2/3 for all kinetic energies, indicat-
ing strong absorption [28]. For the ω-meson the α values are also
close to 2/3. The weaker interaction of the η′-meson with nuclear
matter is quantified by α = 0.84 ± 0.03 averaged over all kinetic
energies.

3. Conclusions

The transparency ratios for η′-mesons measured for several nu-
clei deviate sufficiently from unity to allow an extraction of the
η′ width in the nuclear medium, and an approximate inelastic
cross section for η′N at energies around

√
s ≈ 2.0 GeV. We find

Γ ≈ 15–25 MeV · ρ/ρ0 roughly, corresponding to an inelastic η′N
cross section of σinel ≈ 6–10 mb. If inelastic and two-body ab-
sorption processes were equally strong the inelastic cross section
would be reduced to σinel ≈ 3–5 mb. Despite of the uncertainties
and approximations involved in the determination of σinel, this is
the first experimental measurement of this cross section. A com-
parison to photoproduction cross sections and transparency ratios
measured for other mesons (π , η, ω) demonstrates the relatively
weak interaction of the η′-meson with nuclear matter. Regarding
the observability of η′ mesic states the measured in-medium width
of Γ ≈ 15–25 MeV at normal nuclear matter density would require
a depth of about 50 MeV or more for the real part of the η′ – nu-
cleus optical potential.

CBELSA/TAPS

Nanova et al., PLB 710, 600 (2012)
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excitation function and momentum distribution 7
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Fig. 4. (Colour online.) Left: Total cross section for η′ photoproduction off C. The experimental data are extracted by integrating the differential cross sections (full circles)
and by direct measurement of the η′ yield in the incident photon energy bins of width "Eγ = 50 MeV (open circles). The calculations are for ση′ N = 11 mb and for
potential depths V = 0 MeV (black line), −25 MeV (green), −50 MeV (blue), −75 MeV (black dashed), −100 MeV (red) and −150 MeV (magenta) at normal nuclear
density, respectively, and using the full nucleon spectral function. The dot-dashed blue curve is calculated for correlated intranuclear nucleons only (high-momentum nucleon
contribution). All calculated cross sections have been reduced by a factor 0.75 (see text). Middle: The experimental data and the predicted curves for V = −25, −50, −75,
−100 and −150 MeV divided by the calculation for scenario of V = 0 MeV and presented on a linear scale. Right: χ2-fit of the data with the calculated excitation functions
for the different scenarios over the full incident photon energy range.

be σinel = 11 mb, consistent with the result of transparency ra-
tio measurements [11]. The total nucleon spectral function is used
in the parametrisation given in [30]. Thereby, the contribution of
η′ production from two-nucleon short-range correlations is taken
into account. The calculations are improved with respect to [13]
as the momentum-dependent optical potential from [31], seen by
the nucleons emerging from the nucleus in coincidence with the
η′ mesons, is accounted for as well.

The calculations have been performed for six different scenar-
ios assuming depths of the η′ real potential at normal nuclear
matter density of V = 0, −25, −50, −75, −100 and −150 MeV,
respectively. To correct for the absorption of incident photons, not
considered in the calculations, the predicted cross sections have
been scaled down by 10% according to [25]. The calculated cross
sections have been further scaled down – within the limits of the
systematic uncertainties – by a factor of 1.2 to match the experi-
mental excitation function data at incident photon energies above
2.2 GeV, where the difference between the various scenarios is
very small. In Fig. 4(middle) the experimental data and the calcu-
lations for the different scenarios are divided by the calculation for
V = 0 MeV and are presented on a linear scale. The data follow the
general upward trend of the calculated cross section ratios towards
lower incident energies. The highest sensitivity to the η′-potential
depth is given for incident photon energies below the production
threshold on the free nucleon, however, there, the statistical errors
become quite large. It is nevertheless seen from Fig. 4(left) and
Fig. 4(middle) that the excitation function data appear to be in-
compatible with η′ mass shifts of −100 MeV and more at normal
nuclear matter density. A χ2-fit of the data with the calculated
excitation functions for the different scenarios (see Fig. 4(right))
over the full range of incident energies gives a potential depth of
−(40 ± 6) MeV.

It has been investigated whether the observed cross section
enhancement relative to the V = 0 MeV case could also be due
to η′ production on dynamically formed compact nucleonic con-
figurations – in particular, on pairs of correlated nucleon clus-
ters – which share energy and momentum. These effects have been
studied experimentally [32] and theoretically [33,34] in very near-
threshold K + production in proton-nucleus reactions and can be
taken into account – as has been done in the present calculations –
by using the full nucleon spectral function including high momen-
tum tails. Applying the parametrisation of the spectral function
given by [30], Fig. 4(left) shows that correlated high momentum

nucleons contribute only about 10–15% to the η′ yield in the in-
cident energy regime above 1250 MeV. The observed cross section
enhancement can therefore be attributed mainly to the lowering
of the η′ mass in the nuclear medium.

A real part of the η′-nucleus potential depth between −75 and
−25 MeV is confirmed by comparing the experimental angular
distributions with the corresponding calculations. Fig. 5 shows a
comparison for incident photon energy ranges below, at and above
the free production threshold, respectively. As for the excitation
function, the highest sensitivity to the potential depth is found for
low incident energies, while at higher energies the measured an-
gular distributions are reproduced quite well by the calculations
independent of the assumed potential depth.

5.2. Momentum distribution of the η′ mesons

As a consistency check for the deduced η′-potential depth the
momentum distribution of η′ mesons, which is also sensitive to
the potential depth, has been investigated as well. A comparison of
the measured and calculated momentum distributions in the inci-
dent photon energy range 1500–2200 MeV is shown in Fig. 6(left).
The momentum resolution varies between 25–50 MeV/c deduced
from the experimental energy resolution and from MC simula-
tions and is smaller than the chosen bin size of 100 MeV/c. In
Fig. 6(middle) the experimental data and the scenarios with poten-
tial depths V = −25, −50, −75, −100 and −150 MeV are divided
by the calculation for V = 0 MeV and are shown on a linear scale.
The comparison of data and calculations again seems to exclude
strong η′ mass shifts. A χ2-fit of the data with the calculated mo-
mentum distributions for the different scenarios (see Fig. 6(right))
over the full range of incident energies gives a potential depth of
−(32 ± 11) MeV.

The difference in deduced values for the potential depth reflects
the systematic uncertainties of the present analysis. With proper
weighting of the errors an over all value of V 0(ρ = ρ0) = −(37 ±
10(stat) ± 10(syst)) MeV is deduced.

6. Conclusions

Experimental approaches to determine the η′-nucleus optical
potential have been presented and discussed. The imaginary part
of the η′-nucleus optical potential, deduced from transparency ra-
tio measurements, has been found to be (−10 ± 2.5) MeV [11].

422 CBELSA/TAPS Collaboration / Physics Letters B 727 (2013) 417–423

Fig. 5. (Colour online.) Differential cross sections for η′ photoproduction off C for incident photon energies below the free production threshold (left), at the threshold
(middle), and above the threshold (right). The calculations are for ση′ N = 11 mb and for potential depths V = 0, −25, −50, −75, −100 and −150 MeV, at normal nuclear
density, respectively. All calculated cross sections have been reduced by a factor 0.75 (see text). The colour code is identical to the one in Fig. 4.

Fig. 6. (Colour online.) Left: Momentum distribution for η′ photoproduction off C for the incident photon energy range 1500–2200 MeV. The calculations are for ση′ N = 11 mb
and for potential depths V = 0, −25, −50, −75, −100 and −150 MeV, at normal nuclear density, respectively. All calculated cross sections have been reduced by a factor
0.75 (see text). Middle: The experimental data and the predicted curves for V = −25, −50, −75, −100 and −150 MeV divided by the calculation for scenario of V = 0 MeV
and presented on a linear scale. The colour code is identical to the one in Fig. 4. Right: χ2-fit of the data with the calculated momentum distributions for the different
scenarios.

Within the model used, the present results on the real part of
the potential are consistent with an attractive η′-nucleus poten-
tial with a depth of −(37 ± 10(stat) ± 10(syst)) MeV. This result
implies the first (indirect) observation of a mass reduction of a
pseudoscalar meson in a strongly interacting environment under
normal conditions (ρ = ρ0, T = 0). The attractive η′-nucleus po-
tential might even be strong enough to allow the formation of
bound η′-nucleus states. The search for such states is encouraged
by the relatively small in-medium width of the η′ [11]. Experi-
ments are proposed to search for η′-bound states via missing mass
spectroscopy [35] at the Fragment Separator (FRS) at GSI and in
a semi-exclusive measurement at the BGO-Open Dipol (OD) setup
at the ELSA accelerator in Bonn [36], where observing the for-
mation of the η′-mesic state via missing mass spectroscopy will
be combined with the detection of its decay. A corresponding
semi-exclusive experiment is also proposed for the Super-FRS at
FAIR [37]. The observation of η′-nucleus bound states would pro-
vide further direct information on the in-medium properties of the
η′ meson.
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Fig. 4. Total cross sections for the pp pphX reaction as a
function of the center-of-mass excess energy. Open squares and

w x w xtriangles are from Refs. 8 and 7 , respectively. Filled circles
indicate the results of the COSY-11 measurements reported in this
letter. Corresponding numerical values are given in Table 1.
Statistical and systematical errors are separated by dashes. The
solid line shows the phase-space distribution with the inclusion of
proton-proton strong and Coulomb interactions.

scattering length approximation, by factorizing p-p
and hX-p FSI, resulted in a rather modest estimation
of the real part of the hX-proton scattering length:
< <XRe a - 0.8 fm. The proton-proton scattering am-h p
plitude was computed according to the formulas

w xfrom Ref. 42 . The obtained energy dependence
Ž .solid line in Fig. 4 agrees within a few line thick-
nesses with the model developed by Faldt and Wilkin¨
w x47 .
The present data show that the phase-space vol-

ume weighted by the proton-proton FSI describes the
near-threshold energy dependence of the total cross
section for the pp pphX reaction quite well. The
influence of the hX-proton FSI on the energy depen-
dence of the total cross section is too weak to be
seen within the up-to-date experimental accuracy.
Based on the energy dependence of the total cross
section only, it is impossible to decouple effects
from hX-proton FSI and primary production ampli-

w xtude. As shown by Nakayama et al. 9 the variation
of the energy dependence of the total cross section,
due to the production mechanism in the discussed
energy range, can be in the order of 10%. To learn
more about the hX-proton interaction a determination
of differential cross sections is required.

It is interesting to note that in proton-proton
Ž .collisions at much higher momenta 450 GeVrc the

h and hX mesons seem to have a similar production
mechanism which differs from that of the p 0 one
w x48 . However, close to threshold the data show
similarities between hX and p 0 mesons rather than
between the h and hX.
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. < h < < p 0
< . < hX < < p 0

<Fig. 5. The ratios of a M r M and b M r M extracted0 0 0 0
from the data, assuming the pp-FSI enhancement factor depicted

< p 0
<by the dotted line in Fig. 2. M was calculated by interpolating0

the points of Fig. 4a.

X < hŽhX . <tude for h and h production M is therefore0
0 < p 0

<normalized to the one for the p production M ;0
this should be independent of the model used for the

< < 2determination of M , and will allow an esti-p p p p
mate of the relative strength of the p 0-proton and
Ž X.h h -proton interactions. Indeed, we found that

< hŽhX . < < p 0
<within errors the ratio M r M does not de-0 0

< < 2pend on the model used for M . As anp p p p
example, in Fig. 5 we show this ratio as obtained

< < 2from the amplitude M presented as thep p p p
dotted line in Fig. 2. Fig. 5a shows an increasing

< <strength of M for the h production at low V ,0 ps
indicating a strong h-proton FSI, as was discussed
previously for the cross section ratio by Calen et al.´
w x X6 . Note also that the ratio for the h meson is

Žconstant over the phase space range considered Fig.
.5b . This observation, and the fact that theoretical

calculations predict that the primary production am-

w xplitude is constant to within a few per cent 16,35
independent of the mechanism assumed, allows us to
conclude that the hX-proton scattering parameters are
comparable to the p 0-proton ones. The hX-proton
scattering length is therefore about 0.1 fm, similar to
the p 0-proton scattering length.
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part of the Green’s function, or the spectral function, represents
the coupling strength of the η′ meson to each intermediate
state as a function of the energy of the η′ meson. If there
is a quasibound state of the η′ meson, the spectral function
has a peak structure at the corresponding energy. This can
be seen in the formation spectra as a signal of the bound
state.

In this article, to discuss the observation feasibilities, we go
through various cases with different optical potentials for the
η′-nucleus system. If the mass reduction as expected by the
NJL calculation takes place in nuclear matter, we can translate
its effect into a potential form. The optical potential Uη′ (r) can
be written as

Uη′(r) = V (r) + iW (r), (5)

where V and W denote the real and imaginary parts of the
optical potential, respectively. The mass term in the Klein-
Gordon equation for the η′ meson at finite density can be
written as

m2
η′ → m2

η′(ρ) = [mη′ + #m(ρ)]2

∼ m2
η′ + 2mη′#mη′ (ρ), (6)

where mη′ is the mass of the η′ meson in vacuum and mη′ (ρ)
the mass at finite density ρ. The mass shift #mη′ (ρ) is defined
as #mη′(ρ) = mη′ (ρ) − mη′ . Thus, we can interpret the mass
shift #mη′(ρ) as the strength of the real part of the optical
potential

V (r) = #mη′(ρ0)
ρ(r)
ρ0

≡ V0
ρ(r)
ρ0

(7)

in the Klein-Gordon equation using the mass shift at normal
saturation density ρ0. Here we assume the nuclear density
distribution ρ(r) to be of an empirical Woods-Saxon form as

ρ(r) = ρN

1 + exp( r−R
a

)
, (8)

where R = 1.18A
1
3 − 0.48 fm, a = 0.5 fm with nuclear

mass number A, and ρN a normalization factor such that∫
d3rρ(r) = A. In the following sections, we show the (p,d)

spectra with potential depth from V0 = 0 to −200 MeV and
W0 = −5 to −20 MeV to discuss the observation feasibility,
where W0 is the strength of the imaginary part of the optical
potential at ρ0.

Alternatively, we also use the theoretical optical potentials
for the η′-nucleus system obtained in Ref. [19] by imposing
several theoretical η′N scattering lengths [20] and using the
standard many-body theory. There the two-body absorption
of the η′ meson in a nucleus together with the one-body
absorption has been evaluated so that we can decompose the
spectra into the different final states by using the Green’s
function method as discussed below.

We obtain the in-medium Green’s function by solving the
Klein-Gordon equation with the optical potential Uη′ in Eq. (5)
with the appropriate boundary condition and use it to evaluate
the nuclear response function R(E) in Eq. (1).

We estimate the flux loss of the injected proton and the
ejected deuteron due to the elastic and quasielastic scattering
and/or absorption processes by the target and daughter nuclei.

To estimate the attenuation probabilities, we approximate the
distorted waves of the incoming proton χp and the outgoing
deuteron χd as

χ∗
d (r)χp(r) = exp[iq · r]F (r), (9)

with the momentum transfer between proton and deuteron
q = pp − pd and the distortion factor F (r) evaluated by

F (r) = exp
[
−1

2
σpN

∫ z

−∞
dz′ρA(z′, b)

− 1
2
σdN

∫ ∞

z

dz′ρA−1(z′, b)
]

. (10)

Here σpN and σdN are the proton-nucleon and deuteron-
nucleon total cross sections, respectively, which contain both
the elastic and inelastic processes. The values of the total
cross sections are taken from Ref. [31]. ρA(z, b) is the density
distribution function for the nucleus with the mass number A
in cylindrical coordinates.

The calculation of the formation spectra is done separately
for each subcomponent of the η′-mesic nuclei labeled by
(nℓj )−1

n ⊗ ℓη′ , which means a configuration of a neutron-hole
in the ℓ orbit with the total spin j and the principal quantum
number n in the daughter nucleus and an η′ meson in the ℓη′

orbit. The total formation spectra are obtained by summing up
these subcomponents, taking into account the difference of the
separation energies for the different neutron-hole states.

The energy of the emitted deuteron determines the energy
of the η′-nucleus system uniquely. We show the calculated
spectra as functions of the excitation energy Eex − E0 defined
as

Eex − E0 = −Bη′ + [Sn(jn) − Sn(ground)], (11)

where Bη′ is the η′ binding energy and Sn(jn) the neutron
separation energy from the neutron single-particle level jn.
Sn(ground) indicates the separation energy from the neutron
level corresponding to the ground state of the daughter nucleus.
E0 is the η′ production threshold energy.

FIG. 2. (Color online) Momentum transfer of the 12C(p,d)
reactions as functions of the incident proton kinetic energy Tp . The
thick solid and dashed lines correspond to η′ meson production with
binding energies of 0 and 100 MeV. Thin solid lines correspond to
η, ω, and φ meson productions with a binding energy of 0 MeV, as
indicated in the figure.
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Fig. 1. Momentum transfers for η (solid line), ω (dashed line) and η′ (dot-dashed lines) productions
by (π, N) reaction as functions of the incident pion momentum pπ. The mometun transfer for
bound η′ production is also shown for the 100 MeV binding energy case.

§3. η-mesic nuclei formation

The first experimental search of the η bound states22) was performed in the
(π+, p) reaction with several nuclear targets in finite momentum transfer to aim
to observe narrow states as predicted in Ref. 23), and the result turned out to be
negative. In this study, we revisit the (π, N) reactions with the recoil-free kinematics
for the formation of the η-mesic nuclei with the viewpoint of the chiral symmetry
for baryons. The detailed discussions are given in Refs. 4), 5), 8)–10).

3.1. Level crossing of the η-meson and N∗-hole modes
Thanks to the strong coupling of the ηN system to the N∗(1535) (N∗) resonance,

we can evaluate the η self-energy by using the N∗ dominance hypothesis as

Πη(ω, k; ρ) =
g2
ηρ

ω + m∗
N (ρ) − m∗

N∗(ρ) + iΓN∗(ω, ρ)/2
+ (crossed term). (3.1)

Here, gη is the coupling constant of the s-wave ηNN∗ vertex and can be determined
as gη ≃ 2.0 to reproduce the in-vacuum partial width ΓN∗→ηN ≃ 75 MeV at tree
level. m∗

N (ρ) and m∗
N∗(ρ) are effective masses of N and N∗ in the nuclear medium.

The in-medium η propagator with the self-energy (3.1) has two poles correspond-
ing to the η and N∗-hole modes. The resulting η spectral density has two peaks in a
function of real energy at a certain density as shown in Fig. 2 (right panel). We also
show the contour maps of the η spectral density as functions of baryon density and
η energy in Fig. 2 (left panel). Figure 2(a) (left) shows the strength of two branches
in the case that the effective masses of N and N∗ do not change in medium. In this
case, the two branches slightly come away from each other for higher ρ as a result of
level repulsion. In contrast, in the case that the mass gap becomes smaller in the nu-
clear medium, the behavior of the η spectral density significantly changes. Suppose
that the mass gap of N and N∗ linearly decreases by 20% at ρ0, the level crossing
between the two branches takes place around ρ ∼ 0.4ρ0 as shown in Fig. 2(b). As
a consequence, the strength of the upper mode becomes stronger due to the level
mixing, and the lower mode shifts downwards considerably as the density increases.

A possible source of the mass gap reduction is the partial restoration of chiral
symmetry in the nuclear medium. If N∗ is a chiral partner of nucleon, the N and N∗
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We discuss the possibility of producing the bound states of the !0!958" meson in nuclei theoretically.
We calculate the formation cross sections of the !0 bound states with the Green function method for the
!"; p" reaction and discuss the experimental feasibility at photon facilities such as SPring-8. We conclude
that we can expect to observe resonance peaks in !"; p" spectra for the formation of !0 bound states and
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the chiral UA!1" anomaly in the nuclear medium.
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In contemporary hadron physics, the light pseudoscalar
mesons (#, K, !) are recognized as the Nambu-Goldstone
bosons associated with the spontaneous breaking of the
QCD chiral symmetry. In the real world, these mesons,
together with the heavier !0!958" meson, show the in-
volved mass spectrum, which is believed to be explained
by the explicit flavor SU!3" breaking due to current quark
masses and the breaking of the axialUA!1" symmetry at the
quantum level referred to as the UA!1" anomaly [1,2]. One
of the most important subjects in hadron physics at present
is to reveal the origin of the hadron mass spectra and to find
out the quantitative description of hadron physics from
QCD [3].

Recently, there have been several important develop-
ments for the study of the spontaneous breaking of chiral
symmetry and its partial restoration at finite density. To
investigate the in-medium behavior of spontaneous chiral
symmetry breaking, the hadronic systems, such as pionic
atoms [4–6], !-mesic nuclei [7–10], and !-mesic nuclei
[7,8,11,12], have been investigated in both theoretical and
experimental aspects. Especially, after a series of deeply
bound pionic atom experiments [13,14], Suzuki et al. re-
ported the quantitative determination of pion decay con-
stant f# in medium from the deeply bound pionic states in
Sn isotopes [5] and stimulated many active researches of
the partial restoration of chiral symmetry at finite density
[4,6,15–17].

However, as for the behavior of the UA!1" anomaly in
the nuclear medium, the present exploratory level is rather
poor. Although some theoretical results have been re-
ported, there exists no experimental information on the
possible effective restoration of the UA!1" anomaly at fi-
nite density. Kunihiro studied the effects of the UA!1"
anomaly on !0 properties at finite temperature using the
Nambu–Jona-Lasinio model [18] with the Kobayashi-
Maskawa–’t Hooft (KMT) term [19,20], which accounts
for the UA!1" anomaly effect, and showed the possible
character changes of !0 at T ! 0. There is another theo-
retical work with a linear $ model [21]. Theoretical pre-

dictions by other authors also reported the similar con-
sequences [22,23] and supported the possible change of
the !0 properties at finite density as well as at finite
temperature.

In this Letter, we propose the formation reaction of the
!0-mesic nuclei and discuss the possibility to produce the
!0-nucleus bound states in order to investigate the !0

properties, especially mass shift, at finite density. Since
the huge !0 mass is believed to have a very close connec-
tion to the UA!1" anomaly, the !0 mass in the medium
should provide us with important information on the effec-
tive restoration of the UA!1" symmetry in the nuclear
medium.

In this study, we consider missing mass spectroscopy,
which was proved to be a powerful tool for the meson
bound states formation in the studies of deeply bound
pionic states. In this spectroscopy, one observes only an
emitted particle in a final state, and obtains the double
differential cross section d2$=d!=dE as a function of
the emitted particle energy. In order to consider the appro-
priate reaction for this system, we show momentum trans-
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FIG. 1. Momentum transfer as functions of incident particle
energies for the (a) !"; p" and (b) !d; 3He" reactions. Each line
indicates the momentum transfer corresponding to the !0-mesic
nucleus formation with different binding energy as shown in the
figure. As for comparison, the momentum transfer for the pionic
atom formation case is also shown.
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As we can see from these figures, we can expect to
observe the peak structure in the spectra due to the for-
mation of the !0-mesic nucleus even in the case with the
strong imaginary potential (Fig. 3), and we can expect to
deduce the magnitude of the !0 mass shift at finite nuclear
density from the observed spectra. The evaluated imagi-
nary part of the !0-nucleus potential is small enough,
and the resonance peaks are expected to be clearly sepa-
rated from each other. In addition, the background, which
is very important for discussing experimental feasibility, is
evaluated by using the experimental data taken by the
LEPS Collaboration at SPring-8 recently [33]. That was
a test experiment in the preparation stage for the observa-
tion of the ! mesic nuclei by the !"; p" reaction, which
used the same kinematics proposed in this Letter and
observed the background proton emission rate from the
carbon target including the energy region for the !0 meson
production [33]. We can roughly estimate the order of
magnitude of the background proton cross section to be
10–100 #nb=srMeV$ in the !0 formation region. Thus,
we estimate the signal-to-noise ratio is about S=N %
1=10. We think the absolute magnitude of the calculated

formation cross section is reasonably large, and the spectra
are expected to be observed in future experiments at
SPring-8 [33].

The present evaluation provides the first theoretical
results for the formation reaction of the !0-mesic nuclei
to know the behavior of the UA!1" anomaly in the medium.
We believe that the present theoretical results are important
to stimulate both theoretical and experimental activities to
study the UA!1" anomaly at finite density and to obtain the
deeper insights of the QCD symmetry breaking pattern and
the meson mass spectrum.
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cussions. We also thank N. Muramatsu for valuable dis-
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SPring-8.
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FIG. 3. The calculated spectra of the 12C!"; p"11B & !0 reac-
tion at E" ' 3 GeV are shown as functions of the excited energy
Eex defined in the text. E0 is the !0 production threshold energy.
The !0-nucleus optical potentials are (a) V0 ' 0, W0 '
(20 MeV and (b) V0 ' (100 MeV, W0 ' (20 MeV. The
total spectra are shown by the thick solid lines, and the dominant
contributions of subcomponents are shown by dotted and dashed
lines as indicated in the figure. The vertical lines indicate the !0

production threshold energy with the ground p3=2 proton-hole
configuration (solid line) and the excited s1=2 proton-hole con-
figuration (dotted line) in the final states.
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FIG. 2. The calculated spectra of the 12C!"; p"11B & !0 reac-
tion at E" ' 3 GeV are shown as functions of the excited energy
Eex defined in the text. E0 is the !0 production threshold energy.
The !0-nucleus optical potentials are (a) V0 ' 0, W0 '
(5 MeV and (b) V0 ' (100 MeV, W0 ' (5 MeV. The total
spectra are shown by the thick solid lines, and the dominant
contributions of subcomponents are shown by dotted and dashed
lines, as indicated in the figure. The vertical lines indicate the !0

production threshold energy with the ground p3=2 proton-hole
configuration (solid line) and the excited s1=2 proton-hole con-
figuration (dotted line) in the final states.
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FIG. 3. Calculated spectrum of the 12C(p,d)11C ⊗ η′ reaction for
the formation of η′-nucleus systems with proton kinetic energy Tp =
2.5 GeV and deuteron angle θd = 0◦ as a function of the excited
energy Eex. E0 is the η′ production threshold. The depths of the
η′-nucleus optical potential are (a) (V0, W0) = −(0, 10) MeV, and
(b) (V0,W0) = −(100, 10) MeV. The thick solid line shows the total
spectrum and dashed lines indicate subcomponents. The neutron-hole
states are indicated as (nℓj )−1

n and the η′ states as ℓη′ .

The widths of the hole states are taken into account in
the present calculation. The width of the neutron-hole states in
11C have been estimated to be $((0s1/2)−1) = 12.1 MeV for the
excited state and $((0p3/2)−1) = 0 MeV for the ground state by
using the data in Ref. [32]. As for 39Ca, we use $ = 7.7 MeV
[(1s1/2)−1], 3.7 MeV [(0d5/2)−1], 21.6 MeV [(0p3/2,1/2)−1],
and 30.6 MeV [(0s1/2)−1] estimated from the data in Ref. [33],
considering the width of the ground state (0d3/2)−1 to be 0 and
assuming the same widths for neutron-hole states as those of
proton holes.

In the Green’s function method [28], one can separately
calculate each contribution to the spectrum coming from the
different η′ processes. On the prescription of Ref. [28], we
rewrite equivalently the imaginary part of the Green’s function
of η′ as

Im G = (1 + G†U
†
η′ ) Im G0(1 + Uη′G) + G† Im Uη′G,

(12)

where G and G0 denote the full and free Green’s functions for
η′ and Uη′ is the η′-nucleus optical potential. We abbreviate the

integral symbols in Eq. (12). The first term of the right-hand
side of Eq. (12) represents the contribution from the escape
η′ from the daughter nucleus and the second term describes
the conversion process caused by the η′ absorption into the
nucleus. By evaluating only the conversion part, we obtain
spectra associated with decays (or absorptions) of the η′

mesons in the nucleus, which correspond to the coincident
measurements in real experiments.

III. NUMERICAL RESULTS

First, we show in Fig. 2 the momentum transfer of the (p,d)
reactions for the formation of the η′ meson. We also show those
for the η, ω, and φ meson production cases. Those mesons,
which have relatively closer masses to that of η′, can contribute
to the (p,d) spectrum in the same energy region [15]. We find
that the recoilless condition can be satisfied only for the η
production case in this energy region. For the η′ production
case, the recoilless condition is never satisfied even for the
η′ bound states with the binding energy of 100 MeV. The
momentum transfer at Tp = 2.5 GeV, which is the energy
considered in Ref. [12], is around 400–500 MeV/c, and thus
various contributions of (nℓj )−1

n ⊗ ℓη′ will contribute to the
(p,d) spectrum.

We show the calculated formation spectra of an η′-nucleus
system for the 12C target case with the potential strength
(V0,W0) = −(0, 10) and −(100, 10) MeV cases in Fig. 3. As
we can see from the figure, the existence of the attractive
interaction and bound states can be seen as the peak structures
in the (p,d) spectrum. We find that there is a clear difference
between the cases with attractive and nonattractive potentials.

In Fig. 4, we show the effects of the absorption interaction
by varying the strength of the imaginary part W0 of the
optical potential. We can see the clear peaks corresponding
to bound states in the s, p and d states, although the width
of each peak becomes wider as W0 is increased. We also find
that there are peak structures in the fη′ -wave component just
above the threshold (Eex − E0 = 0) owing to the so-called
threshold enhancement. While there are no bound states in
the fη′ state of η′, the attractive η′-nucleus interaction pulls

FIG. 4. Calculated spectra of the 12C(p,d)11C ⊗ η′ reaction for the formation of η′-nucleus systems with proton kinetic energy Tp = 2.5 GeV
and deuteron angle θd = 0◦ as functions of the excited energy Eex. E0 is the η′ production threshold. The η′-nucleus optical potentials are (a)
(V0,W0) = −(150, 5) MeV, (b) −(150, 10) MeV, (c) −(150, 15) MeV, and (d) −(150, 20) MeV. The thick solid lines show the total spectra
and dashed lines indicate subcomponents. The neutron-hole states are indicated as (nℓj )−1

n and the η′ states as ℓη′ .
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FIG. 3. Calculated spectrum of the 12C(p,d)11C ⊗ η′ reaction for
the formation of η′-nucleus systems with proton kinetic energy Tp =
2.5 GeV and deuteron angle θd = 0◦ as a function of the excited
energy Eex. E0 is the η′ production threshold. The depths of the
η′-nucleus optical potential are (a) (V0, W0) = −(0, 10) MeV, and
(b) (V0,W0) = −(100, 10) MeV. The thick solid line shows the total
spectrum and dashed lines indicate subcomponents. The neutron-hole
states are indicated as (nℓj )−1

n and the η′ states as ℓη′ .
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Fig. 6. Calculated spectra of the 12C(π, N)11C⊗η′ reaction at pπ = 1.8 GeV/c as functions of the
excitation energy Eex. E0 is the η′ production threshold energy. The η′-nucleus interactions
are (a) (V0, W0) = −(0, 20) MeV and (b) −(150, 20) MeV. The total spectra are shown by the
thick solid lines, and the dominant configurations are also shown. The neutron-hole states are
indicated as (nℓj)

−1
n and the η′ states as ℓη′ .

but at present there is almost no information on it. In this paper, we simply use the
value W0 = −20 MeV according to the phenomenological discussion done in Ref. 3).

5.2. Formation spectra of η′-mesic nuclei by (π, N) reaction
In Fig. 6 we show the calculated spectra of η′-mesic nuclei formation of the

(π+, p) reaction with 12C target, obtained by the Green’s function method. The
incident pion momentum is set to be 1.8 GeV/c. The elementary cross section is
roughly estimated to be 100 µb/sr in the laboratory frame.38)

The spectrum in Fig. 6(a) is obtained with the potential parameter (V0, W0) =
−(0, 20) MeV which means that the η′ meson mass does not become smaller in the
medium. In this case, we do not have any bound states in the spectrum because there
is no attraction, and only see the quasi-free η′ contribution. In Fig. 6(b), we show the
spectrum in the case that there is the mass reduction for η′ in the nuclear medium.
We put V0 = −150 MeV that corresponds to the case 150 MeV mass reduction for
the η′ meson at the normal saturation density ρ0. The strength of the imaginary
potential is set to be the same as case (a). Because the momentum transfer for the
η′ production is not small, there are finite contributions from many subcomponents
with higher angular momentum and therefore the resulting spectrum is not simple
as the η or ω case. However, we can see some bound state peak structure and also
large excess in the bound region Eex − E0 < 0 owing to the large η′ mass reduction
in the medium. Therefore, we may have a chance to observe the η′ mass reduction
by using the (π+, p) reaction.

§6. Conclusion

We have made a theoretical evaluation of the formation rate of the η, ω and
η′ mesons in nuclei induced by the (π, N) reactions. We have shown the expected
spectra to investigate the meson properties in the nuclear medium. The study of
the bound states is one of the promising method to investigate the meson properties
at finite density. We expect that the present results stimulate the experimental
activities and help the developments of this research field.
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pion-induced η’ production 14
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Fig. 11. Total cross section for the �N ! N⌘0 reactions. Left hand side: data for � p ! p⌘0 from [37] (Credé 09, open black circles), [36] (Williams 09,
magenta stars) and the quasi-free � d ! (n)p⌘0 [43] (Jaegle 11, blue squares) reactions. Right hand side: quasi-free data for � d ! (n)p⌘0 (participant
proton) and � d ! (p)n⌘0 (participant neutron) from [43]. Curves: model results from ETA0-MAID [40] (dashed blue proton target, dashed red neutron
target), solid blue NH-model [93] for proton target, solid and dotted red different solutions from NHmodel for neutron target (see discussion in [43]). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Until the end of the 1990s the only data came from old bubble chamber measurements [94,95] at DESY. They were
analysed in 1995 by Zhang, Mukhopadhyay, and Benmerrouche [96], preparing the ground for the analysis of the expected
results from the modern tagged photon experiments, in the framework of an effective Lagrangian model. They reported
strong contributions from vector meson exchange (!, ⇢ mesons) and a leading nucleon resonance contribution from a
D13(2080) two-star state. This, however, did not come from themultipoles (E2�,M2�), where this state is resonant, but from
a background contribution of this state to the E0+ multipole. In the meantime, due to the results of more recent coupled-
channel analyses, this resonance has been split into two states, the three-star D13(1875) and the two-star D13(2120) [23].

The first modern measurement with a tagged photon beam came from the SAPHIR experiment at ELSA [97], which used
the � p ! p⌘0 ! p⇡+⇡�⌘ ! p⇡+⇡�⇡+⇡�⇡0 reaction chain. However, it was based on only 250 events so that the
statistical quality was not significantly better than the earlier bubble chamber results. The total cross section and angular
distributions from thismeasurement have been interpreted in completely differentways. In the SAPHIR paper [97], themain
emphasis was on the rapid rise of the total cross section from threshold and the linear behaviour of the angular distributions
(i.e., / cos ✓⇤) between the backward and forward directions. The authors argued that the minimal model to describe such
a behaviour has to include two resonances of opposite parity and the most natural choice is an S11 and a P11 state. A simple
fit gave excitation energies and widths of W ⇡ 1.897 GeV, � ⇡ 0.4 GeV for the S11 and W ⇡ 1.986 GeV, � ⇡ 0.3 GeV for
the P11 state.

The same data were analysed in the framework of a Reggeized effective Lagrangian model (ETA0-MAID) [40]. There was
also someevidence in this approach for contributions froman S11 state in themass range 1.932–1.959GeV, but a P11 statewas
not absolutely necessary. The shape of the angular distributions could be reproduced by an interference of the E0+ multipole
from the S11 resonance with the (in this case large) contributions from the Reggeized ⇢ and ! t-channel exchange. Elster
and coworkers [100] also found large contributions from vector meson exchange and even argued that such contributions
plus the tail of the well-known S11(1535) resonance could explain the data. More refined analyses were excluded by the
low statistical quality of the cross section data and the lack of any results for polarization observables.

In the meantime the situation for the angular distributions has improved somewhat. The reaction � p ! p⌘0 has
been measured twice by the CLAS experiment at Jlab [98,36] and by the CBELSA/TAPS experiment [37]. The quasi-free
� d ! (n)p⌘0 and � d ! (p)n⌘0 reactions (spectator nucleons in brackets) have also been measured at CBELSA/TAPS [99].
Total cross sections from these measurements are compared in Fig. 11. The two CLAS experiments published only angular
distributions and the total cross sections have been extracted from fits of the distributions of [36] using Eq. (2.2) and taking
the leading Legendre polynomial coefficient. The fits of the data from [98] are less stable, due to the smaller angular range,
but the comparison of the A0 coefficients of all data sets in Fig. 14 shows that the earlier CLAS data are also compatible with
the other measurements.

As was the case for ⌘-production, these experiments used different approaches to measure the reaction. The first CLAS
measurement was based purely on the detection and momentum analysis of the recoil protons; the ⌘0 meson was then
identified in a missing-mass analysis. This technique included all the decay channels of the meson but the background
underneath the missing-mass peak was large. The proton detection efficiency was determined empirically using the
� p ! p⇡+⇡� reaction. The photon flux was measured absolutely and the method for its extraction was tested with
photoproduction of ⇡0 mesons, for which precise cross section data are known (although not in the photon energy range of
interest). The secondCLAS experiment [36] used the⌘0 ! ⇡+⇡�⌘ decay channel (branching ratio⇡43% [23]), reconstructed
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Fig. 12. Selected angular distributions (mean incident photon energies quoted in the figure) for the reaction � p ! p⌘0 off free protons (magenta stars: [36],
black open circles: [37], green stars: [98]) and off quasi-free protons (blue squares: [99] bound in the deuteron). Black solid lines: fit of the quasi-free proton
data with Eq. (2.2) (N = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 13. Selected angular distributions for different values of E� for the reaction � n ! n⌘0 off quasi-free neutrons bound in the deuteron. Solid lines: fits
with Eq. (2.2) (N = 3).

the ⌘ meson as a missing particle and then analysed the invariant mass of the ⇡+⇡�⌘ system, which resulted in a much
lower background level. This experiment also had absolute normalization.

The two measurements at ELSA [37,99] used the ⌘0 ! ⇡0⇡0⌘ ! 6� decay (effective branching ratio 8.3%). Both
were absolutely normalized; the free-proton measurement used kinematic fitting while the quasi-free reactions from the
deuteron target were studied with a combined invariant- and missing-mass analysis. The quasi-free measurement off the
deuteron was not analysed with full kinematic reconstruction (which it was for the ⌘ data), which would be needed to
eliminate the effects from Fermimotion, because the statistical quality was not sufficient. The quasi-free � n ! n⌘0 reaction
was analysed in two different ways, once with the coincident detection of the recoil neutron and once as the difference
between the simultaneously measured inclusive cross section (without condition for recoil nucleons) and the quasi-free
proton cross section, measured in coincidence with recoil protons. Both results agreed within statistical uncertainties and
were averaged. The comparison of the total cross sections for the reactions off protons (see Fig. 11) show reasonable
agreement (but see discussion below). Within the level of precision reached there are no systematic deviations between
the free and quasi-free proton data, at least not more significant than between the different data sets for the free proton
(although effects arising from Fermi motion were not reconstructed for the quasi-free data). All data sets deviate much
more strongly in absolute scale from the earlier SAPHIR measurement (which had a maximum cross section of almost 2 µb,
although with large uncertainties) and also in the shape of the angular distributions, where the more recent data show a
slower rise to forward angles in the near-threshold region. We therefore ignore the SAPHIR data in the further discussion.

Typical angular distributions for the proton and neutron target are shown in Figs. 12 and 13. In the near-threshold region
they are rather flat,whichwould be consistentwith a substantial contribution froman s-wave. At thehighest incident photon
energies the angular distributions for protons and neutrons peak at forward angles, as expected for non-resonant t-channel
contributions. However, they seem to rise also for extreme backward angles, which might be an indication for significant
u-channel nucleonic contributions, but could also arise from the excitation of nucleon resonances (see discussion in [93]).

cf. η′ photoproduction
B. Krusche and C. Wilkin, 

Prog. Part. Nucl. Phys. 80, 43 (2015)

R.K. Rader et al., PRD 6, 3059 (1972)
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possible existence of η’N bound state 16
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❖ direct search 

‣ γ+d→(η’n)+p or π++d→(η’p)+p (cf. K-+d→Λ(1405)+n) 

‣ γ+p→(η’n)→η+p 
π-+p→(η’n)→η+n 

❖ indirect search 

‣ π-+p→(η’n)→η’+n 

‣ signature of η’n bound  
state just above η’n threshold? 

‣ (merit) background-free 

‣ (demerit) only sensitive in case of small B.E. ~ Γ

Searches for η’N bound state 17
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cf. η-3He system 18

Alfons Khoukaz 

Erzeugung von h-Mesonen 

The Reaction d+p → 3He+h 

Fit to data very close to threshold: Only s-wave 

Fit parameter: 
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Erzeugung von h-Mesonen 

The d+p → 3He+h Scattering Amplitude 
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previous measurement (in 1970s, at RAL) 19
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“an alternative explanation … could lie in a 
rapid modulation of the cross section by an 

s-channel effect such as a narrow N*.”
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The only 3W* which could lead to S-wave product ion of the  X ~ is a Sn .  I f  
we make the  assumption t ha t  this ~ *  couples to XOn, =-p and other  channels,  
we can write the corresponding cross-sections as 

(1) 

(2) 

where 

,~x. .= ~ (E - -  Eo): +  88 (Fo, + F:.o + Fo) ~' 

7e~(j  + 1 2 ~) / 'L  

~ '  = (E - -  ~o) ~ + } (Fo, + F,~~ + FoV' 

Fx. n ---- width for decay into XOn, 

Fe, -----width of X~ resonance of rest  mass Eo, 

Fo ----partial width to all other  channels ,  

E ~ to ta l  c.m.s, energy ,  

J ----angular momen t u m of 2T*. 

The energy dependence of par t ia l  widths is given by  the  expression 

F oc (q/E) . B~(q) , 

where 

q ~ momen tum of the  outgoing particles in the  c.m.s. ,  

E ~ to ta l  c.m. energy ,  

B~(q)---- centr ifugal-barrier  fac tor .  

The factors B~, derived by  BLAT~ and W~,ISSKOPF, are 

Bo ---- 1 ,  B,  ---- (qr)2(1 ~- (qr)~) -1 , 

where r is a radius of in teract ion (~-1 fm). For  S-wave product ion of the  X ~ 
we obtain 

Fxon oc ~ .  

Similarly, for S-wave 3W* we have F~, oc k* /E .  However,  the  values of E and k* 
vary  by  only 1.5 % and 2.6 %, respectively,  over the  p* range from threshold 
to 170 MeV/c and so one ma y  write 

Fx.~ = r p * ,  re,  = c l  
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E ~ to ta l  c.m.s, energy ,  

J ----angular m o m e n tum of 2T*. 

The energy dependence of par t ia l  widths is given by  the  expression 

F oc (q/E) . B~(q) , 

where 

q ~ momen tum of the  outgoing particles in the  c.m.s. ,  

E ~ to ta l  c.m. energy ,  

B~(q)---- centr ifugal-barrier  fac tor .  

The factors B~, derived by  BLAT~ and W~,ISSKOPF, are 

Bo ---- 1 ,  B,  ---- (qr)2(1 ~- (qr)~) -1 , 

where r is a radius of in teract ion (~-1 fm). For  S-wave product ion of the  X ~ 
we obtain 

Fxon oc ~ .  

Similarly, for S-wave 3W* we have F~, oc k* /E .  However,  the  values of E and k* 
vary  by  only 1.5 % and 2.6 %, respectively,  over the  p* range from threshold 
to 170 MeV/c and so one ma y  write 

Fx.~ = r p * ,  re,  = c l  

binding energy ~8MeV  
total width ~3MeV

[X0 stands for η′.]
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FIG. 12. Shown is the linear energy dependence of the squared
total cross section, σ 2

tot, for the reaction γp → pη′ close to the reaction
threshold of Ethres ≈ 1447 MeV.

flat angular distributions. The expected energy dependence of
the reaction at the threshold is given by [41]

σ (Eγ ) ∝ (Eγ − Ethres)l+1/2 l = 0, 1, 2, . . . , (11)

where l denotes s, p, d . . . waves, etc. For s-wave dominance,
a linear energy dependence of the squared total cross section is,
thus, expected close to the reaction threshold. The differential
cross sections shown in Fig. 11 have been used to determine
the total η′ cross section and to study the energy dependence.
Because the data cover the full angular range, no extrapolation
is needed. Figure 12 shows the incoming photon energy plotted
versus the squared total cross section. A linear dependence is
clearly observed and a fit determines the energy threshold to
(1442.6 ± 3.8) MeV, which is compatible with the value of
(1446.38 ± 0.48) MeV derived from the η′ mass listed in the
PDG [15]. The mass of the η meson was determined by the
TAPS/A2 Collaboration in a very similar procedure [1,42].

D. The total cross sections

Figure 13 shows the total cross section for η photoproduc-
tion. Because of the complete solid angle coverage, no extrapo-
lation is required and the data points are truly experimental. In
the low-energy range, the S11 partial wave dominates the cross
section. The solid line represents our previous PWA solution
and is not a fit to these data; the two states N (1720)P13 and
N (2070)D15 saturated the total cross section [8]. A new PWA
solution, including the new CBELSA/TAPS data presented
here and other data sets, is in preparation. It is clear that
single- and double-polarization variables are required to firmly
establish resonance contributions. Coupled channel fits to
many reactions can also help; in particular, when three-body
final states are included, the phase of two-particle partial-wave
amplitudes is tested in the crossed channel.

10
-1

1

10

1600 1800 2000 2200 2400
M(γp), (GeV)

       σtot, µb

FIG. 13. Total γp → pη cross section. The data points (•) are
calculated by summation of the differential cross section; the gray
line represents the result of our previous partial wave analysis.

A small anomaly is observed at 1.73 GeV/c2 in the total
η cross section. As discussed earlier, recent data off the
neutron show a pronounced bumplike structure at 1.68 GeV
[22], which has been suggested to signal the existence of
a narrow baryon state with (M ≈ 1.68,$ ! 30) MeV/c2.
In particular, the possibility that this state could be the
N (1650)P11, nonstrange member of an antidecuplet of pen-
taquarks is certainly interesting [43–45]. Figure 14 shows
the total number of η → γ γ events for the tagger channels
419–431. The data have been fitted using a polynomial to
indicate the smooth behavior of the distribution. The data
point at 1.73 GeV/c2 in the total cross section is based on the
photon energy interval Eγ ∈ [1100, 1150] MeV defined by the
tagger channels Eγ ∈ [421, 426]. No statistically significant
enhancement is observed in Fig. 14 over the small energy range
under investigation to explain the anomaly, and a narrow state
compatible with the observation in the total cross section can be

Tagger Channel Number
420 422 424 426 428 430

1500

2000

2500

3000

3500

4000

4500

5000

5500

 increasing photon energies←

FIG. 14. Total η → γ γ yields per tagger channel number cov-
ering the energy range of the anomaly observed in the total η cross
section. The data point at 1.73 GeV/c2 (see Fig. 13) is based on
channels 421–426. No statistically significant enhancement can be
seen in the excitation function.
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Figure 3. Total cross section for γp → ηp as a function of the c.m. energy from the Crystal Ball/TAPS experiment at MAMI-C [18]
(solid circles). The hardly visible uncertainties are of statistical nature only. Other determinations shown for comparison are from
MAMI-B [19] (open triangles); CLAS-g1c [20] (open circles); CLAS-g11a [21] (open diamonds); GRAAL [22] (open diamonds with
crosses); LNS [23] (horizontal bars); CB-ELSA [24] (open squares); CBELSA/TAPS [25] (crosses).

extracted for the full angular range in the c.m. frame, using
3.8 · 106 γp → ηp → 3π0 p → 6γp accumulated events.
This allowed the most precise binning in energy and angle,
enabling the reaction dynamics to be studied in greater de-
tail than previously possible. The Crystal Ball/TAPS data
agreed very well with previous equivalent measurements,
but are remarkably superior in terms of precision and en-
ergy resolution [18].

These differential cross sections were integrated to de-
rive the total η-photoproduction cross section shown in fig-
ure 3 in comparison to previous measurements [19–25].
As can be seen clearly from the binning of the new Crys-
tal Ball/TAPS at MAMI-C data the statistics are unprece-
dented. These data have been included in a new SAID par-
tial wave analysis [26] and the Reggeized η-MAID partial
wave analysis [27], and have proven to be a substantial
contribution.

Recently, first preliminary η′-photoproduction cross
sections have been determined with the Crystal Ball/TAPS
setup at MAMI-C. Differential cross sections for the range
of Eγ = 1450 MeV to Eγ = 1570 MeV have been ob-
tained with very high accuracy from η′ → ηπ0π0 → 6γ de-
cays. This is also reflected in the total η′-photoproduction
cross section shown in figure 4, where the Crystal Ball data
are compared to results from CBELSA/TAPS. Though the
data from Crystal/TAPS are limited in the photon-energy
range they show the very high accuracy in the threshold re-

gion already achieved at MAMI-C with a first preliminary
η′ production run.

Figure 4. Preliminary total cross section for γp → η′p from
the Crystal Ball/TAPS experiment at MAMI-C (black error bars).
Uncertainties are of statistical nature only. These data are com-
pared to CBELSA/TAPS results [25]
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Measure (π,2π) in large acceptance TPC in dipole magnetic field 
  π-p→π+π-n, π0π-p           2 charged particles + 1 neutral particle 
  π+p→π0π+p, π+π+n                                          →missing mass technique 
	
�
	
πN→KY (2-body reaction) 
    π-p→K0Λ,  
    π+p→K+Σ+  (I=3/2, Δ*) 

π+- beam on liquid-H target 
(p= 0.73 – 2.0 GeV/c 
W=1.5-2.15 GeV) 
 
LH target: Φ5cm 

LH.target.

18 

E45.HypTPC.Spectrometer.

Hyp-TPC Superconducting Helmholtz 
Dipole magnet (1.5 T) 

Trigger with hodoscope 

π beam 

experiment under consideration 22

J-PARC E45�

•  Deeper understanding of non-pertabative QCD 
•  Preceise measurements of baryon resonance 

properties 
– Many resonance have not been established 

experimentally 
–  πN→ππN: “Critical missing piece” for the N* 

spectroscopy 
– New πN→ππN data will provide                     

1.significant modifications to the current N* mass       
2.discovery of new N* states.  

•  Search for new type baryon states 
–  e.g. hybrid baryons (qqqg)�

NSTAR2015� ��

Studies of Baryon resonances in (π,2π) reaction for�

π-p→η’n

π+π-η

π+π-π0
B.R.=43%

B.R.=23%

@ J-PARC K1.8 (existing beamline)
detected by forward neutron counter

detected by “HypTPC”

K. Hosomi, presentation at NSTAR2015
proposed in E42/E45 collaboration meeting (Sep. 2015)
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❖ large mass reduction of η’ in medium (= strong 
attraction in η’-nucleus interaction) anticipated 

‣ 12C(π+,p) reaction @ J-PARC HIHR beam line 

‣ re-measurement of elementary cross section  
(π-p→η’n) necessary 

‣ possible existence of η’N bound state 
might be investigated by π-p→η’n reaction

conclusion 23



On the possibility of 
d*(2380) production by 
diffractive dissociation

Hiroyuki Fujioka (Kyoto Univ.) 
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❖ confirmed by WASA-at-COSY 

❖ seen in pn→dπ0π0, dπ+π-, ppπ0π-, 
pnπ0π0, pnπ+π-, and pn channels 

❖ M~2380MeV, Γ~80MeV, JP=3+

d*(2380) dibaryon resonance (ABC effect) 25

state interactions. Based on Ref. [10] the only other major
contribution to this reaction channel should be the Roper
excitation process (dashed line based on Ref. [5] with
updated N! ! !! branching ratio [15,16]), although
there might be other, non—resonant contributions of rele-
vance [17]. It seems that conventional processes contrib-
uting to pn ! d!0!0 not only are much smaller in
magnitude, but also at variance with the energy depen-
dence of the data.

Figure 3 displays the cross section in dependence of the
!!-invariant mass M!0!0 and the center-of-mass energyffiffiffi
s

p
. A pronounced low-mass enhancement is observed in

the M!0!0 distribution—the ABC effect—but only at en-
ergies within the resonance-structure (’’ABC region’’) in
the total cross section. Outside this structure the M!0!0

distribution gets rather flat.

Figure 4 shows the Dalitz plots of the invariant mass
squared M2

d!0 versus M2
!0!0 for two energies: at the peak

cross section (
ffiffiffi
s

p ¼ 2:38 GeV) and above the ABC region
(

ffiffiffi
s

p ¼ 2:50 GeV). The Dalitz plots exhibit an enhance-
ment in horizontal direction, in the region of the ! excita-
tion, as it prominently shows up in the M2

d!0 projection in

Fig. 4, bottom. This feature is consistent with the excitation
of a!! system in the intermediate state—from now on we
assume this configuration to be realized. Above the ABC
region the Dalitz plot displays only gentle maxima both at
low and high !! masses, as predicted by the conventional
t-channel !! process [2]. In contrast, at the peak cross
section we see a large enhancement at the low-mass kine-
matic limit of M2

!0!0 .

Angular distributions allow us to deduce the total angu-
lar momentum of the reaction. Within the ABC region the
angular distributions stay very similar in shape to those at
the peak cross section. Since the deuteron is a loosely
bound state the relative momentum of the two nucleons
after pion emission must be small and may be neglected
relative to the pion momenta. Therefore, from the pion and
deuteron momenta the ! momenta can be reconstructed.
Deuteron and ! angular distributions in the center-of-mass
system (c.m.s.) are displayed in Fig. 5. The very low-
energetic deuterons going backward in the c.m.s. are not
completely covered in our measurements, and thus the
systematic uncertainties indicated by the hatched area in
Fig. 5 get very large in this region. Within uncertainties the
angular distributions are symmetric around 90# as de-
manded for an isospin conserving reaction in a NN system
with definite initial isospin. The ! angular distribution is
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FIG. 2 (color online). Total cross sections obtained from this
experiment on pd ! d!0!0 þ pspectator for the beam energies

Tp ¼ 1:0 GeV (triangles), 1.2 GeV (dots), and 1.4 GeV
(squares) normalized independently. Shown are the total cross
section data after acceptance, efficiency and Fermi motion
corrections. The hatched area indicates systematic uncertainties.
The drawn lines represent the expected cross sections for the
Roper excitation process (dotted) and the t-channel !! contri-
bution (dashed) as well as a calculation for a s-channel reso-
nance with m ¼ 2:37 GeV and " ¼ 68 MeV (solid).
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FIG. 4 (color online). Top: Dalitz plots of M2
d!0 versus M2

!0!0

at
ffiffiffi
s

p ¼ 2:38 GeV (peak cross section) (left) and at
ffiffiffi
s

p ¼
2:5 GeV (right). Bottom: Dalitz plot projections M2

d!0 (left) and

M2
!0!0 (right) axes at

ffiffiffi
s

p ¼ 2:38 GeV. The curves denote calcu-

lations for a s-channel resonance decaying into!!with JP ¼ 3þ

with (solid) and without (dash-dotted) form factor as well as for
JP ¼ 1þ (dashed). Hatched and shaded areas represent system-
atic uncertainties and phase-space distributions, respectively.
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1.3 GeV the np data are sparse, the fit is considered to be
valid only up to 1.3 GeV for the np case. Single-energy
(narrow-energy-bin) fits are also carried out with constraints
on the energy dependence over a particular energy bin fixed
to the underlying global analysis.

The new Ay data are angular distributions at TLab values
of 1.108, 1.125, 1.135, 1.139, 1.156, 1.171, and 1.197 GeV.
Starting from the functional form of the current SP07 fit,
and varying only the associated free parameters, a χ2/datum
of 1.8 was found for all angular distributions apart from
the one at 1.135 GeV. This is fairly consistent with the
overall χ2/datum given by the global fit of np to 2 GeV.
However, the set at 1.135 GeV contributes a χ2/datum
of about 25 and has better statistics and a wider angular
coverage.

The fit form was scanned to find partial waves for which
an added term in the K-matrix expansion produced the most
efficient reduction in χ2. Adding parameters and refitting
resulted in a rapid variation of the coupled 3D3 and 3G3 waves
in the vicinity of the problematic 1.135-GeV data set.

Some weighting seemed necessary in this fit, as only
a few angular points from the full set were determining
the altered energy dependence. The fit was repeated with
different weightings (with a factor of 2 or 4) for the new Ay

data. Initially, the full set of energies was weighted equally.
However, it was found that just weighting the 1.135-GeV
angular distribution improved the fit to the new analyzing
power data at all energies. The results reported here thus
consider only the weighting at this single energy. As we
have seen in fits to other reactions, heavily weighting new
and precise polarization observables inevitably degrades the
fit to older data. Therefore, as a test, the parametrization
producing a pole was refitted to the full database with
no weighting. This gave, as expected, a worse fit to the
1.135-GeV angular distribution but did not change the shape
qualitatively.

In Figs. 4–6 and 9–11 we plot the SP07 prediction (not
including the new data), a weighted fit (errors decreased by
a factor of 4), and an unweighted fit including the new data
and using the fit form having added parameters. Resulting
changes in the 3D3-3G3 coupled waves are displayed in Fig. 3
in Ref. [12]. Note that the single-energy solutions obtained
previously for energies up 1.1 GeV fit better to the new partial-
wave solution than to SP07.

In the new solution the 3D3 wave obtained a typical reso-
nance shape, whereas the 3G3 wave changed less dramatically.
In Fig. 7 the Argand diagrams of the new partial-wave solution
are shown for 3D3 and 3G3 partial waves as well as for
their mixing amplitude ϵ3. In the Argand diagram the 3D3
partial wave exhibits an abrupt change at the pion production
threshold (

√
s = 2.02 GeV), when absorption sets in, followed

by a pronounced looping in the d∗ energy region, before it
enters the region of the conventional t-channel ## process
[1–4] at the highest energies. In the Argand diagrams of 3G3
and ϵ3 also a looping is observed in the d∗ region, though much
less pronounced.

A search of the complex energy plane revealed a pole in
the coupled 3D3-3G3 wave. Other partial waves did not change
significantly over the energy range spanned by the new data.

Re
-0.2 -0.1 0 0.1 0.2

Im

0

0.05

0.1

0.15

0.2
3D3

2.50 GeV

2.45 GeV

2.40 GeV
2.35 GeV

2.30 GeV

(a)

Re
-0.4 -0.3 -0.2 -0.1 0

Im

0

0.1

0.2

0.3

0.4
3G3

2.50 GeV

2.45 GeV

2.40 GeV

2.35 GeV
1.90 GeV

(b)

Re
-0.05 0 0.05 0.1 0.15

Im

-0.15

-0.1

-0.05

0
3∈

1.90 GeV
2.30 GeV

2.35 GeV

2.50 GeV

2.45 GeV
2.40 GeV

(c)

FIG. 7. (Color online) Argand diagrams of 3D3 (a) and 3G3

(b) partial waves as well as of their coupling amplitude ϵ3 (c) in the
new partial-wave solution. Values are plotted as small filled triangles
in 10-MeV steps and as small squares in 50-MeV steps, together with
the corresponding total energy

√
s. The thick filled circle gives the

energy position of the resonance pole. The dotted curve in (a) is a
circle fitted to the loop; its diameter equals the branching ratio Bel.

The fit repeated with different weightings for the new Ay

data resulted in a variation of the pole position and could be
considered a minimal “error” on its value within the present
fit form. In the weighted fits, a pole was located at (2392–
i37) MeV. The refit without weighting produced a pole with
(2385–i39) MeV.

For the 3D3 partial wave we display in Fig. 8 a speed plot
as defined in Refs. [31,32]. It exhibits a Lorentz-like shape
with a maximum at 2.37 GeV and a width of about 80 MeV.
Hence together with the speed-plot determination we arrive at
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FIG. 6. (Color online) Energy dependence of the np analyzing
power at !c.m.

n = 70◦. Filled symbols denote the results of this work;
open symbols, those from previous work [8–10,22–27]. For the
meaning of the curves see Fig. 4. The vertical arrow and horizontal
bar indicate the pole and width of the resonance.

√
s bins. In order to have sufficient count-rate statistics we

restricted this procedure to data sets in the angular region
31◦ < !c.m.

n < 129◦ and divided the available energy range
into six bins, which are shown in Fig. 5 together with the
SAID SP07 solution (solid lines) and the new solution (see next
section), which contains a resonance pole (dashed and dotted
lines). We also include in Fig. 5 previously obtained angular
distributions at

√
s = 2.360 and 2.440 GeV (Tn = 1.095 and

1.27 GeV) [8–11], which are closest to the resonance region
covered here. Note that these angular distributions, being
below and above the resonance region, exhibit a significantly
different angular behavior—in particular, at medium angles.

In Fig. 6 we show as an example the energy dependence
of Ay at !c.m.

n = 70◦ (see also Fig. 4 in Ref. [12]), where
the energy dependence at !c.m.

n = 83◦ is depicted. The trend
of the new data in the resonance region deviates clearly
from that exhibited by the data from previous experiments
below and above this region [8–10,22–27]. The new partial-
wave solutions (see below) connect all data within their
uncertainties, whereas the SP07 solution obviously fails in
the resonance region.

The decomposition of the np scattering observables into
partial-wave amplitudes is given in Ref. [21]. Accordingly we
have, for the analyzing power,

dσ/d# ∗ Ay ∼ Im(H3 + H5)H ∗
4 , (2)

with Hi containing sums over partial-wave amplitudes with
total angular momenta j0 = j = L, j− = L − 1, and j+ =
L + 1. H3 contains terms proportional either to the Legendre
polynomials Pj or to the associated ones P 1

j . In H5 there
are terms only proportional to Pj , and in H4, terms only
proportional to P 1

j . In particular, the structure of H4 for j = 3
is as follows:

H4(j = 3) ∼ [4(TL=4 − 3TL=2) +
√

12TL=3]P 1
3 , (3)

where the T-matrix elements contain the complex phase shifts.
We see that a resonance effect in 3D3 and 3G3 enters with
opposite sign and is proportional to P 1

3 in both cases. Hence
the resonance effect vanishes at the zeros of P 1

3 , which is the
case at ! = 63.4◦ and 116.6◦. At these angles the predictions

with and without resonance in 3D3 or 3G3 should cross each
other. If, in the SP07 solution and in the new solution, the
nonresonant contributions are essentially the same, then the
angular distributions calculated with these solutions should
cross at these angles. Figure 5 demonstrates that this is the
case in good approximation. Upon observing the maximum
deviations from the SP07 solution in the angular region
around 90◦ as well as the minimum deviations around 63◦

and 117◦—coupled with a sign change thereafter—one can
see that both the data and the new SAID solutions exhibit the
characteristic features of the P 1

3 function and thus uniquely
point to the signature of a JP = 3+ resonance in the elastic np
scattering.

The horizontal bars on the data points in Fig. 6 (and
also in Fig. 4 in Ref. [12]) include both the range of
the

√
s bins and the uncertainties in the determination of

the
√

s values reconstructed for each event. Since we deal
here with only zero to two overconstraints in the kinematic
fits, the

√
s determination is less precise than, e.g., in

the pd → dπ0π0 + pspectator reaction, where we have three
overconstraints in the case where the proton spectator is not
detected.

B. Partial-wave analysis

The new Ay data have been included in the SAID database
and the phenomenological approach used in generating the
NN partial-wave solution, SP07 [19], has been retained. Here
we simply consider whether the existing form is capable of
describing the new Ay measurements. One advantage of this
approach is that the employed Chew-Mandelstam K matrix
can produce a pole in the complex energy plane without the
explicit inclusion of a K-matrix pole in the fit form. Neither
the existence of a pole nor the effected partial waves are
predetermined.

The energy-dependent fits use a product S-matrix approach
as described in detail in Ref. [28], with Sx being an “exchange”
part, including the one-pion-exchange piece plus smooth
phenomenological terms, and Sp a “production” part. The full
S matrix is

S = S1/2
x Sp S1/2

x = 1 + 2iT , (4)

where

T = Tx + S1/2
x Tp S1/2

x . (5)

For spin-uncoupled waves, the production T matrix is param-
eterized using a Chew-Mandelstam K matrix, as is also used
in the GW πN [29] and KN [30] analyses, with

Tp = ρ1/2Kp(1 − CKp)−1ρ1/2, (6)

where ρ is a phase-space factor, Kp is a real symmetric
matrix coupling the NN and an inelastic channel, and C is a
Chew-Mandelstam matrix. For isovector waves, the inelastic
channel is identified as N&; in the isoscalar case, this inelastic
channel is generic. For spin-uncoupled waves, the matrices are
2 × 2; for coupled waves, the matrices are 3 × 3, as described
in Ref. [28]. The global energy-dependent fit includes pp
data from threshold up to a laboratory kinetic energy of
3 GeV, and np data from threshold up to 2 GeV. Since above

035204-6



Hiroyuki Fujioka (Kyoto Univ.), “Progress on J-PARC hadron physics in 2016”

production via diffractive dissociation? 26

• We propose a different mechanism – D03 excitation from the short-range 
(6q+σ) component of the deuteron: 

• The same story in dd → 4He + π0π0:

• D03 excitation via σ exchange between the quark-meson components of two 
deuterons?

• The contributions of different mechanisms to pd and dd double-pionic fusion 
need more detailed investigation.
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FIG. 2. (Color online) Scatter plot of the kinetic energy of the
3He ejectiles in the dd → 3He π 0π 0 + n reaction at Td = 1.7 GeV
versus the 3He laboratory scattering angle "lab

3He. At the top data
are shown and at the bottom the corresponding MC simulation of
the processes with either the neutron spectator in the target or in
the beam. The high-density area at small angles and large kinetic
energies corresponds to the process with the spectator neutron in the
target, whereas the distribution at small energies and large scattering
angles belongs to spectator neutrons in the beam. The area in between
corresponds to coherent processes.

close to that given by the dotted line in Fig. 1 and which is
essentially free of background.

The absolute normalization of the data from the single-
energy measurement at Tp = 1.0 GeV was obtained by a
relative normalization to the pd → 3He π0 reaction measured
simultaneously with the same trigger. Our results for this
reaction in turn have been normalized to those from Saclay
measurements at neighboring energies [34,35]. Though this
procedure appears to be straightforward, it contains a number
of difficulties. The Saclay data appear to be most reliable
at "3He = 180◦ [34], where WASA cannot measure. Hence
we used the full back-angle hemisphere to adjust the WASA
results to those of Saclay. However, due to the scarcity
of Saclay data at finite angles we estimate that the total
uncertainty in the absolute normalization could be as large
as 30%. For details see Ref. [36].
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FIG. 3. (Color online) Energy dependence of the total cross
section for the double-pionic fusion to 3He with the production of a
π 0π 0 pair. Data obtained in this work by measurements of the pd →
3He π 0π 0 reaction at Tp = 1.0 GeV and of the dd → 3He π 0π 0 +
nspectator reaction at Td = 1.7 GeV are given by the filled cross and
the filled circles, respectively. They are compared to previous results
from PROMICE/WASA [37] (open circle) and CELSIUS/WASA [27]
(open square). The latter has been renormalized; see text. The shaded
area denotes the estimated systematic uncertainties. The dotted curve
gives the d∗ contribution, the dashed line the t-channel ## process,
and the solid line their (coherent) sum.

The data of the quasifree run overlap with the single-energy
measurement at their high-energy end. Hence, for simplicity
they have been normalized to the result of the single-energy
measurement.

III. RESULTS

Resulting observables of the normalized as well as accep-
tance and efficiency corrected data are displayed in Figs. 3–6.

The total cross section data obtained from the analysis
of both experiments are shown in Fig. 3, which exhibits the
energy dependence of the total cross section for the 3He π0π0

production. Our result from the run at Tp = 1.0 GeV (
√

s =
3.416 GeV) is shown by the filled cross symbol, whereas the
results from the quasifree run are given by the filled circles. The
shaded area denotes the estimated systematic uncertainties,
which result dominantly from the efficiency and acceptance
corrections. Also uncertainties from rest gas contributions and
kinematic fit are contained in this estimate.

Included in Fig. 3 are also the results from previous exclu-
sive measurements at CELSIUS-WASA at Tp = 0.893 GeV
(open square) [27] and at PROMICE/WASA at Tp = 0.477
GeV (open circle) [37], the latter carried out at CELSIUS too.

In order to avoid systematic discrepancies in the procedure
used for the absolute normalization, the CELSIUS-WASA
result has been reanalyzed by subjecting it to exactly the
same procedure (i.e., considering the full back-angle hemi-
sphere) as applied now for the single-energy measurement
at Tp = 1.0 GeV. As a result the CELSIUS-WASA value at
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FIG. 1. Missing mass spectra for p-p → p′ + x at a beam mo-
mentum of 9.9 GeV/c from Ref. [15] in comparison with resonance
fits (solid lines) using a background shape (dotted lines) given by
Eq. (1). The separate resonances are given; in particular, strong
excitation of the P11 at 1400 MeV at small momentum transfer is
indicated by solid lines.

Missing mass spectra of p-p and π -p scattering are shown
in Figs. 1–4 together with resonance fits given by solid
lines. Apart from the P11, the shapes were taken from a
fit of π -N phase shift amplitudes (see Refs. [12,17]), using
modified Breit-Wigner forms. A multipion background is
also important, which is described by 1π and 2π threshold
functions of a form similar to that used in Ref. [12], together
with a polynomial rise to larger masses,

back(m) =
2∑

n=1

[cnfnπ + dn(m − mnπ )n], (1)
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FIG. 2. Missing mass spectra for π − p → π ′ + x at a beam
momentum of 16 GeV/c from Ref. [15] in comparison with resonance
and background fits similar to those in Fig. 1.

with fnπ = [(β − 1)/(β + 1)]n and β = exp[ (m−mnπ )
(m0−mnπ )Cnπ ]. A

value of m0 of 1.35 GeV is needed, when strong # excitation
is observed (at low beam momentum !10 GeV/c and small
momentum transfer !0.05 (GeV/c)2); otherwise m0 is about
1.48 GeV (or 1.55 at −t ! 0.2 (GeV/c)2). For C1π and C2π ,
values of 15 and 4 were used. We fitted the background in
all p-p spectra from 6 to 20 GeV/c simultaneously with a
smooth variation of the parameters cn and dn (c1 ∼(5-10)c2,
d1 ∼1/3c2, and d2 very small). For a small momentum transfer
of t = 0.044 (GeV/c)2 the threshold parameter c1 falls off
towards higher beam momenta by a factor of two, whereas d1
decreases by about a factor of four. As a function of momentum
transfer, the threshold term drops rather fast, whereas the linear
term falls off much less. The quadratic term (with amplitude
d2) was negligible at smaller momentum transfers and still
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FIG. 3. Missing mass spectra for p-p → p′ + x at beam mo-
menta of 15.1, 20.0, and 29.7 GeV/c at a momentum transfer of
0.044 (GeV/c)2 from Ref. [15] in comparison with resonance and
background fits similar to those in Fig. 1.

quite small at values of −t > 0.6 GeV/c2. As already discussed
in former work (see, e.g., [15]), the background fits give rise
to uncertainties in the absolute resonance cross sections up
to 30%. However, the positions and widths of the resonances
are not much affected. Examples of the p-p and π -p fits at
different momentum transfers are given in Figs. 1 and 2.

In fitting the spectra, we used the "33(1232), the known N∗

resonances D13(1520) and F15(1680), and strong excitation of
a resonance at 1400 MeV [14–16]. In the former studies (see,
e.g., [14]) it has already been questioned whether this structure
at 1400 MeV could be the Roper resonance P11(1440) observed
in π -N , because this peak is not exactly at the position of this
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FIG. 4. Missing mass spectra for p-p → p′ + x at a beam
momentum of 6.2 GeV/c (upper part) and π − p → π ′ + x at a
beam momentum of 8.0 GeV/c from Refs. [15,16] in comparison
with resonance and background fits similar to those in Fig. 1.

resonance (masses of resonances were determined precisely in
the spectrometer experiments [14,15]). Other possibilities have
been discussed (e.g., special kinematic effects), but these are
not likely to explain the strongest resonance observed (which
is stronger than the "(1232) excitation). Remarkably, at higher
energies this resonance corresponds in mass and width closely
to the Saturne resonance observed in α-p scattering [9] (see
Table 1). Using all data above 9 GeV/c, we obtain a centroid
mass of the P11 resonance of 1400 ± 10 MeV with a width
of 200 ± 20 MeV (this is better determined than from α-p,
which has a strong form factor dependence). Further, the
cross section of this resonance is peaked strongly at small
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