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pseudoscalar mesons in broken chiral symmetry 4
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❖ At finite density/temperature, 
chiral symmetry will be partially restored 

‣ cf. deeply-bound pionic atom (talk by Itahashi) 

❖ 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 5
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η′ optical potential: state of the art
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Nambu−Jona-Lasinio model 7
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Heavy mass of the K’(958) meson
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chiral unitary model
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Phenomenological approach for ߟᇱܰ interaction Oset-Ramos, PLB704(11)334

Unitarized scattering amplitude by coupled-channel BS eq.

ൌ ܸ ܸ

Interaction kernel ܸ
(1) Weinberg-Tomozawa interaction : pseudoscalar-baryon (PB) channel

ǡܰߨ ǡܰߟ Ȧǡܭ ȭܭ by the K -K’ mixingࣁ�ᇱࡺ
their result : ܽఎᇲே ൌ ͲǤͲͳ fm  ܽఎᇲே ̱ͲǤͳ െ ͲǤͺ fm [PLB’00] 

(2) Vector meson-baryon (VB) channel
ܽఎᇲே ൌ ͲǤͲ͵ fmtheir result : 

Borasoy , PRD61(00)014011
Kawarabayashi-Ohta, PTP66(81)1789ߟ

B B

ߟ

D D… free parameter ՜ ܽఎᇲே ൌ ͲǤͳ fm

ࣦఎబ ן ଶߟ ఓ߲ܤതߛఓܤ െ ఓߛതܤ ఓ߲ܤ

(3) coupling of the singlet component of pseudoscalar to baryons 
Oset and Ramos, PLB 704, 334 (2011)  

Nagahiro et al., PLB 709, 87 (2012) 

Nagahiro, presentation at  “Hadron in Nucleus”

(=m

QMC

COSY-11

phenomenological estimation for ఎᇲ
௧

��� ఎܸᇲ�and ��� ఎܸᇲwith various ߙ values

We consider only the attractive case & energy-independent potential.

ԢߟԢߟ

N

t

Optical potential ఎܸᇲ

ఎܸᇲ
ଵ௦௧ ൌ ఎܸᇲ

ଶௗ ൌ

[H.N., S. Hirenzaki, E. Oset, A. Ramos, PLB709(12)87]

ԢߟԢߟ
ݐ ݐ

ࢻ ȁࣁࢇᇲࡺȁ fm ࢚࢙ᇲࣁࢂ ࣋ ࢊᇲࣁࢂ ࣋ ࢇ࢚࢚ᇲࣁࢂ ࣋
െͲǤͳͻ͵ 0.1 െͺǤ െ ͳǤ݅ െͲǤͳ െ ͲǤͳ݅ െૡǤ ૠ െ Ǥ ૡ
െͲǤͺ͵Ͷ 0.3 െʹǤ͵ െ ʹǤͳ݅ െͲǤ െ ͲǤͻ݅ െǤ ૡ െ Ǥ 
െͳǤͻ 0.5 െͶ͵Ǥͺ െ ͵ǤͲ݅ െͳǤ͵ െ ʹǤͷ݅ െǤ  െ Ǥ 
െͻǤ 1.0 െͺǤ െ Ǥͻ݅ െͶǤͳ െ ͳͲǤͶ݅ െૢǤ ૡ െ ૠǤ 

�� ࢂ ب ࢂ���

in unit of MeV

6

→ talk by Nagahiro (Wed)



Hiroyuki Fujioka (Kyoto Univ.), “International Conference on Exotic Atoms and Related Topics” (EXA2014)

linear sigma model
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In-MEDIUM η′ MASS AND η′N . . . PHYSICAL REVIEW C 88, 064906 (2013)
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FIG. 2. The chiral condensates in the nuclear medium. The
dashed and solid lines denote (−⟨q̄q⟩)1/3 and (−⟨s̄s⟩)1/3, respectively.

In the following, we show the in-medium meson masses
calculated with the medium effect including the SU(3)V
breaking owing to the quark mass difference. The parameters
are determined by the method shown in Appendix B. As the
input parameters, we used fπ , fK,mπ ,mK,mσ , the sum of
m2

η and m2
η′ , and the degenerate u, d quark mass mq . All the

used and determined parameters are shown in Appendix B.
We determine the meson-baryon coupling parameter g by the
reduction of the chiral condensate.

First, we show the density dependence of the chiral
condensate in Fig. 2. Since the parameter g is determined to
reproduce the 35% reduction of the quark condensate at normal
nuclear density, the quark condensate at the saturation density
is the input value here. As mentioned above, we assume that the
nuclear medium contains no explicit strange component. So,
the strange condensate is insensitive to the nuclear density.
Nevertheless, the strange condensate does change slightly
through the SU(3) flavor breaking of nuclear matter.

Next, we show the result of the in-medium meson masses
including the SU(3) breaking by the current quark mass in
Fig. 3. From this calculation, we find that the η′ mass reduces
by about 80 MeV at normal nuclear density. In contrast, the
masses of the other pseudoscalar octet mesons are enhanced.
Especially for the η case, the enhancement is about 50 MeV.
This is because under the partial restoration of chiral symmetry
the magnitude of the spontaneous breaking is suppressed and
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FIG. 3. The mass shift of the η′ meson in the nuclear medium.
The solid, dotted, and dashed lines represent the η′, η, and π meson
masses in the nuclear medium, respectively.
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FIG. 4. The η0-η8 mixing angle in the nuclear medium.

consequently the Nambu-Goldstone boson nature of the octet
pseudoscalar mesons declines.

Finally, we show the density dependence of the mixing
angle of η0-η8 in Fig. 4. We defined the mixing angle θ with

tan 2θ =
2m2

η0η8

m2
η0

− m2
η8

. (46)

The density dependence of the mixing angle θ is shown in
Fig. 4. As we can see in Fig. 4, the absolute value of the mixing
angle becomes smaller when the nuclear density become
larger. One can understand this behavior as follows: When
chiral symmetry is being restored partially with the reduction
of the magnitude of the sigma condensates, the first terms of
Eqs. (41)–(43) are getting suppressed. In the limit where
the first terms vanish, the mixing angle is obtained by
tan 2θ = 2

√
2 and has a positive large value. Therefore, the

mixing angle is approaching to a positive value with the
partial restoration.

IV. THE LOW-ENERGY η′ N INTERACTION IN VACUUM

Let us discuss the η′N two-body interaction in vacuum. In
the following, we estimate the η′N interaction strength with
the linear sigma model developed in the previous section. We
evaluate the invariant amplitude of the meson and nucleon Vab

in the tree level by the scalar meson exchange and Born terms
shown in Fig. 5:

−iVab

= gσ0NNC
(0)
ab

i

(k − k′)2 − m2
σ0

+ gσ8NNC
(8)
ab

i

(k − k′)2 − m2
σ8

+Caγ5
i

/p + /k − mN

Cbγ5 + Cbγ5
i

/p − /k′ − mN

Caγ5,

(47)

(a) (b) (c)

FIG. 5. The diagrams that contribute to the η′N interaction. The
dashed, single, and double lines mean the pseudoscalar meson,
nucleon, and scalar meson propagation, respectively.
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In-medium meson mass(2) 
• η’  mass in chiral limit 

The contribution 
from the UA(1) anomaly 

The contribution 
from the chiral symmetry breaking 

The necessity of both the UA(1) anomaly and chiral symmetry breaking 
                                                                            for the generation of the η’  mass 
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Table 1. Physical masses fitted in free space, the bag masses in medium at
normal nuclear-matter density, ρ0 = 0.15 fm−3, and corresponding meson-nucleon
scattering lengths.

m (MeV) m∗ (MeV) Rea (fm)
η8 547.75 500.0 0.43

η (-10o) 547.75 474.7 0.64
η (-20o) 547.75 449.3 0.85
η0 958 878.6 0.99

η′ (-10o) 958 899.2 0.74
η′ (-20o) 958 921.3 0.47

symmetry energy. The strange-quark component of the wavefunction does
not couple to the σ field and η-η′ mixing is readily built into the model.
Gluon fluctuation and centre-of-mass effects are assumed to be independent
of density. The model results for the meson masses in medium and the
real part of the meson-nucleon scattering lengths are shown in Table 1 for
different values of the η-η′ mixing angle, which is taken to be density inde-
pendent. 2 The QMC model makes no claim about the imaginary part of
the scattering length.

Increasing the flavour-singlet component in the η at the expense of the
octet component gives more attraction, more binding and a larger value of
the η-nucleon scattering length, aηN . Since the mass shift is approximately
proportional to the η–nucleon scattering length, it follows that that the
physical value of aηN should be larger than if the η were a pure octet state.
For the η′ the opposite is true: the greater the mixing angle the smaller the
singlet component in the η′ and smaller the value of the η′ binding energy
and the η′-nucleon scattering length.

There are several key observations.

3.1. η bound states

η-η′ mixing with the phenomenological mixing angle −20◦ leads to a
factor of two increase in the mass-shift and in the scattering length obtained
in the model relative to the prediction for a pure octet η8. This result
may explain why values of aηN extracted from phenomenological fits to
experimental data where the η-η′ mixing angle is unconstrained give larger

2 The values of Reaη quoted in Table 1 are obtained from substituting the in-medium
and free masses into Eq.(2) with the Ericson-Ericson denominator turned-off (since
we choose to work in mean-field approximation).

(=m
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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]

T A = π R2

Aση′N

{
1 +

(
λ

R

)
exp

[
−2

R
λ

]
+ 1

2

(
λ

R

)2(
exp

[
−2

R
λ

]
− 1

)}

(11)

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
CBELSA/TAPS Collaboration / Physics Letters B 710 (2012) 600–606 605

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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COSY-11
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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].
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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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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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❖ intense proton beam available 

❖ relatively large momentum transfer 

‣ population of large ℓη′ states near threshold 

‣ different rigidities between protons and deuterons  
(from an experimental point of view)

12C(p,d) reaction 17

11C η’ 
12C

FORMATION OF η′(958)-MESIC NUCLEI BY . . . PHYSICAL REVIEW C 87, 045201 (2013)

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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❖ elementary cross section : dσ/dΩ(pn→dη′)=30μb/sr 

❖ relatively large momentum transfer 

‣ population of large ℓη′ states near threshold

theoretical calculation 18

Nagahiro et al., PRC 87, 045201 (2013) 
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GSI accelerator facility 19
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❖ intense proton beam from SIS-18 (~1010/spill) 

❖ 4g/cm2-thick 12C target 

❖ high resolution measurement of deuteron by FRS 

❖ overall missing-mass resolution : σ < 2MeV/c2

GSI S437 experiment (*) 20

Letter of Intent for GSI-SIS

Spectroscopy of η′ mesic nuclei
with (p, d) reaction

— Interplay of UA(1) anomaly and chiral restoration in η′ mass —

Collaboration

K. Itahashi1, H. Outa,
Nishina Center for Accelerator-Based Science, RIKEN, 2-1 Hirosawa, Wako,
351-0198 Saitama, Japan
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experimental setup 21
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experimental setup 21

2.5 GeV proton

12C target 2.7-2.9 GeV/c deuteron(proton)
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experimental setup 21

2.5 GeV proton

12C target 2.7-2.9 GeV/c deuteron(proton)

S1

S2
S3

S4

S0-S2: achromatic 
S0-S4: dispersive (~38mm/%)

plastic scintillator

aerogel Cerenkov counter

p/d separation (planned) 
on-line: aerogel Cerenkov counter 
off-line: TOF between S2 and S4  
                (diff. by ~20ns)

MWDC

aerogel Cerenkov counter
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expected spectrum w/ 4.5-day DAQ 22
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structure-finding probability in GSI 23
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structure-finding probability in GSI 23
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❖ Production Run (~5 days) : C(p,d) @ Tp=2.5 GeV 

‣ intensity (3−4)×1010 /spill 

‣ target thickness 4g/cm2 

‣ FRS scaling from -2% to 2% 

‣ (5−10)×106 deuterons in each scaling mode 

❖ Calibration Run : D(p,d)p @ Tp=1.6GeV 

❖ Reference Run : D(p,d) @ Tp=2.5 GeV 

‣ background measurement (p+(p/n)→d + multi π’s)

S437 Exp. : 1st-8th August 2014 24

η′ bound unbound

-100 -50 0 50 100
Eex - E0 [MeV]
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Calibration Run: D(p,d)p 25
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• information on optics 
• missing-mass resolution 
• stability of the system



Hiroyuki Fujioka (Kyoto Univ.), “International Conference on Exotic Atoms and Related Topics” (EXA2014)

particle identification 26
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particle identification 27
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particle identification 28
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particle identification 28
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particle identification 29

S2
S4

36m

→
tim

e

deuteron

proton 

proton

~20ns 
TOF (S2-S4) + offset [/25ps]

-5400 -5200 -5000 -4800 -4600 -4400 -4200 -4000 -3800 -3600

TO
F 

(S
C4

1-
SC

42
) +

 o
ffs

et
 [/

25
ps

]

1000

1100

1200

1300

1400

1500

1600

1700

1800

TOF(S2-S4) vs TOF(SC41-SC42)

~2.5ns 

~2.5ns 

deuteron 

proton 

further analysis 
• Cerenkov signal 
• waveform analysis of 

S2, S4 scintillators

4m

(p,d) event selection



Hiroyuki Fujioka (Kyoto Univ.), “International Conference on Exotic Atoms and Related Topics” (EXA2014)

30



Hiroyuki Fujioka (Kyoto Univ.), “International Conference on Exotic Atoms and Related Topics” (EXA2014)

FAIR under construction 31

http://www.fair-center.eu

http://www.fair-center.eu
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32

 inclusive measurement at FAIR
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from FRS to Super-FRS 33
target

quadrupole

D1 D4

D3D2 SC1
SC2

S1 S2 S3
S430  dipoleo

proton
  beam ACMWDCFRS

Super-FRS

target

more intense beam (1011−13/spill?) 
and larger aperture of Super-FRS 

→ rejection of BG from beam dump 
→ rate capability of detectors 
→ faster DAQ 
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❖ one order of magnitude 
higher trigger rate 

❖ R&D of 64ch readout 
board for MWDC 

‣ ASD + FlashADC + TDC 

‣ originally developed 
for Belle-II CDC 

‣ sub-trigger module 
for trigger distribution

all-in-one readout board 34

Taniguchi et al., NIM A732, 540 (2013) 
H. Yamakami (Kyoto Univ.)
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35

semi-exclusive measurement at FAIR
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Why semi-exclusive measurement? 36
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❖ one-nucleon absorption: η′N→ηN, (πN) 

❖ two-nucleon absorption: η′NN→NN 

‣ higher energy than in any mesonic processes

coincidence of decay particles 37

FORMATION OF η′(958)-MESIC NUCLEI BY . . . PHYSICAL REVIEW C 87, 045201 (2013)

FIG. 5. Calculated spectra of the 12C(p,d)11C ⊗ η′,
12C(p,d)11C ⊗ ω, and 12C(p,d)11C ⊗ φ reactions for the formation
of meson-nucleus systems with proton kinetic energy Tp = 2.6 GeV
and deuteron angle θd = 0◦ as functions of the excited energy Eex.
E0 is the η′ production threshold. The η′-nucleus optical potential
is (V0, W0) = −(100, 10) MeV, the ω-nucleus optical potential is
(V0, W0) = −(−42.8, 19.5) MeV [34], and the φ-nucleus optical
potential is (V0, W0) = −(30, 10) MeV [35–38]. The thin solid line
shows the η′ production, and the dashed and dot-dashed lines indicate
the ω and φ meson productions. The contributions of mesonic states
with partial waves up to ℓ = 6 for each meson are included in the
calculation.

this low-energy scattering wave of η′ closer to the daughter
nucleus, enhancing its overlap with the nucleon wave functions
and consequently producing a larger cross section. Therefore,
we can consider this enhancement to give an indication of
the attractive η′-nucleus interaction if observed. We find
that, even in a large imaginary case of −(150, 20) MeV,
we can see a clear peak corresponding to this threshold
enhancement, indicating the attractive nature of the η′-nucleus
optical potential. In the Appendix, we show various cases of the

strength of the real optical potentials to see the experimental
feasibility systematically. We find that, in the weak attraction
V0 = −50 MeV case, we cannot see peak structures with
larger absorption |W0| ! 15 MeV, while in the strong attraction
|V0| ! 100 MeV case we can see clear peaks even in the
large absorption W0 = −20 MeV, which corresponds to the
absorption width & = 40 MeV.

The contributions from other meson production processes
are shown in Fig. 5. Because we are considering the inclusive
reaction in this article, the productions of other mesons having
close masses also contribute to the spectra of the (p,d) reaction
in addition to the formation of the η′-mesic nuclei. Here,
we take the contributions from the ω and φ mesons into
account in Fig. 5. The incident proton kinetic energy is set
to be Tp = 2.6 GeV. The φ-nucleus interaction is taken as
Vφ = −(30 + 10i)ρ(r)/ρ0 MeV which corresponds to the 3%
mass reduction of the φ meson at normal saturation density.
The imaginary part of the optical potential has been estimated
by using the chiral unitary approach, and W0 = −10 MeV is
used here as in Ref. [35]. The elementary cross section of
pn → dφ is estimated as (dσ/d))lab = 13.5 µb/sr by using
the experimental data [39]. As we can see in the figure, the
contribution from the φ meson is negligibly small owing to the
large momentum transfer for the φ meson production.

In contrast to the φ meson, we find that the ω meson
production gives larger contribution to the η′ bound region.
Although it is still unknown whether the ω-nucleus interaction
is attractive or repulsive, we consider the case that the
ω-nucleus optical potential is repulsive as Vω = −(−42.8 +
19.5i)ρ(r)/ρ0 MeV [34,40] because in the repulsive case the
quasifree ω contribution above the ω production threshold
is enhanced and then it overlaps the η′ bound region [15].
The elementary cross section of pn → dω in the laboratory
frame with Tp = 2.6 GeV is estimated as 27 µb/sr by using
the experimental data [41]. As shown in Fig. 5, although the
contribution of the quasifree ω is large, the strength of the
tail around the η′ threshold, where we can see the clear peak

FIG. 6. (Color online) 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 evaluated in Ref. [19], which correspond to the η′ scattering lengths |aη′p| = (a) 0.3, (b) 0.5, and (c) 1.0 fm, respectively.
The thick solid lines show the total spectra and dashed lines show subcomponents as indicated in the figure. The inset figure in panel (a) shows
the structure of the subcomponents in closeup.

045201-5

Nagahiro et al., PRC 87, 045201 (2013) 
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high-energy  protons from η′ mesic nuclei 38
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high-energy  protons from BG (multi π) 39
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Y. Higashi 
(Nara Women's Univ) 

work in progress

simulation by a 
microscopic 

transport model (JAM)
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❖ just conceptual… 

‣ 10 layers of Sci/Brass 
sampling calorimeter 

‣ p/π± separation by use 
of neural network? 

‣ work in progress

range counter for proton detection 41

(conceptual design)

proton beam

brassscintillator
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conclusion 42
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❖ possible existence of η′-nucleus bound state, due to 
partial restoration of chiral symmetry in medium
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conclusion 42



Hiroyuki Fujioka (Kyoto Univ.), “International Conference on Exotic Atoms and Related Topics” (EXA2014)

❖ possible existence of η′-nucleus bound state, due to 
partial restoration of chiral symmetry in medium

❖ inclusive measurement of (p,d) reaction at GSI/FAIR

‣ high statistics and high resolution

‣ near-threshold structure = signature of attractive int.

‣ First experiment S437 carried out in August 2014

‣ verified experimental feasibility

conclusion 42



Hiroyuki Fujioka (Kyoto Univ.), “International Conference on Exotic Atoms and Related Topics” (EXA2014)

❖ possible existence of η′-nucleus bound state, due to 
partial restoration of chiral symmetry in medium

❖ inclusive measurement of (p,d) reaction at GSI/FAIR

‣ high statistics and high resolution

‣ near-threshold structure = signature of attractive int.

‣ First experiment S437 carried out in August 2014

‣ verified experimental feasibility

‣ DAQ upgrade in progress for higher statistics at FAIR 

conclusion 42



Hiroyuki Fujioka (Kyoto Univ.), “International Conference on Exotic Atoms and Related Topics” (EXA2014)

❖ possible existence of η′-nucleus bound state, due to 
partial restoration of chiral symmetry in medium

❖ inclusive measurement of (p,d) reaction at GSI/FAIR

‣ high statistics and high resolution

‣ near-threshold structure = signature of attractive int.

‣ First experiment S437 carried out in August 2014

‣ verified experimental feasibility

‣ DAQ upgrade in progress for higher statistics at FAIR 

❖ semi-exclusive measurement planned at FAIR

conclusion 42



Hiroyuki Fujioka (Kyoto Univ.), “International Conference on Exotic Atoms and Related Topics” (EXA2014)

❖ possible existence of η′-nucleus bound state, due to 
partial restoration of chiral symmetry in medium

❖ inclusive measurement of (p,d) reaction at GSI/FAIR

‣ high statistics and high resolution

‣ near-threshold structure = signature of attractive int.

‣ First experiment S437 carried out in August 2014

‣ verified experimental feasibility

‣ DAQ upgrade in progress for higher statistics at FAIR 

❖ semi-exclusive measurement planned at FAIR

‣ high-energy proton from η′pN→pN in coincidence

conclusion 42


