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Meson mass and symmetry in QCD
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η  meson in-medium′ 

η  meson 
in nuclei
′ 

11C

η -meson in nuclei′ 

‣ Partial restoration of chiral symmetry. 

‣ Reduction of Mη  is predicted.′ 

NJL model

-150 MeV/c2

[1] H. Nagahiro et. al., 
PRC 74, 045203 (2006)

[2] S. Sakai et al., D. Jido, 
PRC 88, 064906 (2013)

Linear σ model

-80 MeV/c2

η -meson in vacuum′ 

‣ Mη  = 958 MeV/c2  (especially large) due to 

‣ Chiral symmetry breaking. 

‣ UA(1) anomaly.

′ 

π

K
η

η′ 

0.5

1.0

0

Mass (vacuum) [GeV/c2]

η′ 

3



η  meson in-medium′ 

η  meson 
in nuclei
′ 

11C

η -meson in nuclei′ 

‣ Partial restoration of chiral symmetry. 

‣ Reduction of Mη  is predicted.′ 

η -meson in vacuum′ 

‣ Mη  = 958 MeV/c2  (especially large) due to 

‣ Chiral symmetry breaking. 

‣ UA(1) anomaly.
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Attractive potential : Vη’A(r) = ΔMη’(ρ0) (ρ(r)/ρ0)

Bound states are expected (η -mesic nuclei)′ 

Study of in-medium properties

3



p

12C
2.5 GeV

11C ⊗ η′ 

η′ d
Momentum analysis

Missing mass 
spectroscopy

Direct search for η -mesic nuclei in 2014 (GSI-S437)′ 

5.8

5.6

5.2

5.0

4.8

d2
σ/

(d
Ω

dE
) [

µb
/(s

r M
eV

)]

5.4

-40-60-80-100 -20 0 20

η  production threshold′ 

No structure

Measured Spectrum

Multiple π B.G.

S/B ~<1/100

Eex-E0 [MeV]
Y. K. Tanaka et al., Phys. Rev. C 97, 015202 (2018)
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p

Detect proton 
from decay

Decay

Major decay modes

H. Nagahiro, Nucl. Phys. A 914, 360 (2013).

Direct search for η -mesic nuclei in 2022 (GSI-S490)′ 

Y. K. Tanaka et al., Phys. Rev. C 97, 015202 (2018)

‣ η  N → ηN 

‣ η  N → πN 

‣ η  NN → NN

′ 

′ 

′ 

p

12C
2.5 GeV

11C ⊗ η′ 

η′ d

‣ Coincident measurement of   
and  

‣ Detect      backward 
‣ Expected ~100 times better S/B.

p
p
d

5

Pp = 1 GeV/c



Fig. 2 The distributions of protons emitted in the inclusive 12C(p, d)X reaction in the

plane of the proton momentum pp and cos ✓p of the proton emission angle ✓p in the laboratory

system. The simulated result of the background processes is shown in (left), and that of the

signal process from the ⌘0 mesic nucleus decay by the two-body absorption ⌘0NN ! NN is

shown in (right).

Table 1 Improvement factor fS/B of the S/B ratio by the semi-exclusive 12C(p, dp)

reaction from the inclusive 12C(p, d) reaction defined in Eq (2). The improvement factor is

normalized to be 1 for the inclusive reaction where no cut condition for protons is imposed. In

the semi-exclusive 12C(p, dp) reaction considered here, protons in the final state are observed

at backward angles with high momenta. The lowest value of the proton momentum pp and

the largest value of cos ✓p of the proton emission angle ✓p are shown as the cut conditions.

The events with protons with higher momenta and larger emission angles (smaller cos ✓p
values) than the cut conditions are accumulated for both background and signal processes

and used to evaluate the improvements of the S/B ratio.

Proton momentum cut [GeV/c]

Proton angle cut pp > 0.6 > 0.7 > 0.8 > 0.9 > 1.0

0.50 > cos ✓p 1.7⇥ 10 4.1⇥ 10 1.1⇥ 102 2.8⇥ 102 6.6⇥ 102

0.25 > 2.0⇥ 10 5.4⇥ 10 1.5⇥ 102 4.1⇥ 102 1.1⇥ 103

0.00 > 2.3⇥ 10 6.5⇥ 10 1.9⇥ 102 5.4⇥ 102 1.6⇥ 103

�0.25 > 2.6⇥ 10 7.3⇥ 10 2.2⇥ 102 6.3⇥ 102 1.9⇥ 103

�0.50 > 2.7⇥ 10 7.9⇥ 10 2.4⇥ 102 7.2⇥ 102 2.4⇥ 103

�0.75 > 2.9⇥ 10 8.7⇥ 10 2.6⇥ 102 8.9⇥ 102 3.7⇥ 103

than 90� in the semi-exclusive measurements, the S/B ratio is found to be about 200 times

larger than that of the inclusive spectra. Consequently, if the signal cross section were of the

order of 1000 times smaller than the inclusive cross section, the S/B ratio would still be of

the order of 20%.

5/7

Fig. 2 The distributions of protons emitted in the inclusive 12C(p, d)X reaction in the

plane of the proton momentum pp and cos ✓p of the proton emission angle ✓p in the laboratory

system. The simulated result of the background processes is shown in (left), and that of the

signal process from the ⌘0 mesic nucleus decay by the two-body absorption ⌘0NN ! NN is

shown in (right).

Table 1 Improvement factor fS/B of the S/B ratio by the semi-exclusive 12C(p, dp)

reaction from the inclusive 12C(p, d) reaction defined in Eq (2). The improvement factor is

normalized to be 1 for the inclusive reaction where no cut condition for protons is imposed. In

the semi-exclusive 12C(p, dp) reaction considered here, protons in the final state are observed

at backward angles with high momenta. The lowest value of the proton momentum pp and

the largest value of cos ✓p of the proton emission angle ✓p are shown as the cut conditions.

The events with protons with higher momenta and larger emission angles (smaller cos ✓p
values) than the cut conditions are accumulated for both background and signal processes

and used to evaluate the improvements of the S/B ratio.

Proton momentum cut [GeV/c]

Proton angle cut pp > 0.6 > 0.7 > 0.8 > 0.9 > 1.0

0.50 > cos ✓p 1.7⇥ 10 4.1⇥ 10 1.1⇥ 102 2.8⇥ 102 6.6⇥ 102

0.25 > 2.0⇥ 10 5.4⇥ 10 1.5⇥ 102 4.1⇥ 102 1.1⇥ 103

0.00 > 2.3⇥ 10 6.5⇥ 10 1.9⇥ 102 5.4⇥ 102 1.6⇥ 103

�0.25 > 2.6⇥ 10 7.3⇥ 10 2.2⇥ 102 6.3⇥ 102 1.9⇥ 103

�0.50 > 2.7⇥ 10 7.9⇥ 10 2.4⇥ 102 7.2⇥ 102 2.4⇥ 103

�0.75 > 2.9⇥ 10 8.7⇥ 10 2.6⇥ 102 8.9⇥ 102 3.7⇥ 103

than 90� in the semi-exclusive measurements, the S/B ratio is found to be about 200 times

larger than that of the inclusive spectra. Consequently, if the signal cross section were of the

order of 1000 times smaller than the inclusive cross section, the S/B ratio would still be of

the order of 20%.

5/7

Signal 
(ηNp → Np)′ 

Simulated p distribution 
(intra-nuclear cascade simulation)

Background

Direct search for η -mesic nuclei in 2022 (GSI-S490)′ 
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‣ Coincident measurement of   
and  

‣ Detect      backward 
‣ Expected ~100 times better S/B.

p
p
d

https://arxiv.org/abs/2406.06058


Background

Signal

pη′ 

dη′ 

Simulated spectrum

(V0, W0) = (-90, -17) [MeV]

η -nucleus optical potential 
Vη  (r) = (V0 + iW0) ρ(r)/ρ0

′ 

′ 

Direct search for η -mesic nuclei in 2022 (GSI-S490)′ 
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p
p
d



‣ Superconducting Solenoid Magnet. 
➡ 1T Magnetic Field. 

‣ Mini-Drift Chamber (MDC). 
➡ Charged particle tracking. 

‣ Plastic Scintillators (PSB/PSBE/PSFE). 
➡ Timing & ΔE Measurement. 

‣ CsI Electromagnetic Calorimeter. 
➡ Charged particle & γ Energy.

Experimental setup for η’-mesic nuclei spectroscopy in 2022
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WASA-at-FRS setup in FAIR phase-0 (2021)
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Momentum analysis 
of forward deuteron
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WASA for decay 
particle measurement
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SC43

2.5 GeV 
~ 3×108 /s

p + 12C  11C×η  + d→ ′ 

p + X
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Inclusive excitation-energy spectrum

Evaluated excitation-energy from d momentum.

Consistent result with the previous experiment in 2014.
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‣ PSB analysis for ΔE and hit timing. 
‣ 2.5 GHz waveform data analysis. 
‣ Software QDC and CFD analysis.

WASA detectors analysis (PSB)

PSB

Newly Developed PSB 
(R.Sekiya et.al., NIM A 1034 (2022) 166745)
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‣ PSB analysis for ΔE and hit timing. 
‣ 2.5 GHz waveform data analysis. 
‣ Software QDC and CFD analysis.

WASA detectors analysis (PSB)

hist_slat_tof_py__1

Entries  135687

Mean   0.001518

Std Dev    0.3692

2− 1.5− 1− 0.5− 0 0.5 1 1.5 20

2000

4000

6000

8000

10000

12000

14000
hist_slat_tof_py__1

Entries  135687

Mean   0.001518

Std Dev    0.3692

hist_slat_tof

Preliminary

Overlapped TOF [ns]

σ(TOF)~100 ps

σ(PSB)~70 ps

Slat1
Slat2

Slat3…

12



- Track finding is performed in X-Y plane. 

- Firstly, we selected the wires associated with 
each PSB hit. 

- The wires with drift time and TOT cut. 

- The wires within ±30° from the hit PSB. 

- The stereo layers are rotated according to z-
position of PSB. 

- We searched for “tracks” by fitting with a circle 
passing through the origin with excluding fake 
hit wires. 

- The selected wires are denoted by 
magenta color.

The track finding is done with algorithm “Elastic 
arm algorithm” (EAA) explained in the backup.

Track finding

±30°

8

‣ MDC Tracking for momentum measurement. 
‣ Track Finding in X-Y plane with Elastic Arm Algorithm. 
‣ Hit wires selection with given PSB hits. 

‣ Tracking with Kalman Filter. 
‣ σ (residual) ~ 200 [um]

WASA detectors analysis (MDC)

Track Finding by EAA

X [mm]

Y 
[m

m
] Hit wires

Track

GENFIT Event Display

Tracking by Kalman Filter
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PID by WASA detector (ΔE-P)
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PID with WASA detector is nicely achieved

Tracking by Kalman Filter

‣ MDC Tracking for momentum measurement. 
‣ Track Finding in X-Y plane with Elastic Arm Algorithm. 
‣ Hit wires selection with given PSB hits. 

‣ Tracking with Kalman Filter. 
‣ σ (residual) ~ 200 [um]
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PID by TOF inside WASA
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PID Summary

TOF(WASA) = TPSB - TTARGET(START)

cβ(WASA) = (Track Length) / TOF(WASA)
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‣ Particle identification with the WASA is nicely achieved. 
‣ Evaluation of (β, P, ΔE) resolution are ongoing for reasonable p selection. 
‣ Averaged momentum from (β, P, ΔE) will give much better p-π separation 

at P ~ 1 GeV/c.



‣ We performed missing-mass spectroscopy in 12C(p,dp) reaction to search for η -mesic 

nuclei at the FRS in GSI in 2022. 
‣ d momentum measurement with the FRS. 
‣ p selection with the WASA detector. 
‣ 3.5 days physics run and 1.1×107 d events are accumulated. 

‣ The forward d identification and evaluation of excitation energy have been done. 
‣ The inclusive spectra is consistent with the previous experiment in 2014. 

‣ PID in the WASA detector is nicely working with measured P, ΔE and β. 
‣ Evaluation of (P, ΔE, β) resolution is ongoing for reasonable p selection. 
‣ Averaged momentum with (P, ΔE, β) will give better p-π separation in our region of 

interest (P ~ 1 GeV/c).

′ 

Summary

‣ Discussion on the semi-exclusive spectrum and physics interpretation 
in our collaboration group. 

‣ Final semi-exclusive spectrum will be coming soon.
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FORMATION OF η′(958)-MESIC NUCLEI BY . . . PHYSICAL REVIEW C 87, 045201 (2013)

FIG. 8. 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. Various combinations of the potential
strength are considered within the range of V0 = −50–200 MeV and W0 = −5–20 MeV as indicated in the figure. The thick solid lines show
the total spectra and dashed lines indicate subcomponents. The neutron-hole states are indicated as (n#j )−1

n and the η′ states as #η′ .
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APPENDIX

In this Appendix, we show the calculated 12C(p,d)11C ⊗ η′

spectra at Tp = 2.5 GeV with various combinations of the
potential strength with the range of V0 from −50 to −200 MeV
and W0 = −5 to −20 MeV in Fig. 8.
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Theoretical spectra with Green’s function methods
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‣ FRS optics analysis 
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FRS optics calibaration
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η - nucleus optical potential′ 

Vη  (r) = (V0 + iW0) ρ(r)/ρ0′ 

V0 = -39 ± 7stat ± 15syst  MeV [1,2]

W0 = -13 ± 3stat ± 3syst  MeV [3,4]

CBELSA / TAPS

COSY-11 [5]

MISSING-MASS SPECTROSCOPY OF THE 12C(p, … PHYSICAL REVIEW C 97, 015202 (2018)
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FIG. 11. A contour plot of µ95 (solid curves), the 95% C.L. upper
limit of the scale parameter µ for the theoretical formation spectra, on
the real and imaginary potential plane (V0,W0). The limits have been
analyzed at the potential sets listed in Table II and linearly interpolated
in-between. The systematic errors on the µ95 = 1 contour are shown
by the dashed curves. The region with µ95 ! 1 is excluded by the
present analysis. See the text for further explanation.

Here, a strongly attractive potential of the order of V0 ≈
−150 MeV, as predicted by the NJL model, is rejected within
the present analysis for the region of the imaginary potential
of |W0| ! 24 MeV. The current experiment has very limited
sensitivity in a shallower potential region where some small
peak structures are predicted in the theoretical formation spec-
tra [29], as shown in Fig. 10 (bottom), for example. Therefore,
an improvement of the experimental sensitivity is necessary to
further investigate the existence of η′-mesic nuclei.

One of the possible approaches for the next step is a
semiexclusive measurement by simultaneously detecting the

chiral unitary
 

linear sigmaNJL

CBELSA/
TAPS

QMC 
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FIG. 12. Obtained constraint and currently known information
on the η′-nucleus potential (V0 + iW0) at normal nuclear density.
The shaded region (µ95 ! 1) represents the region excluded within
the present analysis. The rectangular box shows real and imag-
inary potentials evaluated in η′ photoproduction experiments by
the CBELSA/TAPS Collaboration [20–23]. Theoretical predictions
based on the NJL model [9,10], the linear sigma model [11], the
QMC model [12], and the chiral unitary approach [41] are indicated
by the dashed lines.

FIG. 13. Simulated kinetic energy distributions of protons emit-
ted in the decay of η′-mesic nuclei. Three decay modes are considered:
η′N → ηN (thin gray), η′N → πN (thin black), and η′NN → NN

(thick). The integral of each distribution is normalized to unity.

forward deuteron in the 12C(p,d) reaction for missing-mass
spectrometry and decay particles from η′-mesic nuclei for
event selection. A large amount of the continuous background
dominating the present spectrum in Fig. 8, which is under-
stood as quasifree multi-pion production, will be suppressed
by tagging the decay particles. As discussed in Ref. [42],
major decay modes of the η′-mesic nuclei are expected to be
one- and two-nucleon absorption: η′N → ηN , η′N → πN ,
and η′NN → NN . Among them the two-nucleon absorption
process has a distinguishing feature in the emitted proton (or
neutron) energy of ∼300–600 MeV, as simulated in Fig. 13
assuming the Fermi motion of nucleons in the nucleus [43].
A simulation based on an intranuclear cascade model [44] has
shown that the signal-to-background ratio will be increased by
two orders of magnitude compared to the present experiment
by selecting energetic protons in the backward angular range
(θ lab

p " 90◦) in the laboratory [45].
The semiexclusive measurement will be performed in the

near future. This experiment is feasible with the FRS at
GSI and the next-generation Super-FRS [46] at FAIR, as the

1 m0FRS F2

quadrupole
   magnet 

beam-line
detectors

p d

WASA central 
detector

carbon target

proton
beam

FIG. 14. A schematic view of an experimental setup for the
semiexclusive measurement. A 2.5 GeV proton beam impinges on
a carbon target. The forward deuteron is momentum analyzed by the
downstream FRS section. The proton emitted backward in the decay
of η′-mesic nuclei is identified by the WASA central detector [47,48].
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In order to search for the circle with excluding outlier hits, we 
consider to minimize the following function: 

E(w; θ) =
N

∑
i=1 (wi

di(xi; θ)
λi

+ (1 − wi)) + V(θ)

xi

f(x; θ) = 0

   wires

d(xi; θ)

Partition function:  

Free energy: 

Z = ∑
w

exp(−βE(w; θ)) = e−βV(θ)
N

∏
i=1

(e−β di
λi + 1)

F(θ) = −
1
β

log Z = −
1
β

N

∑
i=1

log (1 + e−β( di
λi

−1)) + V(θ)

In the present case,  
f(x,y;a,b) = (x-a)2+(y-b)2-a2-b2

- wi = 0 or 1 for i = 1, 2, … N. 
- λi … threshold to judge the wire is signal or outlier. 
- θ … fitting parameters 
- V(θ) …  constraint on θ. In the present analysis, 

constraint to make the circle pass through PSB.

Minimization of E(w;θ)

Function to be minimized

We do not minimize E(w;θ) directly, but instead we minimize 
Helmholtz free energy F(θ) as decreasing the temperature T.

Fig. 1 in ref. [2]

https://www.sciencedirect.com/science/article/pii/S0010465599002313
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