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Photoproduction of η mesons off the proton 
B. Kusche et al., PRL 74 (1995) 3736; cited 344 times

B.Krusche et al., Z. Phys. A 351 (1995) 237

η - production dominated by S11(1535) excitation

PDG: M = (1510±10) MeV;  Γ = (130±20) MeV

γ p → S11(1535) → p η

240 

detection probability for 4-fold coincidences by a factor of 
4.5. The results are summarized in table 1. 

16 

12 

~ a  

4 

[ ~ 

o T;-;-; - - - - .  I i~ ~ 

e~ 
t ,  

t 

t 

o 

, I 
700 

0.8 F 

I 
I I 

E~[MeV] 

I I 

I I 

800 

Fig. 4. Total cross section of the fi, p ~ p~ reaction. The full squares 
are the results from ~ / ~  2"(, the circles from ~ / ~  3w ~ decays with three 
detected photons and the triangles from r / ~  37r ~ decays with four detected 
photons. The upper insert shows the modelled detection efficiency (solid 
line: rl ~ 2% dashed line: 3-fold coincidences from r / ~  37r ~ dash-dotted 
line: 4-fold coincidences from r/---, 37r~ The insert at the bottom displays 
in historical sequence all values (open circles) of the R 94 as used by 
the PDG to derive the recommended value which is indicated by the lines. 
The full square represents the result of this experiment 

Table 1. Values deduced for the RI branching ratio. Analysis A includes all 
photon showers, B excludes the edge detectors. Separate entries are given 
for the determination of the ~/--~ 31r ~ cross section from 3-fold and 4-fold 
coincidences and the average of both 

Analysis 3-fold 4-fold average 
A 0.837 :k 0.009 0.830 4- 0.006 0.833 4- 0.005 
B 0.821 4- 0.012 0.844 4- 0.012 0.831 4- 0.008 

We obtain a final result of 

Rl=(0.832 + 0.005 4- 0.012) 

where the systematic error of 1.5 % was estimated from the 
variation of the ratio for different cut conditions. This value 
is slightly higher but consistent with the result of the GAMS 
measurement [9], R1=(0.822 + 0.009). 

4 Conclusions 

Precise values of the mass of the q-meson and its decay 
branching ratio Fa~o/F77 have been measured. The low 
value of m, 7 reported in Ref. [5] was confirmed, the present 
value of the decay branching is larger by about one standard 
deviation than that of Ref. [9]. In principle, the new method 
for the measurement of the q-mass presented here could be 
more precise. In a dedicated experiment with a recalibrated 
tagging spectrometer one could use a "tagger-microscope" 
to reduce the width of the photon energy bins and at least 
two different field settings of the tagging spectrometer to 
eliminate any possible systematic errors in its calibration. 
Such an investigation can be foreseen for the next round of 
TAPS experiments at MAMI scheduled for 1995. 
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cause the energy transfered to the atomic nuclei of the radia- 
tor foil is negligible. In the Glasgow tagging system installed 
at Mainz, the residual electron energy is measured by a mag- 
netic spectrometer and the detector array in its focal plane 
defines energy bins of width 1.7 MeV in the region of the 
q-production threshold. The accuracy with which the photon 
energies of these bins are known is dependent on the energy 
calibrations of the microtron and the tagging spectrometer. 

The electron energy delivered by MAMI at the nominal 
field of the 180 o bending magnets of the third microtron 
(RTM 3) and an accelerating frequency of 244.532 MHz has 
been determined to a precision of AE/E~2•  10 -4 at full en- 
ergy by measuring the distance of beam paths in RTM 3 [17]. 
The result for the total electron energy is Eo=(855.10+0.16) 
MeV, which is in very good agreement with the result ob- 
tained from a calculation using the code PTRACE (855.1 
MeV). 

The tagging spectrometer was calibrated in two ways, 
one based on a calculation of the electron trajectories in the 
mapped magnetic field and the other relying on scanning the 
focal plane using a very low current incident electron beam 
from MAMI at several energies between 855 MeV and 180 
MeV. Systematic errors arise in the first method due to the 
uncertainty in the focal plane position survey and approxi- 
mations made in the trajectory calculation. The scan results 
are subject to additional uncertainty because the magnetic 
field has not been fully mapped at lower excitations. From 
the estimated errors of the two calibrations and the level 
of agreement between them, the accuracy of the combined 
calibration used in this analysis is judged to be 4-400 keV 
for E 7 ,-~700 MeV. According to Eq. 1 this uncertainty cor- 
responds to a systematic error in the determination of the 
q-mass of +250 keV. 

A more careful calibration is planned which should allow 
the accuracy to be improved by a factor of 2-3 for future 
measurements. 

The q-mesons were detected via their 7-decay modes 
with the TAPS detector system which measures the energies 
and emission angles of the decay photons. The spectrome- 
ter consists of hexagonally shaped BaF2 crystals of 25 cm 
length and 5.9 cm diameter (face to face). The 320 individ- 
ual modules were arranged in 5 blocks each forming an 8 x 
8 matrix. The blocks were placed in one plane around the 
target at a distance of 55 cm at polar angles of 4-38 ~ 4-55 ~ 
and 133 ~ . With the exception of the 133 ~ block, all modules 
were equipped with individual plastic veto detectors. 

Photons were identified by eliminating particles with the 
aid of the veto detectors, pulse-shape analysis (PS) and time- 
of-flight analysis (TOF) [18]. The combined application of 
these methods produced a background free excitation func- 
tion of events with at least two coincident photons [18] 
originating from 7r ~ production, double 7r ~ production and 
the three dominant decay channels of the q-meson, namely 
q 4-+27, r/---+37r ~ and ~/--* 7r+Tr-Tr ~ 

Events from the 27-decay of the q-meson were identified 
with a standard invariant mass analysis using 

Mo~v = (2ETt E-r2(1 - cos4)77)) 1/2, (2) 

where ET,, E.r2 are the photon energies and ~.y.~ is the open- 
ing angle between them. The result is plotted in Fig. 1. Com- 
binatorial background from 27r ~ production and 37r ~ decays 

of the q-meson, which arises from events where two pho- 
tons from different ~r~ are detected and combined, 
is apparent at small invariant masses. An analysis of double 
7r~ below the q-threshold and a simulation of the 
37r~ of q-mesons showed, that this background does 
not extend above Mi,~ ~480 MeV. Therefore only events 
with an invariant mass above this limit were selected. The in- 
variant mass spectnlrn for the q ~ 2 7  decay was simulated 
with the GEANT3-code [19], including all features of the 
target and detector setup. Approximately 10 % of the simu- 
lated events generated an invariant mass below the analysis 
threshold. The very good agreement between the measured 
and simulated invariant mass peaks (see Fig. 1) allowed the 
determination of this fraction with an accuracy of better than 
5 %, so that the systematic error introduced by the invariant 
mass cut is smaller than 0.5 %. 
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Fig. 1. Invariant mass spectrum from photoproduction from the proton 
(solid histogram). The region of the r/-peak (E~ > 400MeV) is scaled up 
by a factor of 20. The dashed histogram indicates the result of a Monte 
Carlo simulation of the 7P -'-* pr/reaction. For the analysis of this reaction 
a cut was applied at Minv > 480 MeV 

The 37r ~ of the q-meson can be identified by pho- 
ton multiplicity alone, because in the energy range of in- 
terest no other reaction produces more than four photons. 
However, due to the modest solid angle coverage of TAPS 
(~  23 % of 4~r) the count rates for 6- and 5-fold coinci- 
dences were too low to provide comparable accuracy to the 
27-decay. We therefore have to rely on 3-fold and 4-fold 
coincidences. For both types of events the only significant 
background comes from the 7P ~ P 7r~176 reaction since con- 
tributions from the r / ~  7r~ decay are negligible (< 10 -2 
%). In the case of 3-fold coincidences this reaction cannot 
be suppressed and the background must be determined by 
fitting below q-production threshold. It makes up about 50 
% of the total 3-fold yield, which is therefore used only very 
close to threshold (< 740 MeV), where its contribution can 
be linearly extrapolated. 

Due to detection probability effects 27r ~ production con- 
tributes much less to the 4-fold coincidence yield. Further- 
more, events from this reaction are kinematically overdeter- 
mined in the 4-fold coincidence channel. We may compute 

TAPS: 6 block array with 512 BaF2 detectors
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TAPS workshop 2003 at Rauischholzhausen 
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4π modular photon detector systems
CBELSA/TAPS (Bonn) :  Eγ ≤ 3.2 GeV

γ beam

1230 CsI(Tl) modules: 216 BaF2 modules

Crystal Ball (Mainz) : 
Eγ ≤ 1.55 GeV

γ beam

672 modules

384 modules

ideally suited for detection of multi-photon 
events from decays of neutral mesons 

emitted from excited nucleon resonances
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Photoproduction of η mesons off the neutron (proton) 

I. Jaegle et al., PRL 100 (2008) 252002   (CBELSA/TAPS)
B. Krusche et al., PLB 376 (1996) 331   (TAPS)

D.  Werthmüller et al., PRL 111 (2013) 232001 (Crystal Ball) 

exclusive measurement with complete reconstruction of the final state kinematics 
to remove Fermi motion effects in d, 3He

L. Witthauer et al et al., PRL EPJA 53 (2017) 58  (CBELSA/TAPS)

γ n → n η: narrow structure at W = (1670±5) MeV; Γ = (30±15) MeV
γ p → p η: dip at W≈1670 MeV, associated with opening of pω and KΣ channels ?

A.V. Anisovich et al., EPJA 51(2015)72: interference of S11(1535)1/2- and S11(1650) 1/2- ??

two problems:
1.) εn≈30%, εp≈95%,
2.) Fermi motion

γd→nη(p) γd→nη(p) 
γd→pη(n) 
γp→pη
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L. Witthauer et al et al., PRL 117 (2016) 132502 (Crystal Ball) 

double polarization observable: E
circularly polarised γ beam and longitudinally polarized target:

 decomposition of cross section into helicity-1/2 and helicity-3/2 contributions

1 1/2 1 1/2

γ p → p η γ n → n η

σ[
μb

]

σ[
μb

]

structure only seen in helicity-1/2 channel → only S11 and P11 resonances involved
best fit with  S11 wave + narrow P11 resonance at W=1670 MeV; but not listed in PDG
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The Basel team
PhD celebration Dominik Werthmüller (3.4.2013)



Photoproduction of η mesons off nuclei 
M. Roebig-Landau et al. PLB 373 (1996) 45    (TAPS)

σ = σ0 ⦁ Aα(T)

T. Mertens et al., EPJA 38 (2008) 195     (CBELSA/TAPS)

σabsηN = (30±6) mb

meson kinetic energy

λ = 2.0 fm < Rnuclei ;  α ≈ 2/3
almost independent of T

information on meson absorption in nuclei

9
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search for η - nucleus bound states 
M. Pfeiffer et al. 92 (2004) 252001  (TAPS)

F.  Pheron et al., PLB 709 (2012) 21 (Crystal Ball)

γ 3He →η 3He

missing energy spectra to select 
coherent η production

γ 3He →η X

F. Pheron et al. / Physics Letters B 709 (2012) 21–27 23

tection of recoil nucleons from non-coherent production processes
becomes much more efficient and can be used to suppress this
most important background.

2. Experiment and analysis

The experiment was performed at the tagged photon beam
of the Mainz MAMI accelerator [50,51]. The electron beam of
1508 MeV was used to produce bremsstrahlung photons in a cop-
per radiator of 10 µm thickness, which were tagged with the
upgraded Glasgow magnetic spectrometer [52–54] for photon en-
ergies from 0.45 GeV to 1.4 GeV. The typical bin width for the
photon beam energy (4 MeV) is defined by the geometrical size
of the plastic scintillators in the focal-plane detector of the tagger.
The intrinsic resolution of the magnetic spectrometer is better by
more than an order of magnitude. The size of the tagged photon
beam spot on the target was restricted by a 3 mm diameter colli-
mator placed downstream from the radiator foil. The target was a
mylar cylinder of 3.0 cm diameter and 5.08 cm length filled with
liquid 3He at a temperature of 2.6 K. The corresponding target den-
sity was 0.073 nuclei/barn.

The reaction products were detected with an electromagnetic
calorimeter combining the Crystal Ball detector (CB) [55] made of
672 NaI crystals with 384 BaF2 crystals from the TAPS detector [56,
57], configured as a forward wall. The Crystal Ball was equipped
with an additional Particle Identification Detector (PID) [58] for
the identification of charged particles and all modules of the TAPS
detector had individual plastic scintillators in front for the same
purpose. The PID, in combination with the Crystal Ball, and the
TAPS – TAPS-Veto system could be used for a E − !E analysis for
the separation of different charged particles. The Crystal Ball cov-
ered the full azimuthal range for polar angles from 20◦ to 160◦ ,
corresponding to 93% of the full solid angle. The TAPS detector,
mounted 1.457 m downstream from the target, covered polar an-
gles from ≈ 5◦ to 21◦ . This setup is similar to the one described
in detail in [59]. The only difference is that, in the earlier setup,
the TAPS forward wall consisted of 510 modules and was placed
1.75 m from the target.

For the present experiment the main trigger condition was a
multiplicity of two separated hits in the combined CB/TAPS sys-
tem and an integrated energy deposition of at least 300 MeV in
the Crystal Ball. Details for the basis of the data analysis including
calibration procedures, identification of photons and recoil nucle-
ons and the absolute normalization of cross sections are discussed
in [59]. Here, we will only outline the specific steps for the identi-
fication of coherent η-production. Results for quasi-free production
of η-mesons off nucleons bound in 3He in view of the structure re-
cently observed for η-photoproduction off the neutron [60,61] will
be reported elsewhere.

The analysis was based on the η → γ γ and η → 3π0 → 6γ
decay channels. The measurement of both channels allowed an ad-
ditional control of systematic uncertainties. Events were analyzed
with either two or six photon candidates and no further hit in
the detector system. The latter condition reduces the incoherent
background since events with recoil nucleons were suppressed. For
the two-photon decay, η-mesons were identified with a standard
invariant-mass analysis. Residual background under the η-peak
was subtracted by fitting the spectra with simulated line shapes
and a background polynomial. This procedure was applied individ-
ually for each combination of incident photon energy and meson
c.m.-polar angle. For the six photon decay, the photons were first
combined via a χ2-test to three pairs, which were the best so-
lution for three π0 invariant masses. A cut between 110 MeV
and 150 MeV was made on these invariant masses. Subsequently,
the six-photon invariant mass was constructed. The corresponding

Fig. 1. Missing energy spectra for the γ 3He → η3He reaction for the two-photon
and 3π0 decay modes for different ranges of incident photon energy. Black dots:
experiment. Curves: Monte Carlo simulations. Solid (red): coherent contribution;
dashed (blue): recoil taken by quasi-free nucleon; dotted (green): recoil taken by
di-nucleon, solid (black) sum of all. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this Letter.)

spectra were basically background free under the η-peak (direct
triple-π0 production has a very small cross section in the energy
range of interest).

The most important step in the analysis is the separation of the
coherent reaction from breakup where nucleons are removed from
the nucleus. Since the 3He recoil nuclei cannot be detected (they
are mostly stopped in the target) only the overdetermined reaction
kinematics can be used. The kinetic energy of the η-mesons in the
γ -3He c.m.-system is fixed not only by the incident photon en-
ergy but also from the measured laboratory energy and polar angle
of the meson. The difference, the missing energy !E , is shown
for both data samples in Fig. 1 and compared to the simulated
line shapes of the coherent and breakup reactions. The simulations
were done with the Geant4 program package [62], taking into ac-
count all details of the target and detector setup. The simulation
of the coherent part is straightforward due to the two-body final-
state kinematics. In case of the breakup part, the momentum dis-
tribution of the bound nucleons has to be considered, and this was
taken from the work of McCarthy, Sick, and Whitney [63]. Several
final states, such as pd, npp with different participant – specta-
tor combinations, contribute. Good agreement between data and
simulations was achieved, at all the incident photon energies in-
vestigated, with three different reaction components: the coherent
process, the breakup process with a quasi-free participant nucleon,
and the breakup process where the recoil is taken by a ‘participant’
deuteron.

η→2γ           η→3π0→6γ
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search for η - nucleus bound states 
M. Pfeiffer et al. 92 (2004) 252001  (TAPS)

F.  Pheron et al., PLB 709 (2012) 21 (Crystal Ball)

γ 3He →η 3He

missing energy spectra to select 
coherent η production

γ 3He →η X

F. Pheron et al. / Physics Letters B 709 (2012) 21–27 23

tection of recoil nucleons from non-coherent production processes
becomes much more efficient and can be used to suppress this
most important background.
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The experiment was performed at the tagged photon beam
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1508 MeV was used to produce bremsstrahlung photons in a cop-
per radiator of 10 µm thickness, which were tagged with the
upgraded Glasgow magnetic spectrometer [52–54] for photon en-
ergies from 0.45 GeV to 1.4 GeV. The typical bin width for the
photon beam energy (4 MeV) is defined by the geometrical size
of the plastic scintillators in the focal-plane detector of the tagger.
The intrinsic resolution of the magnetic spectrometer is better by
more than an order of magnitude. The size of the tagged photon
beam spot on the target was restricted by a 3 mm diameter colli-
mator placed downstream from the radiator foil. The target was a
mylar cylinder of 3.0 cm diameter and 5.08 cm length filled with
liquid 3He at a temperature of 2.6 K. The corresponding target den-
sity was 0.073 nuclei/barn.

The reaction products were detected with an electromagnetic
calorimeter combining the Crystal Ball detector (CB) [55] made of
672 NaI crystals with 384 BaF2 crystals from the TAPS detector [56,
57], configured as a forward wall. The Crystal Ball was equipped
with an additional Particle Identification Detector (PID) [58] for
the identification of charged particles and all modules of the TAPS
detector had individual plastic scintillators in front for the same
purpose. The PID, in combination with the Crystal Ball, and the
TAPS – TAPS-Veto system could be used for a E − !E analysis for
the separation of different charged particles. The Crystal Ball cov-
ered the full azimuthal range for polar angles from 20◦ to 160◦ ,
corresponding to 93% of the full solid angle. The TAPS detector,
mounted 1.457 m downstream from the target, covered polar an-
gles from ≈ 5◦ to 21◦ . This setup is similar to the one described
in detail in [59]. The only difference is that, in the earlier setup,
the TAPS forward wall consisted of 510 modules and was placed
1.75 m from the target.

For the present experiment the main trigger condition was a
multiplicity of two separated hits in the combined CB/TAPS sys-
tem and an integrated energy deposition of at least 300 MeV in
the Crystal Ball. Details for the basis of the data analysis including
calibration procedures, identification of photons and recoil nucle-
ons and the absolute normalization of cross sections are discussed
in [59]. Here, we will only outline the specific steps for the identi-
fication of coherent η-production. Results for quasi-free production
of η-mesons off nucleons bound in 3He in view of the structure re-
cently observed for η-photoproduction off the neutron [60,61] will
be reported elsewhere.

The analysis was based on the η → γ γ and η → 3π0 → 6γ
decay channels. The measurement of both channels allowed an ad-
ditional control of systematic uncertainties. Events were analyzed
with either two or six photon candidates and no further hit in
the detector system. The latter condition reduces the incoherent
background since events with recoil nucleons were suppressed. For
the two-photon decay, η-mesons were identified with a standard
invariant-mass analysis. Residual background under the η-peak
was subtracted by fitting the spectra with simulated line shapes
and a background polynomial. This procedure was applied individ-
ually for each combination of incident photon energy and meson
c.m.-polar angle. For the six photon decay, the photons were first
combined via a χ2-test to three pairs, which were the best so-
lution for three π0 invariant masses. A cut between 110 MeV
and 150 MeV was made on these invariant masses. Subsequently,
the six-photon invariant mass was constructed. The corresponding

Fig. 1. Missing energy spectra for the γ 3He → η3He reaction for the two-photon
and 3π0 decay modes for different ranges of incident photon energy. Black dots:
experiment. Curves: Monte Carlo simulations. Solid (red): coherent contribution;
dashed (blue): recoil taken by quasi-free nucleon; dotted (green): recoil taken by
di-nucleon, solid (black) sum of all. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this Letter.)

spectra were basically background free under the η-peak (direct
triple-π0 production has a very small cross section in the energy
range of interest).

The most important step in the analysis is the separation of the
coherent reaction from breakup where nucleons are removed from
the nucleus. Since the 3He recoil nuclei cannot be detected (they
are mostly stopped in the target) only the overdetermined reaction
kinematics can be used. The kinetic energy of the η-mesons in the
γ -3He c.m.-system is fixed not only by the incident photon en-
ergy but also from the measured laboratory energy and polar angle
of the meson. The difference, the missing energy !E , is shown
for both data samples in Fig. 1 and compared to the simulated
line shapes of the coherent and breakup reactions. The simulations
were done with the Geant4 program package [62], taking into ac-
count all details of the target and detector setup. The simulation
of the coherent part is straightforward due to the two-body final-
state kinematics. In case of the breakup part, the momentum dis-
tribution of the bound nucleons has to be considered, and this was
taken from the work of McCarthy, Sick, and Whitney [63]. Several
final states, such as pd, npp with different participant – specta-
tor combinations, contribute. Good agreement between data and
simulations was achieved, at all the incident photon energies in-
vestigated, with three different reaction components: the coherent
process, the breakup process with a quasi-free participant nucleon,
and the breakup process where the recoil is taken by a ‘participant’
deuteron.

η→2γ           η→3π0→6γ

strong rise of cross section at threshold → 
strong η-3He final state interaction, but no convincing evidence for η-3He bound state

corresponding data with higher statistics obtained with hadron beams at COSY
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photoproduction of meson pairs

γ d → π0 η (p,n,d)

coherent π0 η production off d

π0 η production off 
the free and bound nucleon

cross section off bound nucleon 
suppressed by FSI

promising tool for studying η-nucleus interaction 
(search for η-A bound states) by selecting high 
momentum π0 and thus low momentum η mesons

A. Käser et al., PLB 748 (2015) 244  (Crystal Ball/TAPS)  

interesting results obtained by Ishikawa et al. (ELPH) PRC 104 (2021) L052201
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photoproduction of meson pairs
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momentum π0 and thus low momentum η mesons
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interesting results obtained by Ishikawa et al. (ELPH) PRC 104 (2021) L052201

more results from the Basel group; S. Lutterer; Thursday 17:00 
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