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At the Mainz Microtron MAMI hypernuclei can be produced by (e,e′K) reactions. A dedicated
kaon spectrometer positioned at 0◦ with respect to the incident electron beam is used to tag events
involving strangeness production. By measuring the momenta of pions from two body weak
decays one gains direct access to the ground state masses of the produced hyperfragments. In this
contribution the motivation of the experiment and the experimental challenges are presented.
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Figure 1: Two classes of reactions to produce and study hypernuclei. Missing mass spectroscopy which
employs kinematic information of the production process (left) and the decay spectroscopy which relies on
the detection of the decay products (right). At MAMI hypernuclei are produced in (e,e′K+) reactions. Pions
from the weak decay of deexcited hyperfragments are used to identify the hypernuclei.

1. Introduction

The recent observation of a two-solar mass neutron star J1614-2230 [1] significantly constrains
the hadronic equation of state at high densities (see e.g. [2] and references therein). However, our
limited knowledge of the hyperon-nucleon, the hyperon-hyperon and the three-body YNN or YYN
interactions and possible charge symmetry breaking in these interactions [3] still does not rule out
the appearance of hyperons in the inner core of neutron stars [4, 5, 6, 7, 8]. Indeed the presence
of hyperons may not only show up in the neutron star mass but can also play a crucial role in
the dynamics of the core-collapse supernovae or in neutron star mergers [9]. Non-mesonic weak
decays of hyperons may control the bulk viscosity of neutron star matter [10], thus regulating the
e.g. r-modes instability [11] of pulsars and may leave fingerprints in the emission of gravitational
waves [12]. These interrelations put the question of the matter composition of a neutron star and
its fate at increasing density in focus of hypernuclear research.

The domain of light nuclei is the natural testing ground for linking nucleons and sub-nucleon
degrees of freedom with complex nuclei. Combined with modern ab initio nuclear structure calcu-
lations (see e.g. [13] and references therein) this knowledge is essential to derive eventually a more
general and self-consistent description of the multi-baryon-baryon interaction. Chiral effective field
theory (χEFT) provides a link to QCD by obeying the relevant conservation laws and symmetries
in the low energy-momentum domain of nuclear few-body systems. A unique feature of χEFT is
the ability to determine in an order-by-order manner a hierarchy of many-body interactions which
otherwise are hardly accessible in a systematic way. Thus nucleon-nucleon interactions from χEFT
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Figure 2: Left: Hypernuclei showing two-body pionic decays and which are accessible by high precision
pion spectroscopy using a 7Li (light grey background), 9Be (grey) and 12C target (black). Already with
7Li and 9Be targets all isobars with A=6 can be studied. Right: Relative probabilities of hyperfragment
production predicted by a statistical decay model [14] for a primary 9

Λ
Li nucleus as a function of its excitation

energy. We also included in these calculations the recently observed 6
Λ

H hypernucleus [15] and a possible
bound nΛ system (see discussion in [16]).

Nucleus BΛ [MeV] Nucleus BΛ [MeV] ∆BΛ [MeV]
4
Λ

H 2.04±0.04 [27] 4
Λ

He 2.39±0.03 [27] 0.35±0.05
6
Λ

He 4.18±0.10 [27] 6
Λ

Li 5.89±0.37 [31] 1.71±0.38
7
Λ

He 5.68±0.03±0.25 [26] 7
Λ

Be 5.16±0.08 [27] -0.44±0.09±0.25
8
Λ

Li 6.80±0.03 [27] 8
Λ

Be 6.84±0.05 [27] 0.04±0.06
9
Λ

Li 8.50±0.12 [32] 9
Λ

B 8.29±0.18 [32] -0.21±0.22
10
Λ

Be 9.11±0.22 [27] 10
Λ

B 8.89±0.12 [27] -0.22±0.25
12
Λ

B 11.37±0.06, 11.52±0.35 [27] [25] 12
Λ

C 10.76±0.19 [27] -0.61±0.20, -0.76±0.40

Table 1: Λ separation energies for mirror hypernuclei with A≤ 12. Only in the case of 7
Λ

He [26] systematic
errors are explicitly quoted.

serve as a solid ground to link the basic long range nucleon-nucleon interaction to spectroscopic
information of bound nuclei or NN scattering data.

On the long term Lattice QCD promises to revolutionize not only our understanding of isolated
hadrons but also our picture of multi-hadron systems and nuclei. First calculations of nucleon-
nucleon and nucleon-hyperon interactions [17, 18] and explorative studies of light nuclei [19] and
hypernuclei [20] were already performed. Eventually they may provide stringent boundary condi-
tions for baryon-baryon potentials and will offer the extension into the regime of small distances
which is mandatory to describe neutron star matter. Clearly, also these calculations need guidance
by experimental data.

Ground state masses provide crucial benchmarks for any nuclear structure calculation. Like
in conventional nuclei, where e.g. charge symmetry breaking is visible in binding energy differ-
ences of mirror-nuclei [21], also mirror-hypernuclei are extremely important to explore the isospin
dependence of hyperon-nucleon interactions (see e.g. [22, 23]). Since the effects of multi-baryon
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forces or charge symmetry breaking are expected to be small in nuclei, high precision data on sev-
eral light hypernuclei are of vital importance for the unfolding and accurate determination of the
missing parts of interactions among the baryons of the fundamental SU(3) flavor octet. As can
be seen from Tab. 1 the present experimental situation on mirror hypernuclei is - even ignoring
possible systematic uncertainties - far from being satisfactory.

Employing quasi two-body kinematics, ground (and excited) hypernuclear states can be iden-
tified by a missing-mass analysis of the incident beam and the observed associated meson (left part
of Fig. 1). Because these reactions require stable target nuclei, the hypernuclei accessible by these
reactions are limited and all lie close to the valley of stability. In fact not a single pair of light mirror
nuclei can be produced using the same projectile i.e. the same reaction process [24]. Unfortunately,
a comparison of ground state masses from different reaction channels introduces large systematic
errors in the range of typically a few hundred keV (see e.g. Refs. [25, 26] and Tab. 1). On the
other hand, hypernuclei can be formed as secondary particles emerging from more or less violent
nuclear interactions. The formation of a hypernucleus is usually tagged by its delayed weak de-
cay producing a secondary vertex. Spectroscopic information is obtained exclusively by analysing
the decay products. Groundstate binding energies can then be derived from the observation of the
non-mesonic or the mesonic weak decays.

The production of a highly excited primary hypernucleus in an energetic nuclear reaction and
its subsequent decay gives access to a variety of light and exotic hypernuclei (left part of Fig. 2),
some of which cannot be produced or measured precisely by other means. Indeed, during the
first two decades of hypernucleus research, weak hypernuclear decays observed in nuclear emul-
sions were the main source of information on groundstate binding energies. Even today, emulsion
data (for a summary see [27]) provide for many nuclei the most precise value for the Λ-binding
energies (see Tab. 1). The monoenergetic pions produced in the weak mesonic two-body decay
of hypernuclei at rest are in principle the most direct measure of Λ binding energies. However,
despite extensive calibration measurements, uncertainties in the range-energy relation and in the
emulsion density cause residual systematic uncertainties in the Λ-binding energies of at least 50
keV [28]. In case of the pionic two-body decay of 4

Λ
H → π +4 He this uncertainty may even be

larger [29, 30]. More recently decay pion spectroscopy has been successfully performed at KEK
[33] and by the FINUDA Collaboration at the DAΦNE e+e− collider in electronic experiments.
Nevertheless, the momentum resolution and hence the absolute mass determination was limited in
these mesurements [34].

2. Decay pion spectroscopy at MAMI

Following the first results presented from the KEK experiment [33], the usage of magnetic
spectrometers to measure the momenta of decay pions from electroproduced hypernuclei with high
resolution was proposed in 2007 for the Jefferson Lab [35]. This method combines the large pro-
duction yield of the electroproduction of hypernuclei with the high momentum resolution of mag-
netic spectrometers. It opens the possibility to measure ground state masses of a variety of nuclei
off the valley of stability with hitherto unrivaled precision within the same experiment and thus
with small systematic uncertainties. Like in the previous pionic decay studies this method requires
that the hypernucleus is at rest at the time of its decay. By detecting produced kaons, reactions
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Figure 3: Left part: Arrangement of the spectrometers for the decay pion spectroscopy experiment. In this
figure the electron beam enters from the top. The KAOS spectrometer used as a kaon tagger is placed at a
0◦ scattering angle. The decay pions can be detected either in SpekA placed at an angle of 90◦ with respect
to the beam direction at the target or in SpekC at an angle of 126◦. In order to guide the electron beam
onto the existing beam dump two chicane magnets deflect the primary beam upstream of the target. Right:
Detector setup of KAOS in the 2012 experiment. A 10-14 cm thick lead wall (Pb) was added with respect
to the 2011 pilot experiment to absorb positron background. Furthermore a third time-of-flight wall (I) was
added and a second aerogel Cherenkov detector (AC2) was added to improve the particle identification of
the kaon tagger.

involving strangeness production can be tagged. Eventually the associated Λ hyperon is captured
by the remaining nucleus and forms a highly excited hypernucleus. Due to its high excitation this
primary hypernucleus is likely to fragment into a lighter hyperfragment and one or more nucleons
or light nuclei. While missing mass experiments are limited to nuclei close to the initial target, the
quasi-free kaon production of an excited primary hypernucleus - e.g. 9Be(e,e′K+)9

Λ
Li∗ - and its

subsequent decay gives access to a variety of light and exotic hypernuclei, some of which cannot be
produced or measured precisely by other means (left part of Fig. 2). To illustrate the scope in these
reactions the right part of Fig. 2 shows the relative yield of hypernuclei predicted by a statistical
decay model [14] for an initial 9

Λ
Li∗ nucleus as a function of its excitation energy.

The electron accelerator MAMI consists of three stages of racetrack microtrons and one stage
in the form of a double-sided harmonic microtron [36]. It can deliver a continuous wave electron
beam with energies in the range of 180 MeV to 1.6 GeV and currents of up to 100 µA.

At present, the A1 spectrometer hall is one of the two major experimental facilities at MAMI.
Three high resolution magnetic spectrometers are operated which can be positioned around solid
state, liquid or high pressure gas targets at variable angles [37]. A key feature of these spectrom-
eters is their high relative momentum resolution in combination with relatively large angular and
momentum acceptances (Tab. 2). With the KAOS spectrometer the A1 spectrometer hall was ex-
tended by a short orbit spectrometer dedicated to the detection of charged kaons which serves as a
kaon tagger in this experiment [38]. Its single dipole configuration allows to place the spectrom-
eter at a 0◦ position in beam direction, where the kaon cross section for hypernuclei production is
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SpekA SpekC KAOS

central momentum [MeV/c] 115 125 924
central angle wrt. beam [deg] 90 126 0
momentum acceptance [%] 20 25 50
solid angle acceptance [msr] 28 28 12
dispersive angle coverage [mrad] ±70 ±70 ±185
non-dispersive angle coverage [mrad] ±100 ±100 ±20
length of central trajectory to ToF-wall H [m] 10.75 8.53 6.2
first order relative momentum resolution < 10−4 < 10−4 ∼ 10−3

Table 2: Important parameters of the experimental set-up at MAMI. As high precision pion spectrometers,
SpekA and SpekC are used. The KAOS spectrometer serves as a kaon tagger and therefore requires a large
momentum acceptance at angles close to 0◦.

expected to be large.
The arrangement of the spectrometers and the beamline is shown in the left part of Fig. 3. At 0◦

the electron beam is guided through the magnetic field of the KAOS spectrometer after impinging
on the target. In order to steer the beam onto the existing beam dump, the primary electron beam
has to enter KAOS with a non-zero angle Therefore, it is directed onto the target with a predefined
angle by two chicane magnets in the beamline upstream of the target. This angle is defined by the
magnetic field strength of the KAOS magnet. For the given field strength of 1.2 T in the present
experiment, the beam angle was set to 17◦. Furthermore a secondary beam dump was built to
capture bremsstrahlung photons.

Positively charged particles are then deflected into a detector assembly consisting of two time-
of-flight walls with an aerogel threshold Cherenkov detector in between. For the 2012 run a third
time-of-flight wall and a second aerogel Cherenkov detector were added to improve the particle
identification of the kaon tagger.

In order to keep the background from bremsstrahlung low we focus for the production of light
hyperfragments on low Z targets like 12C, 9Be and natural 6,7Li. In the 2011 and 2012 experi-
ments a 22 mg/cm2 thick beryllium foil was bombarded by a 1.5 GeV electron beam. According
to the statistical decay calculations [14] this target thickness should be sufficient to stop all hy-
perfragments except for the light 3

Λ
H and 4

Λ
H which are only partially stopped. Even though the

stopping probability for these light hyperfragments would increase with increasing target thickness,
the larger energy loss variation for the decay pions would lead to wider peaks in the pion spectrum
and therefore a lower signal to background ratio. To reduce the energy loss variation even further,
the target foil was rotated by 54◦ with respect to the beam, thus minimizing the path length of the
pion inside the target.

3. Status of data analysis

The main difficulty in the analysis of the data acquired in the 2011 pilot experiment was caused
by the high flux of background particles in the KAOS spectrometer which leads to a large random
coincidence probability. This background is dominated by positrons produced by the conversion of
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Figure 4: Left part: Relative yield of positrons and kaons behind a lead absorber in KAOS as a function
of its thickness. Right: Measured coincidence time between the kaon tagger and one of the high resolution
spectrometers corrected for the hypothesis of pion-pion coincidences from the 2011 pilot run (top) and the
experiment performed in October 2012. In the 2011 data the background from random pion-positron events
dominates the spectrum.

bremsstrahlung photons in the target, but also pions and protons are detected in the KAOS spectrom-
eter. To separate kaons from the background of other particles, several observables are accessible
in the spectrometer data: the time-of-flight between different scintillator planes within KAOS , the
energy-loss in the scintillator walls, the aerogel Cherenkov information, and the out-of-plane angle
of the particle. The latter was used in the analysis of the 2011 data, since the positron background
peaks in the bending plane. Once a particle has been identified in KAOS , the effective time-of-
flight relative to the particle detected in one of the high resolution spectrometers allows to identify
specific particle pair combinations.

Within the momentum range of KAOS, protons can be cleanly discriminated from the back-
ground of positrons and pions. Even though pions (as well as kaons) cannot be separated from the
positron background by using the KAOS spectrometer information alone, pion-pion coincidences
between one of the high resolution spectrometers and KAOS can be identified in the coincidence
time spectrum – albeit with large background – as it is shown in the top right part of figure 4. Here
the effective time-of-flight ∆tπ takes the measured momenta of the coincident particles into account
and assumes a coincident π+−π− pair. Pions detected in KAOS and muons from pion decays close
to the target entering the high resolution spectrometers show up in Fig. 4 as a peak shifted by about
5 ns.

Unfortunately the yield of kaons compared to the background is so small, that in the 2011
pilot experiment it was not possible to retrieve a clean kaon sample. A larger luminosity by simply
increasing the beam intensity or the target thickness would of course lead to a larger kaon yield.
However, this would at the same time cause an over-proportional increase of the number of random
positron-pion coincidences. Thus the background from random positron-pion coincidences can
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only be reduced by eliminating most of the positrons from the experimental acceptance. This is
possible by blocking positrons by means of a lead absorber in front of the detector system of the
KAOS spectrometer. A 10-14 cm thick lead wall reduces the number of positrons by more than
3 orders of magnitude but still enables around 40% of the kaons (and pions) to enter the KAOS

detector system. The successful reduction of the background in the 2012 experiment is illustrated
in the right lower part of Fig. 4. Compared to the 2011 run the signal-to-background ratio improves
by an order of magnitude. The additional bump which is now visible around ∆tπ ≈15 ns is caused
by real pion-electron coincidences. Since the tracking code and the particle identification software
package need to be adapted to the modified detector geometry it is in the present stage of the
analysis not possible to make more quantitative statements. Nevertheless, due to the increased
beam intensity from about 2µA to 20µA, the reduced deadtime and the longer running period - we
expect a significantly larger kaon yield compared to the 2011 pilot run as already indicated in the
preliminary analysis shown in the right part of Fig. 4. Another rise of the beam intensity and the
usage of a stack of several thin separated and tilted targets will in future studies allow to increase
the luminosity even further without sacrificing the excellent pion momentum resolution.
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