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These proceedings introduce a new proposal for a low–emittance muon collider. A low–emittance
muon beam is obtained from the process e+ e− → µ + µ − with positrons at the threshold energy
of 45 GeV. A first test beam to validate the low–emittance muon production concept will be
presented.
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1. Introduction

2. Experimental setup
The experimental setup as reconstructed in Geant4 is shown in Fig. 2. The coordinate system
used has the z axis pointing along the incoming positron beam direction, the y axis pointing upwards
and the x axis completing a right handed coordinate system. Two silicon tracking devices, 2 × 2
cm2 , labeled T1 and T2 [7], were placed upstream of the 6 cm long beryllium target. These are
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The future beyond the LHC discoveries opens up to a next generation of facilities exploring
the energy frontier in particle physics. In such perspective, a muon collider at the multi–TeV offers
great potential if it is shown feasible [1].
Studies of neutrino factories and muon colliders have been on-going since the 1990’s in the
U.S.A. by the Muon Accelerator Program (MAP) [2], where muons come from the decay of pions
obtained from the collision of protons with a fixed target [3]. Surface muons, the muons that
decay from pions on the material surface, are collected to form an intense muon beam with a
large beam emittance. Therefore, muon cooling is the next step in the MAP accelerator chain
conceptual design where emittance in the longitudinal and transverse planes is reduced to achieve
higher luminosity. The transverse emittance cooling concept has been tested by the MICE [4]
experiment at the Rutherford Appleton Laboratory in England, finishing its program with positive
results which are now public. The longitudinal cooling has not been put to test yet.
The Low EMittance Muon Accelerator (LEMMA) project [5] is studying the possibility of a
muon collider, with performance similar to that of MAP, where muons are produced already with
small emittance. This novel idea might change the future of muon colliders as it might not need
cooling. Muons are produced from annihilation of a high intensity positron beam with electrons in
a target [6]. In order to produce muons at threshold, a 45 GeV positron beam collides with a fixed
target.
There are several challenges for the low emittance muon source of LEMMA. First, the muon
production comes from an small cross section, 0.1 to 1 µbarn, channel: e+ e− → µ + µ − . To generate a large number of muons this requires a high positron rate. LEMMA is considering the
recirculation of a positron beam in a 6.3 km long ring, see Fig. 1, where the positron bunches interact every turn with the target. In addition, the muons produced must be accumulated, therefore,
two muon accumulator rings are put in place.
A second challenge is the thermo-mechanical stress in the target. Several target options are
currently under consideration, in particular a solid beryllium target seems to balance muon production rate and positron beam degradation.
Third, contributions to beam emittance growth should be minimized from the source up to the
collision point. There are several contributions to the beam emittance growth, but initial studies of
the positron ring dynamics show that matching the beam with the target phenomenology leads to a
beam emittance growth under control [5].
LEMMA has started to move towards experiments that validate the low emittance muon production concept. In the following we describe the 2017 LEMMA test beam that occurred during
the 7 days between July 26th and August 2th at the H4 line of the CERN North Area.
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used to measure the direction of the incoming positron(s). Downstream of the target but upstream
of the magnetic field region, two silicon devices, T3, 2 × 2 cm2 , and C1 [8], 10 × 10 cm2 , were
measuring the beam positrons surviving the passage trough the target as well as any additional
charged particle produced by the incoming beam. A magnet was used in order to produce the
deflection corresponding to a 1.26 T magnetic field directed along the y axis acting on a 2 m
distance. This value was used to ensure a good separation between 45 GeV positron tracks and
positive tracks in the [18,26] GeV momentum range. Negative tracks were deflected towards the
silicon devices C3 and C5, both 10 × 10 cm2 , and the negative x side of a large, about 2 m wide and
1 m height, drift tubes device, a (spare) CMS muon chamber. C3 and C5 where placed in order to
have good acceptance in the momentum range [18,26] GeV. Positive tracks in the same momentum
range were recorded in the silicon devices C2 and C41 , both 10 × 10 cm2 . Positrons were expected
to deposit most of their energy in the Ecal, a lead glass calorimeter. Any eventual leakage was
absorbed by the iron shielding placed downstream. Hence only µ + tracks were expected to be
recorded in the positive x side of the muon chamber. Photons emerging from the target were
absorbed in a PbWO4 calorimeter, the γ cal. Finally a Cherenkov detector is placed downstream
of the negative x side of the muon chamber to differentiate between electron and muon tracks, with
acceptance in the [18,26] GeV momentum range. A trigger was provided using a triple coincidence
between scintillator pads located upstream of T1 and downstream of C4 and C5. Silicon detectors
were providing hits along the x and y axis. The pitch between readout strips was in the range
between 5 and 25 µm, depending on the size of the silicon detector, the smaller detectors having
also the smaller pitch. The muon chamber was providing 8 hits along the x axis, bending axis, with
1 The

authors acknowledge the hardware support from the colleagues of INFN Sezione di Bari, essential for the
setup and operations of all the "large" silicon devices.
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Figure 1: LEMMA accelerator concept. The beam in the Positron Ring, in red, interacts with the Target (T)
every turn. Muons are accumulated in the accumulator rings (AR) during less than one lifetime and then
extrated for further acceleration.
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a 150 µm expected resolution, and 4 along the y axis, with a 200 µm expected resolution.
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Figure 2: Test beam experimental setup.

3. Analysis strategy
Several unexpected hardware difficulties occurred during the 7 days test beam that occurred
between July 26th and August 2th 2017. As a consequence useful calibrations and physics runs
could only be recorded starting from August 1st. These include:
• a calibration run, without target, with positrons at 22 GeV;
• two positrons calibration runs, without target, at 18 and 22 GeV, taken with a reversed magnetic field to mimic negatively charged tracks of the same energy;
• several "physics" runs, with the target in and a 45 GeV impinging positron beam.
The two calibrations runs with reversed magnetic field have been used for overall detector alignment and momentum calibration. The other calibration run was used to assess that the probability
for a position to give a track in the muon chamber is null: no reconstructed track was found within
the available statistic of about 4000 incoming positron triggers.
The signal of interest corresponds to the process:
e+ e− → µ + µ −

(3.1)

hence two tracks reconstructed in the muon chamber were looked for. Both tracks where first
propagated backward to the silicon detectors C2–C4 and C3–C5 with a linear extrapolation model.
Using an estimate of the tracks momentum obtained from the position recorded in the muon chamber, the two tracks are additionally propagated to C1 using a circular track model. Finally tracks
3
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are connected to hits in T3 by linear extrapolation. At this stage all hits are fitted again to obtain the
best estimate of the track momentum and angle in the bending plane, the x − z plane. The candidate
events contain one µ + and one µ − track for which the momentum fit converged.

4. Results

Figure 3: Reconstructed momentum, left, and angle in the bending plane, right, for negatively, upper, and
positively, lower, charged tracks both reaching the muon chamber in data and MC.

Two observables more sensitive to the e+ e− → µ + µ − underlying physics have also been considered. The first one is the energy sum of the final state muon tracks which is clearly expected to
peak at the energy of the incoming beam, 45 GeV. The distribution observed in data is shown by
the left plot in Fig. 4 and compared to the corresponding simulation result, obtained taking into
account the energy resolution measured in the calibration runs, σ p /p = 3.6% at 18 GeV with a mild
momentum dependence. The second one is the invariant mass of the final state muon pair: data
and simulation are compared in the right plot of Fig. 4. For both observables, within the limited
statistic available, a reasonable agreement between data and simulation is found.
The number of signal candidates identified is clearly not sufficient for a measurement of the
emittance. Hence a new test beam, with an improved hardware setup, was performed in Summer
4
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With the procedure outlined in the previous section 27 µ + µ − candidate events were obtained.
The momentum and angular distributions at C1 are shown separately for positive and negative
selected tracks in Fig. 3 and compared with the corresponding distributions obtained from a sample of simulated µ + µ − events obtained with the BabaYaga[9] event generator and tracked with
Geant4[10]. The simulated events have been processed with the same algorithms and selections as
the real data. A fair agreement between data and simulation is observed.
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2018. At the time these proceedings are beeing submitted the analysis of the 2018 test beam data
has just begun.
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Figure 4: Energy sum, left, and invariant mass, right, of the µ + µ − tracks in data and MC.

