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Abstract

The investigation of the energy frontier in physics requires novel concept for
future colliders. The idea of a muon collider is very appealing since it would
aim to study particle collisions up to tens of TeV energy while offering a cleaner
experimental environment with respect to hadronic colliders. One key element
in the muon collider design is muon production with small emittance. Recently,
the Low EMittance Muon Accelerator (LEMMA) collaboration has explored the
close-to-threshold muon production by 45 GeV positron annihilating in a low Z

material target. Muons are emerging with a natural small emittance. In this
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paper we describe the performance of a system of segmented absorbers with
alternating active layers realized with fast Cherenkov detectors and a muon
identification technique based on it. Passive layers were made of tungsten.
Muons and electron beams data were collected in September 2018 at the H2 line

in the North Area of the Conseil Européen pour la Recherche Nucléaire (CERN).
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Introduction

Exploring the high energy frontier represents a great opportunity to inves-
tigate the fundamental laws of nature. This requires a future particle collider

able to accelerate elementary particles to the highest possible energy. A muon



collider represents an appealing though challenging solution for this [1, 2]. Pre-
vious studies proposed that a muon collider is conceivable to explore the multi—
TeV energy frontier with the possibility to study Higgs boson properties [2].
Muons are in fact emitting much less radiation than electrons with the same en-
ergy, then a muon collider can reach a Center of Mass (CM) energy higher than
an electron one; however the 2.2 ys muon lifetime is posing hard constraints on
the design of the accelerator complex. For instance, small emittance is one of
the critical elements towards a high luminosity muon collider.

The LEMMA project aims to study the possibility of producing muons from
the eTe™ annihilation process. A high intensity positron beam, with an energy
just above the 43.7 GeV production threshold, impinging on a low Z fixed target
could produce muons with small divergence, resulting in a small transverse
emittance [3]. This would avoid the need of beam cooling, otherwise required in
a production scheme based on pion decays as pursued in the Muon Accelerator
Program (MAP) [4]. Experimental data in this specific energy regime are not
frequent as most of the measurements are performed at higher /s values [5].
It is therefore necessary to measure the cross section and the p*pu~ kinematic
properties for several values of the center of mass energy near the threshold to
probe such predictions.

While the leading-order Quantum ElectroDynamics (QED) ete™ — putu~
cross-section calculations are well established, at threshold higher order radiative
effects, due to Coulomb interaction, might be important to predict the muons
production rate and their angular distribution [6]. A dedicated experimental
effort has been put in place to study muon production by 45 GeV positrons
impinging in beryllium or carbon targets [7].

The aim of this paper is to describe a system of segmented and instrumented
absorbers, named HORSA (Fig. 1) and VERSA in the following, that can be
used to effectively study the eTe™ — uTu~ process near the threshold region.

These absorbers were part of the apparatus deployed at the CERN North
Area beam lines during the 2017 and 2018 data-taking periods. They were meant

to identify both positive and negative muons against electrons and positrons.



They were initially conceived as massive but portable devices that could be
employed as sampling calorimeters to study the hadronic shower development
initiated by the Large Hadron Collider (LHC) beam interactions [8]. Their
performance in terms of muon identification have been tested using electron and
muon beams. Results regarding of the performances of the HORSA absorber
are described in Section 2. In addition, to test these performances, the observed
ratio of the number of muons to electrons events in 45 GeV positron beam data
hitting on carbon targets is reported and compared with a Monte Carlo (MC)

simulation in Section 3.

Figure 1: HORSA absorber during its assembly phase. Fused silica bars are alternated with

tungsten bricks.

1. Experimental Setup

The experimental setup consists of a ~ 23 m long apparatus showed in Fig.
2 (vacuum pipe, target and magnetic spectometer region) and Fig. 3 (absorbers
region) that was installed at the H2 beam line of the CERN North Area in
summer 2018, to measure with high precision trajectories and momenta of the
two final state muons as well as the direction of the incoming positrons.

Upstream of the fixed target (Fig. 2), primary positrons are crossing a pair
of 2x 2 cm? silicon sensors, constituted by two layers of orthogonal microstrips in
order to measure the incoming particle direction and position. Always upstream,

a scintillator was used for trigger purposes.



Downstream of the target (Fig. 2), all secondary particles emerging cross
another silicon sensor pair in order to measure their direction before entering a
dipole magnet (with a 2.01 T field along y, extended in a region of approximately
+1000 cm along z).

The secondary particles (either ete™ or u*p ™) are individually reconstructed
and their momentum is determined by measuring their deflection in the z-z
plane with a two arms silicon sensor system located downstream of the magnet

(Fig. 2).
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Figure 2: Magnetic spectrometer setup installed at the H2 beam line of CERN to study the

particles emerging from a low Z target in positron annihilation processes.



Particles are then entering the absorbers region (Fig. 3) where the detectors
are also organized in two arms. Each arm is constituted by two trigger scintil-
lators and the massive absorbers. An iron block is also employed to shield Drift
Tube (DT) muon chambers located further downstream (not displayed in Fig.
3).

Each active absorber is made of a three unit Lead Glass (LG) electromagnetic
calorimeter, each unit featuring a 40 cm deep truncated pyramid shape. The
instrumented absorber is installed immediately after the LG calorimeter.

The absorber named HORSA is installed in the arm where the negative par-
ticles (either e~ or p~) are deflected by the magnetic field. It is equipped with
linch thick fused silica layers where secondary charged particles are producing
Cherenkov light. Three photomultiplier (PMT) are used to detect the light pro-
duced in each of the fused silica layers and transmitted to the PMTs by internal
reflection along the z direction, i.e. the direction transverse to the beam (Fig.
2). A sequence of alternating active and passive layers along z are used to filter
muons against electrons. Among the first (second) pair of fused silica layers a
5cm (3 cm) tungsten shield is inserted. Among the two fused silica layer pairs of
23 cm thick tungsten elements are also inserted. Other fused silica and graphite
layers are present. These however are not readout and not massive enough to
be relevant for electron/muon discrimination.

A second instrumented absorber, named VERSA, with a different internal
segmentation, is installed on the arm where the main positron beam and the
positively charged secondaries are deflected. Its performances are not described
in this paper.

Two typologies of triggers were used for the shared silicon sensors and
calorimeters Data Acquisition System (DAQ): a first one (named single) based
on the signals produced by the scintillator placed upstream of the target (Fig.
2) and a second one (named muon) based on this upstream scintillator signal in
coincidence with the signals of additional scintillators (four in total) positioned,
respectively, upstream of the LG blocks and downstream of the muon chambers

(Fig. 3), on the two arms of the detector. The single trigger was used to se-



lect events with no bias on the final state while the muon trigger was used to
enhance the content of 4+ p~ events in the data sample.

The DT chambers were using an independent trigger-less DAQ system, with
an acquisition rate of 40 MHz. The trigger signal from the scintillators was
shared between the two DAQ systems for offline synchronisation and event

building.
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Figure 3: Absorber region installed downstream the magnetic spectrometer.




2. Absorbers system performance studies

2.1. Data acquisition

Beam data were recorded during the summer 2018 data-taking campaign.
Electron and muon beams of different energies, without the target in position
and a 45 GeV positron beam hitting the target were delivered to the experimen-
tal region. In particular muon beams with energy set to £* = 22 GeV, without
target, and with both magnetic field directions have been used for the alignment
of the silicon detectors and the muon chambers.

Muon and electron beams, both with energy E* and no target inserted are
also used to estimate the detectors performances. Indeed, the energy E* is ap-
proximately equal to the mean energy of the muons produced in the eTe™ —
puT ™ process when initiated by a 45 GeV positron beam. The magnet is op-
erated to deflect particles with this energy into the downstream double-arm
section: particles with energy E* are in fact hitting the central unit of the LG
calorimeter. In addition, to study muon production close to threshold, a 45 GeV
positron beam was delivered to some targets installed in different data-taking
runs. In this analysis, two carbon targets with 2cm and 6 cm thickness and
a diameter of 4 cm have been used (sec. 3). The positron beam had a pulsed
shape with 4 spills per minute, each spill lasting 4.8 s with a typical intensity
of 5108 positrons. The spot size was ~ 2 x 2cm? with an angular spread of
~ 300 urad. With the chosen collimators setting the momentum spread was
below 1.5% [9] and the purity of the beam was in the range 95 — 99 % [10].

Data were acquired including information about the arrival times, the re-
leased energy in each constituent of the absorbers and the particle positions
detected by the silicon trackers. Both muon and single triggers (with a prescal-
ing factor of about 3 - 10%) were enabled in the acquisition with the 45GeV
positron beam hitting the target.

Events with the final state u*p~ or eTe™ were identified by using the LG
and the HORSA absorber located on the negative side, i.e. only identifying

the negative particle in the final state. The putp~ events are mainly due to
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the ete™ annihilation process while the ete™ final state is produced in ete™
Bhabha scattering of the positron beam with a target atomic electron or in pair
production by a high energy photon in the target [11].

Electrons with energy E* are producing an electromagnetic shower that
is almost entirely contained in the LG central unit. Negative muons, on the
contrary, are crossing the LG and HORSA detectors producing a signal in the
LG central unit and in all the HORSA active layers. Exploiting this different
behaviour, the ratio of the number of observed events with a muon or an electron,
#” /e, can then be computed. With an estimate of the efficiency to detect
muons and electrons with energy E* the #n™/ete~ ratio, for events reaching
the absorber region, can then be inferred. This ratio can eventually be compared
with a MC simulation of the experimental layout.

The Cherenkov light produced in the LG and HORSA active elements is
readout by PMTs Hamamatsu R7378A [12]. The LG PMT signals were digitized
by a 12bit @250 MS/s Flash ADC Waveform Digitizer CAEN V1720 [13]| while
the HORSA PMT by a 14 bit @500 MS/s Flash ADC Waveform Digitizer CAEN
V1730 [14]. Information about the time and the charge associated with these
signals were stored for the off-line analysis.

A 22 GeV muon is releasing only a fraction of its energy in the absorber
materials and it is therefore not stopped by them. Moreover, only a fraction of
the energy loss is deposited as Cherenkov light and eventually detected by the
PMTs. A 22GeV muon event candidate is defined by the time coincidence of
the PMT signals from all the five trigger scintillators, the central LG unit and
the four HORSA active layers, with the requirement to be in anti-coincidence

with the two external LG units.

2.2. Tracker - absorbers correlation

As previously anticipated, the magnet deflects 22 GeV particles towards the
central unit of the LG (block 3 in Fig. 3). Therefore, the first step of this
analysis has been to get a relation between the = position of particles crossing

the tracker (Fig. 2) positioned just before the first scintillator of the negative
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arm and the energy released in the central LG unit. Fig. 4 shows the average
released energy in the central LG unit by 22 GeV electrons (blue) and 22 GeV
muons (green) as a function of the x position of these particles recorded by the

tracker.
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Figure 4: Average released energy by 22 GeV electrons (blue) and muons (green) in central
LG as a function of the position recorded by the tracker. Vertical red lines are used to mark

the region 9cm < x < 12cm in the graph.

The largest released energy occurs for particles with tracker coordinates in
the range 9cm < x < 12 c¢m, both for muons and electrons. This requirement is

therefore retained for the subsequent studies.

2.3. Lead Glass (LG) calibration

22 GeV electron beam data with no target has been used to study the released
energy in the central unit of the LG. Events in time coincidence between the
scintillator (Fig. 3) and the three LG units were employed. The spectrum of
released energy in the central LG unit is shown in Fig. 5 and interpolated with

a Gaussian.

12
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Figure 5: Energy calibration of the LG with a 22 GeV electron beam.

The mean value and the square root of the variance, as returned by the
fit, are p = 3447 ADC and o = 174 ADC, respectively. Given that electrons
are expected to release all energy in the LG block, the calibration 1GeV =
(156.7 £ 7.9) ADC counts is then obtained. The quoted uncertainty is statistical
only, systematic effects are believed to be negligible compared to it and to have
a small impact for the studies presented later on.

In later sections, in order to define a candidate muon event, the requirement
on the released energy F3 (subscript number refers to Fig. 3) in the central LG

unit F3 < 1GeV is used.

2.4. HORSA efficiency

The efficiency of each HORSA active layer has been studied using the 22 GeV

muon beam. Defining Ny (j) and N3(j) the numbers of events in time coincidence
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in the four or three HORSA layers (excluding the j** layer), respectively, we
define the efficiency of the j = 5,6,7,8 layers (numbers refer to Fig. 3) as:

M)
3= N3(j) @

The overall efficiency of the HORSA absorber is given by

8

EHORSA = H5j (2)
=5

Results as obtained from the 22 GeV muon beam data, with the statistical
uncertainties computed applying the Gaussian statistics (i.e. the uncertainty

on N events is 0 = v/ N), are given in Tab. 1.

Table 1: Efficiencies to detect a 22 GeV muon in each of the fused silica HORSA layers and
overall HORSA efficiency.

J €j €HORSA
5 (9.70+0.39)-107!
6 (9.55+0.38) 107!
(8.42+0.80) - 1071
7 (9.334+0.46) 107!
8 (9.75+0.55) 107!

2.5. HORSA electron contamination
To estimate the electron contamination in the HORSA absorber, a 22 GeV

electron beam is used. The HORSA contamination is given by:

_ Nuorsa
CHORSA = W (3)

where Ngorsa is the number of events in time coincidence in the four HORSA
layers and Np,; is the total number of acquired events. Applying the Feldman-
Cousins (FC) method, the Upper Limit (UL) on this ratio is 2-10~* at 90% CL,
being Ngorsa = 1 and Npy = 21504.
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2.6. HORSA Muon detection

Muons, while are crossing the LG and HORSA detectors, produce a signal
in the LG central unit and in all the HORSA active layers.
The total observable energy released in the central LG unit and in the
HORSA absorber is:
Eovs = Es+ Eqorsa. (4)

where F3 (subscript number refers to Fig. 3) is the released energy in the central
unit of the LG (Fig. 6) and Egorsa = 2525 E; (subscript numbers refer to
Fig. 3).
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Figure 6: Released energy in LG central unit by a 22 GeV muon beam data sample.

The correlation between E3 and Fpyorsa (Fig. 7) shows that the total
energy released by 22 GeV muons in HORSA is Fgorsa < 2000 ADC. This
condition can be therefore used to define a signal region to select muons pro-

duced in the 45 GeV e beam data with target.
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Figure 7: Released energy in HORSA in function of released energy in the LG central unit by

a 22 GeV muon beam data sample. Red line is used to mark the signal region.

3. Particles detection in positron beam data with target

To test the detector performance, the #~ /e~ events ratio was calculated by es-
timating the yield of 22 GeV p~ and 22 GeV e~ events produced by the positron
beam impinging on different targets.

With reference to Fig. 3, candidate muon events have been selected re-
quiring the coincidence in time between the two trigger scintillators (the first
one upstream of the LG block and the second one downstream of the muon
chamber), the LG central unit and all the HORSA layers; anti-coincidence
with the LG external units (numbered 2 and 4 in Fig. 3) is required as well.
To suppress the background in the signal region Epgorsa < 2000 ADC, the
sideband-substraction method has been applied: assuming an uniform back-
ground distribution in and out of the signal region, the muons yield after the

sideband-substraction is given by:

=N, —aNg. (5)

Haet w
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where N,- and Ngq. are respectively the number of candidate muon events in
the signal and the number of background events in the sideband regions.

The o parameter has been estimated as o = 2000ADC where F,,qz

Ermaz—2000 ADC?
is the maximum energy of the sideband region (the targets have an average
maximum energy E,,q. ~ 30000 ADC).

With reference to Fig. 3, an electron from the eTe™ final state is selected
requiring the time coincidence between the two trigger scintillators (one for each
arm of the detector) positioned upstream of the LG blocks and the central unit
of the LG in the negative arm. The time anti-coincidence with the two trigger
scintillators (one for each arm of the detector) positioned downstream to the
muon chambers is also required.

Defining Ne;et and €, respectively the number of detected electrons and the

efficiency to detect them and using the result for the muon detection efficiency

egorsa (Tab. 1), the ratio between produced muons and electrons is:

N / _N#;et/EHORSA
S
Cdet! "€

Lastly, given that the efficiency to detect an electron is close to unity, the

(6)

overall efficiency ratio can be assumed to be ¢ ~ egorsa and N,- ~ N.-;
det

e

therefore Eq. 6 can be rewritten as:

N“;et/N‘"‘7
Num /N - =t (7)

The results regarding the #~ /e~ ratios on the different targets exposed to
the beam are summarized in Tab. 2. The uncertainties indicated have been
calculated by applying Gauss statistic when the number of counts was larger
than 30 or Poisson statistic otherwise. Several source of systematic uncertainties
have been taken into account. The majority of the conceivable effects will have
the same impact on the electron and muon detection. Hence, at fist order, they
will cancel in the ratio. Moreover the limited statistic available in the muon

sample was also an obstacle for further investigations on systematic effects.
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Table 2: N,—/N__ ratio for carbon targets.

Thickness (cm) N,- N#;Et N,-/N,_
2 85.04£9.2 370466 (5.1+1.2)-10""
6 78.0+88 5075 (7.6155) - 1072

3.1. Data to Monte Carlo (MC) simulations comparisons

In order to test the particle detection ability of the absorbers system showed
previously (Tab. 2), Geant4 [15, 16] based MC simulations of the standard
electromagnetic interactions of particles with matter, have been performed to
compare the #~ /e~ events ratio obtained in data with theoretical predictions. As
far as primary particles are concerned, several options have been implemented
besides the possibility to simulate a 45 GeV positron beam along the z-axis,
with characteristics equivalent to the experimental ones.

Samples of 108 45 GeV primary e* hitting carbon (both 2 cm and 6 cm thick-
ness) targets have been simulated in order to estimate the number N ene of
produced e~ .

Due to the low cross section of muon production in the annihilation process,
simulations regarding the number Nu&c of produced p~, were made by gener-
ating samples of 107 45 GeV primary e and by setting a bias (i.e. a technique
to enhance any electromagnetic cross section by a defined factor) equal to 1000
for the e"e™ — Ty~ cross section [17]. Then the obtained number of produced
muons refers to a total of 10!° primary positrons. This allowed the simulation
of enough ete™ — uT ™ events in a reasonable time.

The obtained results, with their statistical uncertainties (computed applying
the Gaussian statistics), are given in Tab. 3 in which the number of produced

electrons has been normalized to 10'° primary positrons.
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Table 3: #~ /e~ MC based ratios for carbon targets. The numbers of e~ have been normalized

to 1010 primary e™.

1 N _
Thickness (cm) N Ny MMC/N%c
2 2400 £ 49 1481438 (6.241.3)-107!
6 (521 £2.3) - 10> 2870 +£54 (5.514+0.26) - 1072

The experimental results (Tab. 2) are well compatible, within uncertainties,

with the MC prediction (Tab. 3).

Conclusions

The implementation of the LEMMA muon collider concept needs a intense
positron beam to produce enough muons. The knowledge of the muon produc-
tion cross section close to threshold is extremely important for the design of a
muon collider.

In this paper we reported the results of a muon identification technique based
on segmented massive absorbers that can be used in experiments to measure the
properties of the muons produced by the e™e™ annihilation process at threshold.
Several unexpected difficulties during the acquisition campaigns has led to a
yield of just few tens of electron and muon events produced. However these
events allowed to test the performance of the described absorbers system. These
data also allowed a comparison with MC simulation, showing an agreement
between experimental data and MC. Therefore this system and this method
can be used for future studies of the eTe™ — utpu~ process at the threshold
energy.

Several accelerator technologies studies, like the development of a muon
collider with the LEMMA injection scheme, could benefit from these measure-
ments.

In order to increase statistics and reduce backgrounds, i.e. to provide a
meticulous measurement of ete™ — ptp~ cross section, more accurate track-

ing devices, alignment infrastructures and a more efficient trigger and readout
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systems will be needed. An upgrade of the LEMMA experimental layout is
foreseen in order to accumulate more data at the threshold energy.

With an adequately low energy spread and with a larger beam rate this ap-
paratus might also be employed to search for bound states as the true muonium

[18].
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