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Abstract5

The report reviews the activities and the achievements of the Collaboration towards the current date. Covered6

items are the results and ongoing analysis for the studies, collected data so far and the preparations for the7

future runs for the measurements of the Proton Charge-Radius, the Anti-Proton Cross-Section and Drell Yan8

process.9
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2 1 INTRODUCTION

1 Introduction37

The report describes the status and results towards the current date for the upcoming projects of the proton38

charge-radius measurement, the anti-proton production cross-sections measurement, the Drell-Yan process and39

their respective developments in hardware and organisation.40



3

2 Proton Charge-Radius Measurement41

We present the recent developments for the proton charge-radius measurement (PRM) with high-energetic42

muons at the M2 beam line within the scope of the AMBER collaboration as described in the initial proposal [1]43

presented to the SPSC in 2019. As motivation for the PRM in this proposal a prior feasibility test run in 201844

was performed. A prototype TPC (ACTAF2) combined with silicon tracking detectors showed the capability45

of combined muon and recoil proton measurement in the elastic-scattering kinematics. Additional results of46

this analysis will be presented. The second step towards the PRM program was the pilot run recommended by47

the SPSC [2], if successful [3], as preparation for a main physics run. The proposed pilot run was performed48

in October 2021 in the M2 test-beam area using the so-called IKAR TPC as a down-scaled version of the49

planned main TPC. This TPC consists of two drift chambers and is equipped with an adapted readout-plane50

structure developed especially for the recoil-proton measurement in the muon beam. Analysis is in progress and51

preliminary results will be presented below. Developments for the Unified Tracking Station (UTS) are ongoing52

and two beam tests are foreseen for May and October this year. Whereas the first beam time is dedicated to study53

the scintillating fibers used in the UTS and will take place in a parasitic operation mode at the M2 beam dump54

location during the COMPASS data taking, the second test will be located directly in the COMPASS target region55

with close-to-final beam properties to study the full UTS setup and evaluate its performance in a later analysis.56

Due to the overall changes in the beam time schedule the PRM measurement could take place earliest in the57

second half of 2023. Due to difficulties in obtaining the required electronics and the restrictions of Russian58

participation studies are ongoing towards a reduced setup for the PRM with the spectrometer. Anticipated time59

lines of the UTS project and a possible beam time schedule in 2022/2023 are shown in Fig. 1.60

Fig. 1: Timelines for the UTS projects (SFH and SPD) including foreseen beam tests in 2022 (top). Anticipated
time lines for a possible PRM beam time in 2023 (bottom).

2.1 Test Run in 2018 and 202161

As preparation for the measurement of the proton charge-radius a first test in 2018 and a pilot run in 2021 were62

performed. The parasitic test run in 2018 served as feasibility test for the layout of the overall setup of the63

measurement principle and was the basis of the initial proposal for the AMBER PRM project. Experiences and64

results of this test run served as input for studies, simulations and design of the final layout for the PRM setup.65

In 2021, a dedicated 20-days beam time was used to evaluate the performance of a close-to-final setup at the66
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test beam location [4]. In the following, additional results from the 2018 test run and preliminary results from67

the ongoing analysis of the 2021 pilot run are presented.68

2.1.1 Further Results from the 2018 Test Run69

A test run prior to the initial proposal was performed in 2018. This test run was used as a proof-of-principle70

measurement to combine the measurement of recoil protons in a TPC detector and of scattered muons with71

tracking detectors in a fixed-target experiment, for evaluating the capability to achieve a complete measurement72

of the elastic muon-proton kinematics. The preliminary results on muon and proton correlations shown in the73

proposal served as input for a more refined analysis of the data. Additional results are presented below.74

The primary vertex z-distribution shown in Fig. 2(a) reassembles clearly the structures of the setup described in75

more detail in [1]. The TPC structures with anode and cathode surrounding the active area are visible, as well76

as beam window positions on the upstream and downstream side. Vertices in the two adjacent silicon tracking77

detectors are visible. In order to extract the vertex z-resolution, the comparable small width of the cathode78

structure is used. In Fig. 2(b) the parameterised vertex z-resolution for the real data is shown together with79

data points resulting from the Monte-Carlo simulation. Good agreement is found for the main region in the80

measured scattering angle. For larger scattering angles the simulation tends to slightly undershoot the data.81
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Fig. 2: (a) Vertex z-distribution of the 2018 test setup. The respective structures are indicated together with the
active area of the TPC marked in blue; (b) Resolution in the vertex z-position. A parameterisation for the real
data is given together with a comparison to Monte-Carlo data. The dashed line indicates the lower limit in the
selected scattering angle as used for the results shown in [1].

82

As described in the proposal, elastic muon-electron scattering is planned to be used as calibration channel for83

the measured beam momentum of the BMS (Beam Momentum Station), which is placed in the beam line.84

These kinematics have a clear angular correlation of the outgoing muon and electron tracks for respective beam85

momenta. A dedicated event selection to extract these events was performed, and the results are shown in Fig. 3.86

In Fig. 3(a) the angular correlation between the two outgoing tracks is shown. Since no particle identification87

was present, the distribution is mirror symmetric with respect to the (virtual) line of equal scattering angles.88

Using an average beam energy of 178.6 GeV/c, as extracted from Fig. 3(b), the predicted correlation for every89

event is indicated and also made mirror symmetric. Based on the angular correlation, the incoming beam energy90

can be calculated for each individual event. For the test run, this result is shown in Fig. 3(b). Since the full data91
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Fig. 3: (a) Angular correlation between the two outgoing tracks, shown together with the prediction for a beam
energy of 178.6 GeV/c; (b) Extracted beam energy.

set contains various beam settings of pure muon beam as well as resulting muons from the COMPASS Drell-Yan92

measurement during the parasitic data taking, the calculated beam energy exhibits a broader spectrum and is93

slightly down-shifted with respect to the initial 190 GeV/c beam energy. As the test setup was placed at the94

most downstream location of the COMPASS spectrometer, which results in a large amount of material that the95

beam particles had to pass, the beam energy distribution is further widened.96

97

2.1.2 Preliminary Results from the 2021 Pilot Run98

In 2021 a dedicated pilot run was performed at the M2 test beam location (CEDAR position). During 20 days99

of dedicated beam time a close-to-final setup was installed. This included about four days of combined data100

taking for TPC and tracking detectors. The main element of the setup was the so-called IKAR TPC, which101

represents a down-scaled version of the final TPC with two instead of four drift chambers, a slightly smaller102

readout pad-plane and a reduced pressure of 8 bar compared to the planned 20 bar of the final layout. For103

tracking, five silicon tracking detector stations were operated, two upstream and three downstream of the TPC.104

In addition, two scintillating fiber trackers were installed, one upstream and one downstream of the TPC. A105

schematic drawing of the setup is shown in Fig. 4. A triggered DAQ system was used to read out the tracking106

detectors. For the TPC, a dedicated DAQ system was installed, exploiting the ”self-triggering” mode of the107

TPC. Similar as in the test run described in Sec. 2.1.1, a common timestamp was applied to synchronize the108

events from the two DAQ systems in the offline analysis. In order to maximize the number of clean events,109

so-called enrichment-trigger elements (BT01A and BT01B) were operated to select beam trajectories from110

the central region of the beam with low divergence. A schematic drawing is shown in Fig. 5. The triggered111

events are expected to also hit the central part of the segmented TPC readout plane. Furthermore, selecting the112

inner part of the beam allowed us to reduce the trigger rate to the maximum of 40 kHz that the DAQ system113

can handle. In addition, the COMPASS spectrometer including tracking detectors and calorimetry was read114

out together with the pilot run tracking system. This allows a momentum measurement and the usage of the115

electromagnetic calorimeter.116

The main goals of the pilot run are to evaluate the TPC performance in a focused muon beam with the proposed117

rate of 2 MHz and to study the energy resolution as well as the beam-induced noise with the proposed new118

pad-plane structure.119
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Fig. 4: Schematic drawing of the setup for the pilot run, with the beam coming from the left side. The central
IKAR TPC is surrounded by silicon tracking detectors (SI01 to SI05) on the upstream and downstream side.
Each side has a lever arm of about 3 m. The upstream side is equipped with enrichment beam-trigger elements
(enrichment for central beam part).

Fig. 5: Schematic drawing of the enrichment beam trigger element for the pilot run. The active scintillator parts
are marked in green, with the trigger section as overlap of these elements marked in red.

A dedicated gas-system infrastructure was built and operated to guarantee the required hydrogen gas quality as120

well as the monitoring of the gas density parameters, i.e. T and P . The system consists of a set of bottles of121

pure hydrogen (6.0) at 200 bar. The pressure is reduced to 10 bar before injecting the gas into the TPC vessel.122

A mechanical back-pressure regulator allows for TPC pressure adjustment. The gas enters the TPC volume123

at a rate of 2 l/h, while an identical amout is exhausted. Water and oxygen contamination are continuously124

measured via dedicated sensors at the exhaust line of the TPC. A fully automated PLC operated system was125

deployed and successfully operated in order to guarantee the correct operational sequence of the gas system,126

prevent damages to the detector and respect the CERN safety requirements in case of malfunctioning of the127

apparatus and/or fire detection alarm. The current layout is a down-scaled version of the one needed for the128

main run. The same setup will be used, once upgraded, for the final TPC and gas system.129

As a focused beam at a fixed beam energy of 100 GeV/c was used, a clean data sample of elastic muon-proton130

scattering events can be expected from the Pilot Run analysis, similar as anticipated for the final measurement.131

The future Pilot Run analysis will include calibration tests using information from the BMS station and from132

elastic muon-electron scattering events.133

In total, about 3 · 109 tracking events and about 1.2 · 109 events of combined operation of TPC and tracking134

detectors were recorded. With the common time stamp, these events can be associated to one another, and135

based on the time difference correlated events can be identified as described for the 2018 Test Run data in [1].136

A preliminary run-by-run alignment was performed based on only the silicon tracking detectors. The alignment137

will be refined further by adding the scintillating fiber detectors. At a later stage, the test beam area part will138

be combined with the BMS and the spectrometer. Based on this preliminary alignment the primary vertex139



2.1 Test Run in 2018 and 2021 7

-52 -50 -48 -46 -44 -42 -40 -38
Vertex z-position (m)

100

101

102

103

104

105

106

N
um

be
ro

fe
ve

nt
s

(p
er

1
cm

)
0.5 mrad < θ < 1.0 mrad

SI
01

SI
02

TPC

SI
03

SI
04

SI
05

(a)

-52 -50 -48 -46 -44 -42 -40 -38
Vertex z-position (m)

−16

−14

−12

−10

−8

−6

−4

V
er

te
x
y-

po
si

tio
n

(c
m

)

Number of events
101 103 105

(b)

Fig. 6: (a) Primary vertex z-position. Structures of the setup are visible and indicated; (b) Vertex y-position
depending on the vertex z-position. The inclination of the beam line and therefore the setup is clearly visible.

distributions as shown in Fig. 6 can be extracted. In Fig. 6(a) the vertex z-position is shown. The structures140

of the setup, especially the inner part of the TPC, are clearly visible. Anode and cathode structures can be141

identified as well as the separation of the two drift cells in the center. In addition, the position of the silicon142

tracking detectors is visible due to hits that were wrongly assigned to tracks. This does not affect the tracking143

reconstruction in the central region around the TPC. As the alignment procedure is ongoing and hence still144

preliminary, it can be expected that these artefacts will be cured. At the current stage the silicon station SI04145

is not included in the tracking. Since the pilot run setup is placed in the beam line part of the CEDAR region146

with an inclination of about 3.6 mrad, the vertex y-distribution along the setup exhibits a similar behaviour, as147

shown in Fig. 6(b).148

Using the preliminary alignment, studies can be performed on the inner structure of the IKAR TPC and the149

new readout pad-plane. A first step is to identify the visible structures that are shown in the primary vertex150

xy-position shown in Fig. 7(b). The structures can be identified clearly with the photograph of the mounted151

readout structure. The beam spot is slightly shifted with respect to the center of the anode structure, where152

the single segmentation and pads are visible. Structures visible on the left-hand side are the connectors of the153

single pads as well as the outer rim of the downstream window. For the further analysis these structures will be154

excluded. In addition, the vertical wires of the grid are visible.155

Based on this preliminary analysis, the alignment will be further refined. The final goal is to include the full156

COMPASS spectrometer information and to allow a momentum measurement of the scattered muon, which is157

required to reconstruct the Q2-spectrum of elastic muon-proton scattering. With the correlations between the158

recoil-proton and the scattered muon in the elastic case, both measurements can be extracted and compared159

in terms of efficiency and resolution. Furthermore, these elastic events can be studied by considering the160

reconstructed beam momentum based in the BMS information. Those results can further refine the analysis161

methods for the final measurement and serve as input to the continuously ongoing simulation and hardware162

developments.163

Beam Noise Influence on TPC Resolution164

Compared to the Test Run in 2018, the beam size for the Pilot Run in 2021 was much more similar to the165

size anticipated in the final measurement, thus allowing us to study the noise induced by the beam muons166

inside the TPC and its influence on the energy resolution. For that purpose, several dedicated pulse generator167

measurements at different beam intensities were performed with the TPC filled with hydrogen at 4.3 and 7.5 bar168
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Fig. 7: (a) Photograph of the mounted anode structure for the IKAR TPC, shown together with the electrical
connection of the single pads and the grid; (b) Vertex xy-position at the z-position of the downstream anode
shown in (b) with the single structures visible. This figure corresponds to the inner part (dark brown) shown in
(a).

Fig. 8: In and off-spill noise difference. Warmer colors correspond to higher beam-induced noise. The single
pads are numbered.

pressure. In addition, for several days the data taking was done with a helium filling of the TPC. The beam169

rate was monitored via the ion chamber 2 (IC2) in the beam line. The beam position can be measured using170

the silicon tracking detectors and controlled by the TPC itself. This can be visualized by the difference in the171

measured noise for the on- and off-spill regimes. The results of these studies are presented in Fig. 8. The beam172

spot was shifted to the left (i.e., in the Salève direction) and downwards. These findings were confirmed by the173

measurements with the tracking detectors.174

The ionization noise induced by the beam was studied with those events, in which test pulse signals provided by175

a generator were sent into all channels. A series of special rate scan runs allowed to deduce a dependence of the176
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Fig. 9: Dependence of energy resolution for 4.3 bar (top row) and 7.5 bar (bottom row) on the beam intensity.
Absolute (left) and no-beam corrected (right) values are shown in arbitrary units (1 AU ≈ 30 keV).

noise with respect to the beam intensity in a range of up to approximately 6 MHz. The preliminary results are177

presented in Fig. 9 and show that under the given conditions the noise remains below 40 keV even for 5.6 MHz178

beam rate at 7.5 bar hydrogen pressure.179

Energy Spectrum on different Pads of the TPC180

Signals from the TPC were reconstructed using a dedicated algorithm. The largest signal in the readout window181

is selected. For the discovered peak begin and end times are extracted and the signal is integrated over this range.182

This integral is proportional to the collected ionization charge of the recoil particle, which is deposited on the183

anode pad. The baseline is corrected iteratively for each event. Typical energy spectra collected for 7.5 bar184

pressure with the nominal beam intensity of 2 MHz are presented in Fig. 10. In general, all pads can be divided185

into two categories, i.e. those that are influenced by the signal of the alpha particles (from the sources placed186

on cathode and grid) and those that are not. Both categories contain generator signals. For the first category, the187

signals that are not attributed to pulses of the generator are present in both in and off-spill regime. In contrast,188

for pads of the second category the signals created by the recoil particle are clearly visible.189

Gas Purity Control and TPC Energy Calibration190

Low intensity (∼3 Hz) 241Am alpha sources (Eα=5.486 MeV) deposited on the cathodes of cells 1 and 2 and191

on the grid of cell 1 provide the opportunity to perform a basic energy calibration of the TPC and control the192
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Fig. 10: Energy spectra collected during the run with the nominal beam intensity. The spectrum for pad 57
(close to the source of alpha particles) is presented in the left panel, while the spectrum for pad 6, which
belongs to the second category of pads, is presented in the right panel. The blue histogram corresponds to
generator signals in-spill and the green one to generator signals in the off-spill regime. The dark red histogram
corresponds to non-generator signals collected off-spill while the light red one is the energy distribution for the
events of the non-generator type.
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Fig. 11: Example of alpha source energy spectra for cathode and grid sources (hydrogen pressure 7.5 bar).

contamination of the gas by electronegative admixtures (such as oxygen from the air or water vapor), which193

reduces the total charge of the ionizing particle as it travels through the active volume. The effect of this electron194

attachment results in a lower energy of the signal, if the alpha source is located on the cathode and not on the195

grid. This data combined with precise time information providing the vertex position of the recoil proton will196

allow us to apply an attachment correction to the measured TPC energy in the further analysis.197

The timeline plot presented in Fig. 12 indicates good purity of the gas for 4.3 bar data (first two time points)198

and subsequent sharp increase of attachment after the switch to 7.5 bar (remaining four time points), which199

occurred due to technical reasons. The last three time points show a slow improvement of the gas quality due200

to the operation of the gas flow system. The overall cathode alpha energy drift was 1.7% per day for 4.3 bar201

and 1.2% per day for 7.5 bar hydrogen pressure.202
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Fig. 12: Grid and cathode alpha energy evolution over time with H2 TPC filling.

ALPIDE Beam Test Results203

Fig. 13: ALPIDE beam telescope setup dur-
ing the Pilot Run. The single chips are pro-
tected with the orange cover and the read-
out boards are mounted in the final holding
frame of the UTS.

A beam telescope with four single ALPIDE detectors has been204

installed at the M2 beam line and tested during few days. A ded-205

icated DAQ PC has been configured and installed. Muon beam206

with a momentum of 160 GeV/c and intensity up to 2 MHz ir-207

radiated the setup shown in Fig. 13. Readout of the detectors208

was based on four MOSAIC FPGA boards developed by the209

ALICE collaboration. All MOSAIC boards were connected to210

the DAQ PC via the multi-gigabit switch within the closed net-211

work. Data transfer was organized using the high-speed links212

(up to 1.2 Gb/s) needed for the proper operation of the AM-213

BER tracking stations. In the current design a single plane is214

built up by 18 ALPIDE detectors. The detectors were read out215

in a free-running mode supposed to be used within the future216

AMBER DAQ. Valuable information related to the configuration217

of the detector parameters in the realistic measurement condi-218

tions has been obtained. Additional beam test with deuterons at219

energies 300, 800 MeV and 1 GeV has been performed at FZ220

Jülich in spring 2022. Similar setup as before at CERN, with221

single detectors readout by the MOSAIC boards, has been used.222

Measurements aiming cluster shape studies and rate capability223

were made at beam intensity from 30 kHz up to 2 MHz shown224

in Fig. 15. Preliminary results show no saturation of the data225

rate up to the intensity of 1 MHz. This test, as well as the one226

at CERN in 2021, is made together with the ALICE ITS col-227

laboration. The test station with several MOSAIC boards used at CERN and later at FZ Jülich, is currently228

makes a basic of the R&D setup at GSI Darmstadt. Master-slave mode of the readout and effective noisy-pixel229

suppression are being developed.230
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Fig. 14: Preliminary results from the SFH beam test. Comparison between the dark count spectrum (blue) and
the muon beam signals (red) in baseline corrected maximum ADC channels.

2.2 Ongoing Activities and Plans for 2022231

In view of a possible PRM measurement in 2023, dedicated detector tests are required in 2022 especially for232

the novel UTS, which combines scintillating fibers (SFH) and ALPIDE-based pixel-silicon tracking detectors233

(SPD). A technical drawing is shown in Fig. 16. The detectors are placed inside the UTS from the top. It234

will contain three planes of silicon detectors and four planes of fiber detectors. The silicon detectors will235

provide a precise spatial measurement of beam and scattered muon, whereas the fibers provide precise timing236

information for the hits in the silicon detectors. With the main design finished, detailed studies of the fiber237

coupling towards the readout SiPMs are ongoing. A parasitic test in the beam line during the COMPASS data238

taking was performed end of May 2022 to study efficiency and light yield of the fibers. Recent results from the239

fibers are shown in Fig. 14. The peak structure in the dark count spectrum corresponds to the number of fired240

SiPM cells. The measured signal has a peak at about ten photons.241

The full UTS is foreseen to be tested end of 2022 in parasitic manner during COMPASS data taking. It will242

be placed in the COMPASS target region, where comparable beam parameters as for the proton charge-radius243

measurement are present. In addition, surrounding tracking detectors will allow for detailed studies of the UTS.244

Furthermore, it is planned to have the beam test of the UTS with the new triggerless DAQ system. More details245

on the UTS and the DAQ system can be found in Sec. 5.2 and Sec. 5.3, respectively. The goal is to evaluate246

the overall efficiency of the station as well as the association of fiber hits to silicon hits, and to identify possible247

challenges. The new DAQ system can be further evaluated with a focus on the the High-Level-Trigger (HLT)248

and the reconstruction of the new data format.249

2.3 Plans for 2023250

Based on current developments and time lines, a measurement of the proton charge-radius could take place251

in the second half of 2023 as a pilot physics run. Due to the restrictions of Russian institutes in the current252

situation, the development and construction of the main TPC is delayed. A finalization until next year becomes253

very unlikely and studies are ongoing whether the IKAR TPC could be used as fall-back solution. Limitations254

in the purchase of electronic components restrict the construction of new front-end electronics required for the255

triggerless DAQ system for a major part of the spectrometer detectors. Therefore, only first physics measure-256

ments with the PRM core setup and a reduced acceptance in the spectrometer can be performed in 2023. A257

minimal setup could consist of the PRM core part with TPC and surrounding UTS to determine the scattering258
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Fig. 15: Left: Beam profile measured by the ALPIDE detector. Right: Number of fired pixels per event.

Fig. 16: Technical drawing of the UTS. The SPD and SFH detector planes are indicated as well as the position-
ing system.

kinematics and the BMS to measure the incoming beam momentum. As no additional detectors would be in-259

cluded from the spectrometer side, the momentum of the scattered particle would not be measured and muon260

identification could not be performed. A more extended version of the setup would be possible if sufficient261

frond-end electronics would become available. This would include tracking and therefore momentum measure-262

ment of the scattered muon and its identification. A preliminary study on the event reconstruction efficiency263

comparing vertex-only and vertex-with-momentum measurement is shown in Fig. 17. With a minimal setup,264

the efficiency shown in Fig. 17(a) is slightly reduced by about 0.5 % compared to the full setup. For the more265

extended setup shown in Fig. 17(b), the efficiency is comparable to the one with the full setup. In spite of266

the smaller angular acceptance of the reduced detector setup in the spectrometer, especially at larger values of267

Q2 > 0.04 GeV2/c2, for the reconstruction of Q2 no bias or reduction in resolution is observed.268

The above described limitations will be reflected in reduced statistics and reduced Q2 range. Although it is269

unlikely that a meaningful physics result can be extracted, a first evaluation of the full measurement principle270

can be performed. Should such a possible 75-day physics pilot run be performed with the IKAR TPC, a factor271

of five lower statistics has to be expected compared to the originally foreseen 150 days beam time, due to272
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Fig. 17: Event reconstruction efficiency for two possible reduced setup scenarios compared with the full setup.
(a) Minimal setup with only the PRM core part and BMS. Only the incoming beam momentum is measured
in this case; (b) Extended setup with detectors included in the spectrometer, which allows also a momentum
measurement of the scattered muon. The bottom panel shows the event statistics in the Q2 sub-ranges.
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Fig. 18: Dependence of the statistical uncertainty of the measured proton charge-radius on the recorded number
of events, given for two different parametrisations of the electric form factor in the initially proposed Q2-range
of 0.001 ≤ Q2/(GeV2/c2) ≤ 0.04. The dashed line indicates the expected 1 % precision of the extracted rp.
Figure taken from [1].

the lower pressure of 8 bar instead of 20 bar and the reduced target length of two instead of four drift cells.273

Altogether, such a possible pilot physics-run in the second half of 2023 with about 75 days of beam time would274

reduce the initially envisaged number of events of 50 to 70 million down to 5 to 7 million events. In this case,275

the expected accuracy of below 1 % precision in the measurement will be more than a factor of two worse,276

which we estimate by using Fig. 18.277

2.4 Perspectives for Hadron Radii Measured in Inverse Kinematics278

As an extension to the Primakoff data taking with hadron beams foreseen in AMBER Phase 2, we investigate the279

possibility to measure hadron radii by elastic scattering off atomic electrons. This method to realize electron280

scattering in inverse kinematics has so far been the only access to the radii of pions and kaons, however we281
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currently extend the investigation to protons. This could allow for another access to the proton radius, and the282

method shall be valuable in terms of exploring the systematic effects of scattering experiments in the quest of283

measuring the proton radius. In terms of the kaon and pion radii, a measurement at AMBER will profit from the284

technology advancements compared the previous measurements, dating back to the 1980s [5, 6]. Detailed stud-285

ies including Monte-Carlo simulations are ongoing in order to explore the potential of such measurements. The286

TPC volume, providing a pure hydrogen target, may serve as electron target with optimal multiple scattering287

conditions.288

3 Anti-Proton Production Cross-Section Measurements289

A dedicated measurement campaign of the the exclusive cross section p +4 He → p̄ + X is crucial for the290

search of Dark Matter (DM) signals in the spectra of antiprotons in cosmic rays.291

The proposed experiment aims at measuring the double-differential antiproton production cross-section for292

different incoming proton energies (60 – 280 GeV/c) from the North Area M2 beam line, impinging on liquid-293

He target. The experimental determination of the antiproton production cross-section in p+4He scattering is294

foreseen at the beginning of the 2023 run, with a preliminary test run at the end of 2022.295

We present the recent developments in preparation of the measurement and the plans for the 2022 and 2023296

runs.297

3.1 Full MC Simulation of the Anti-Protons Experimental Setup298

The layout of the COMPASS/AMBER spectrometer used for the anti-proton production measurement is based299

on the one used for the COMPASS SIDIS run. There are however some notable differences, in particular about300

the target and the detectors implementing the trigger.301

A MC simulation of the anti-proton production experimental setup has been implemented in the framework302

of the GEANT4-based COMPASS/AMBER simulation software, called “TGEANT”. This allows the complete303

simulation, and reconstruction, of events similar to those we are going to measure. These simulations, among304

other results, have been used for the optimization of the trigger detectors position, in particular of the two Beam305

Killers, for the study of the kinematic domain and of the spectrometer performance and as a spring board for306

the implementation of the M2 beam line CEDARs detectors into the simulated setup.307

The experiment will be operated with a minimum-bias trigger, which includes: beam trigger and hodoscope308

veto, which ensures that the particle reaches the experiment within the geometrical target acceptance; beam309

killer 1 (BK1) and 2 (BK2), to remove the non-interacting beam particles.310

In Fig. 20 and Fig. 21 the x-positions of BK1 and BK2 obtained from the MC simulation of p +4 He events311

at different beam momenta are shown. The beam particles at 60 GeV/c (in blue in the figures) are very much312

deviated in x with respect to the nominal hadron beam momentum at 190 GeV/c. This would require a very313

large displacement of the BK and of the small area trackers in x, which has to be avoided. Thus a scaling of the314

SM1 magnet current will be necessary.315

Fig. 19: Schematic view of the minimum-bias trigger setup.
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Fig. 20: Position of the beam killer 1 in the x-coordinate for different beam momenta.

Fig. 21: Position of the beam killer 2 in the x-coordinate for different beam momenta.

The two M2 beam line CEDAR detectors are very important to identify protons in the incoming hadron beam.316

The CEDAR detectors are installed 30 m before the target region and they have been designed to provide fast317

beam particle identification at high rates for pion/kaon separation up to 300 GeV/c and proton identification318

down to 60 GeV/c. The two CEDARs have been object of an upgrade in 2018, including the improvement319

of the photomultipliers and of the read-out to withstand high-rate environments, the upgrade of the thermal320

system to control the stability, and the introduction of a PMT gain monitoring. In order to study the CEDARs321

performances with the hadron beam a simulation of the CEDARs is being implemented in the TGEANT MC322

of the AMBER spectrometer as shown in Fig. 22.323

3.2 Study of the COMPASS RICH PID efficiency and purity324

The study of the performance of the COMPASS RICH detector for antiproton identification has been continued325

and finalised, from the 2009 COMPASS hadron data, by the analysis of the so-called V0 decays (Λ, Λ̄, K0,326

Φ(1020)), to determine the efficiency and purity of the RICH PID. The PID is based on an extended maximum327

likelihood algorithm and the cut used to identify different species relies on likelihood ratios. An optimization328

of these cuts was performed in particular for the antiproton PID.329

In general we can achieve > 90 % efficiency in antiproton identification with some contamination at low330

momenta and polar angle as shown in Fig. 23.331
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Fig. 22: Simulation of photo electrons collection inside PMTs of the CEDAR detector.

10
15 20 25

30 35 40
45

 p [GeV/c]

0.02
0.04

0.06
0.08

0.1
0.12

0.14
0.16

0.18
 [rad]

θ 
0

0.2

0.4

0.6

0.8

1∈

)-π->
-π( ∈ )-π->
-π( ∈

10
15 20 25

30 35 40
45

 p [GeV/c]

0.02
0.04

0.06
0.08

0.1
0.12

0.14
0.16

0.18
 [rad]

θ 
0

0.2

0.4

0.6

0.8

1∈

)
-

->K
-π( ∈ )

-
->K

-π( ∈

10
15 20 25

30 35 40
45

 p [GeV/c]

0.02
0.04

0.06
0.08

0.1
0.12

0.14
0.16

0.18
 [rad]

θ 
0

0.2

0.4

0.6

0.8

1∈

)p->
-π( ∈ )p->
-π( ∈

10
15 20 25

30 35 40
45

 p [GeV/c]

0.02
0.04

0.06
0.08

0.1
0.12

0.14
0.16

0.18
 [rad]

θ 
0

0.2

0.4

0.6

0.8

1∈
->unknown)

-π( ∈ ->unknown)
-π( ∈

10 15 20
25 30 35

40 45
 p [GeV/c]

0.02
0.04

0.06
0.08

0.1
0.12

0.14
0.16

0.18
 [rad]

θ 
0

0.2

0.4

0.6

0.8

1∈

)-π->
-

( K∈ )-π->
-

( K∈

10 15 20
25 30 35

40 45
 p [GeV/c]

0.02
0.04

0.06
0.08

0.1
0.12

0.14
0.16

0.18
 [rad]

θ 
0

0.2

0.4

0.6

0.8

1∈

)
-

->K
-

( K∈ )
-

->K
-

( K∈

10 15 20
25 30 35

40 45
 p [GeV/c]

0.02
0.04

0.06
0.08

0.1
0.12

0.14
0.16

0.18
 [rad]

θ 
0

0.2

0.4

0.6

0.8

1∈

)p->
-

( K∈ )p->
-

( K∈

10 15 20
25 30 35

40 45
 p [GeV/c]

0.02
0.04

0.06
0.08

0.1
0.12

0.14
0.16

0.18
 [rad]

θ 
0

0.2

0.4

0.6

0.8

1∈

->unknown)
-

( K∈ ->unknown)
-

( K∈

10 15
20 25 30

35 40 45
 p [GeV/c]

0.02
0.04

0.06
0.08

0.1
0.12

0.14
0.16

0.18
 [rad]

θ 
0

0.2

0.4

0.6

0.8

1∈

)-π->p( ∈ )-π->p( ∈

10 15
20 25 30

35 40 45
 p [GeV/c]

0.02
0.04

0.06
0.08

0.1
0.12

0.14
0.16

0.18
 [rad]

θ 
0

0.2

0.4

0.6

0.8

1∈

)
-

->Kp( ∈ )
-

->Kp( ∈

10 15
20 25 30

35 40 45
 p [GeV/c]

0.02
0.04

0.06
0.08

0.1
0.12

0.14
0.16

0.18
 [rad]

θ 
0

0.2

0.4

0.6

0.8

1∈

)p->p( ∈ )p->p( ∈

10 15
20 25 30

35 40 45
 p [GeV/c]

0.02
0.04

0.06
0.08

0.1
0.12

0.14
0.16

0.18
 [rad]

θ 
0

0.2

0.4

0.6

0.8

1∈

->unknown)p( ∈ ->unknown)p( ∈

Fig. 23: Efficiency matrix for negative charged particles.

3.3 Hadron Beam Test at the M2 Beam Line332

In mid-May 2020 in between NA64 and COMPASS commissioning time, 2 days have been dedicated to test333

the M2 beam line in hadron beam mode. In this test campaign in collaboration with the beam line experts we334

found good beam configurations for the energies of 60, 190 and 250 GeV/c. The beam configurations were335

saved to be used later in 2022 and in 2023 as base for further optimizations. Beam intensities and trigger rates336

were studied, the beam killers were installed and their moving platforms were tested. The position of BKs was337

extrapolated performing a scan of the counting rates as a function of the position along x- and y-axis. (Fig. 24).338
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Fig. 24: Left: x-position scan for BK2; Right: x− y-position scan for BK2

The test was performed with the LiD target of the COMPASS SIDIS run, which is a factor 3 more dense than the339

liquid-He target. Nevertheless, the trigger rate was measured: a reduction factor of 80 % was achieved using340

the beam killers in anti-coincidence with the beam trigger.341

3.4 Plans for 2022 and 2023342

To perform the proposed measurement we need to go through two steps: the test run in the fall of 2022 and the343

data taking in the spring 2023.344

The 2022 test run will be performed with the COMPASS SIDIS target, i.e. cryogenic LiD polarized. The345

different target introduces some limits, mostly because when compared to the liquid-He the SIDIS target is346

more dense by a factor 3. We will compensate the larger density by prescaling the trigger. This allows to use347

beam configurations similar to the 2023 data taking, with a comparable effective trigger rate.348

The 2022 test runs will last for a few days, the main goal will be to collect preliminary data with the spectrometer349

in configuration as close as possible to the final configuration. It will be important to use beams of at least350

three energies, 60, 190 and 250 GeV/c. The collected data are expected to provide information about the event351

topologies as function of the vertex position along the 1.2 m long target. The vertex distribution along the target352

will need to be rescaled for the higher LiD density with respect liquid-He. Another very important topic will be353

the study of the RICH performance in terms of particle identification capability. At the end of the SPS proton354

run, we would like to load the COMPASS/AMBER target with liquid-He to test our final target configuration355

before the 2023 run. This test must be completed before the CERN winter shutdown, when the target cryogenic356

system must be warmed up before turning it off. The actual feasibility of this test within the allowed time frame357

must be evaluated in the fall.358

In the 2023 we will start with the commissioning of the spectrometer for the anti-proton cross section measure-359

ment. This will be the first full spectrometer commissioning performed as AMBER collaboration and it will360

include the setup of the cryogenic system and the 1.2 m long liquid-He target. An independent commissioning361

will also be performed on the CEDAR detectors along the M2 beam line, although at the end the AMBER DAQ362

system will integrate also the CEDARs data.363

Once the commissioning will be completed, we will proceed with the actual data taking at different beam364

energies covering at least, 60, 100, 190 and 250 GeV/c.365

4 Meson structure measurement366

Renewed interest in studying the structure of mesons has developed over the last decade and keeps growing,367

driven by its close connection to the question of the emergence of hadron mass [7–11]. In order to address this368

question, the AMBER collaboration has submitted in 2018 a Letter of Intent describing the full project [12]. In369

2019, it was followed by a proposal for Phase-1 of the experiment [1], which was accepted in 2020. In this first370

phase, studying the structure of the pion will be one of the major goals of the experiment.371
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Fig. 25: Left: Ambient dose rate from prompt radiation in EHN2. The colour scale indicates the required
classification area according to the measured dose. Right: Limit of ambient dose equivalent rate for each of
the radiation areas. The part of the EHN2 building that is accessible during beam time does not exceed the low
occupancy supervised area classification. Taken from [16].

The golden channel to access the structure of the pion is pion-induced Drell-Yan di-muon production, as this372

process is theoretically well understood and can be used to extract the Parton Distribution Functions (PDFs)373

of the pion. However, muon pairs do not originate exclusively from Drell-Yan lepton-pair production but also374

from other processes, see Fig. 27. In order to interpret the data, the analysis is restricted to di-muon invariant375

masses between 4.3 GeV/c2 and 8.5 GeV/c2. As the Drell-Yan muon-pair production cross section in this range376

is very small, a few dozen of picobarn, a high intensity beam is required to accumulate significant statistics.377

Currently, the total intensity is limited by radio-protection regulations to 70 MHz with the presence of a hadron378

absorber and shielding right downstream of the target. In order to enhance the significance of the measurement,379

the containment of the radiation was studied as also improvements in track and vertex reconstruction to gain in380

mass resolution and to extend the region of interest to lower invariant masses.381

4.1 Shielding and radio protection limitations382

In order to increase the total beam intensity delivered to EHN2 while staying compliant with radio-protection383

regulations, studies of shielding improvement around the hadron absorber and evaluations of dose rates in the384

experimental area as well as in the area around the CERN domain were performed in collaboration with CERN385

HSE-RP and BE-EA. The Monte-Carlo description of the experimental area was combined with the one from386

the beam-line simulations to obtain a complete picture of radiation sources, beam losses and shielding breaches.387

The results were compared to those of the radiation survey campaign that was performed during the COMPASS388

2018 Drell-Yan run [13, 14]. Three modifications of the shielding are proposed compared to COMPASS Drell-389

Yan runs. The first modification concerns the shielding breach at the junction between TT84 and EHN2, which390

is currently closed by a fence and to be replaced by concrete bricks. The second modification is related to the391

access door PPE211. In presence of CEDAR detectors, which are located in line-of-sight of the entrance door,392

a significant radiation dose was recorded in the building and as well as on the Heisenberg road. In order to393

better contain the radiation, a chicane configuration to access the tunnel area is proposed. Finally, the main394

modification concerns the shielding of the target area and the hadron absorber. It consists of a bunker of 2 m395

thick walls and 3.2 m thick roof, see Fig. 26. The detail of the modifications can be found in [15]. The prompt396

and residual radiation, as well as the skyshine contribution, were evaluated by HSE-RP for this configuration397

and for an integrated intensity of 3×1014 π−/year [16]. The results were in agreement with the current radiation398

area classification, see Fig. 25, and would allow AMBER to run with a beam intensity about 67% higher than399

assumed in the proposal. The exposure of the public due to air releases in this configuration was found to be400

negligible. A technical note [17] is being drafted by the HSE-RP group and a joined HSE-RP and BE-EA401

Engineering Change Request is to be submitted in the coming months.402
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Fig. 26: Side view of the bunker design embedding the target and absorber region. Taken from [15].
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Fig. 27: Left: Di-muon invariant mass spectrum taken from [19]. Centre: Structural illustration of one endcap
of the FVTX at PHENIX. Right: Wedge of the FVTX detector. A zoom of the top part of the wedge shows the
two columns of silicon mini-strip as described in the text.

4.2 Track and vertex reconstruction403

The accuracy of the particles’ trajectory parameters determined by the spectrometer and extrapolated to the404

interaction point is degraded due to multiple scattering in the hadron absorber. In the proposal the benefit of a405

vertex detector to restore the precision of the tracking to the vertex definition and to the determination of the406

kinematics of the events was mentioned. Two detector technologies, scintillating fibers and silicon detectors,407

were under investigation. The focus is now on a silicon detector and in particular on the forward silicon vertex408

detector [18] (FVTX) from PHENIX. The FVTX has a shape of a disk, as shown in Fig. 27 with an external409

radius matching the polar angle acceptance of the spectrometer downstream of the absorber and an inner radius410

of 4 cm for the non-interacting beam. The detector is composed of wedges, which host two columns of mini-411

strip silicon sensors and readout electronics. The mini-strips are aligned in the radial direction with a pitch of412

75 µm and cover an azimuthal angle of 7.5o, see Fig. 27. Compared to the setup presented in the proposal,413

similar vertex resolutions and therefore mass resolutions (∼ 100 MeV/c2) are obtained with four planes of414



4.3 Possibility for kaon structure studies 21

Fig. 28: Left: Di-muon mass resolution with and without the vertex detector. The yellow (green) line corre-
sponds to a fit by a Gaussian of the distribution with (without) the vertex detector. Right: Same as on the left
for the vertex resolution.

detectors instead of twenty, see Fig. 28. This reduction of number of tracking planes allows also the targets to415

be placed closer to the spectrometer, which is more favourable from the acceptance point of view. Optimisation416

of the track and vertex reconstruction algorithm as well as a more detailed description of the FVTX in Monte-417

Carlo simulations are still ongoing but an increase of 35% in statistics seems achievable from the extension of418

analysis mass range and acceptance.419

4.3 Possibility for kaon structure studies420

Precise measurements dedicated to the study of the structure of the kaon [12] were initially foreseen for a421

second phase of the AMBER experiment, using a high-intensity kaon beam produced using the radio-frequency422

separation technique [20]. However, the recent study from the CERN beam department seems to indicate that423

the intensities attainable by this technique will not meet the requirements for high statistics kaon-induced Drell-424

Yan measurements [21, 22]. Considering the great interest for the structure of the kaon and the poor statistics425

provided by the up to now only experiment more than 40 years ago [23], it seems judicious to evaluate the426

possibility of satisfying the demand using the M2 conventional beam. Exploiting the ∼ 2% kaon component of427

the hadron beams (positive as well as negative), parallel measurements to the ones on the pion can be envisaged.428

Assuming the same conditions as described in the proposal, i.e. 213 days of positive hadron beam and 67 days429

of negative hadron beam, with an intensity of 7 × 107 particles per second and an average of 3,800 spills430

per day, a more precise measurement of the valence u-quark component in the kaon relative to the one in the431

pion can be obtained with the same experimental setup. In addition, a first evaluation of the sharing of the432

momentum fractions in the kaon carried by sea quarks and by the valence u-quark can be performed. The433

projected statistical uncertainties for the two observables are shown in Fig. 29. Including the possibility to434

release the limit on the maximum intensity due to radio-protection, the statistical uncertainties shown in Fig. 29435

would be reduced by factor of ∼
√
2, so that the AMBER measurements would increase the world data set436

statistics on negative kaons by a factor of ∼ 6.437

However, excellent beam particle identification is even more crucial for kaon measurements than for pion438

measurements. Given the more abundant pionic component of the beam, a small percentage of kaon mis-439

identification would not affect the results significantly and can be included in the systematic. On the contrary,440

even a small amount of mis-identification of pions in the hadron beam as kaons can severely affect the results.441

The discrimination of pions from kaons can be ensured by majority discrimination (signal in coincidence from442

6, 7 or 8 out of 8 PMTs) provided by the CEDAR-N detectors for a small-divergence beam. At 190 GeV/c beam443

energy, the beam divergence must not exceed 60 µrad for efficient tagging. At the CEDAR location of the M2444

beamline, the divergence of the beam is presently about 130 µrad (squared sum of transverse directions), which445

is incompatible with this approach. Instead, the trajectory information of the particles reconstructed by the446

beam telescope can be used to predict the location of the PMTs that should have fired based on the particle ID.447

This method was developed and used successfully by the COMPASS experiment [25]. An efficiency of ∼87%448
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Fig. 29: Left: Projected statistical uncertainties on the kaon-to-pion Drell-Yan yield ratio with M2 conventional
beams for the mass range 4.0 < Mµµ/(GeV/c2) < 8.5 in green, compared to the measurements from NA3[23]
in orange, prediction using continuum methods[9] in blue and lattice-regularised QCD calculation[24] in black.
Right: Projected statistical uncertainties on the ratio of the K+-induced Drell-Yan cross section on carbon to the
difference of K−-induced and K+-induced ones and compared to different kaon momentum fractions carried
by sea quarks derived from SMRS pion PDFs by interchanging d-quarks with s-quarks.

was achieved with a level of impurity of about 3.2% for the 2008 data taking with a hadron beam intensity of449

5 MHz (at least a factor 14 lower than considered for Drell-Yan measurements).450

In order to improve and guarantee successful particle identification at high intensities, two aspects should be451

addressed: the accuracy of the beam trajectory parameters, and the minimisation of the divergence of the beam452

at the CEDAR location. For the former, additional tracking detectors are envisaged and will be validated with453

Monte-Carlo simulations. The beam line description provided by CERN BE-EA was integrated into the AM-454

BER simulation chain, while the integration of CEDAR detector is still ongoing. The simulations will be first455

compared to COMPASS 2018 Drell-Yan data for validation and then used to optimise the AMBER beam tele-456

scope. Concerning the reduction of the beam divergence at the CEDAR location, first studies were performed457

by the CERN BE-EA group [26]. The main results are shown in Fig. 30. In the current configuration, only 23%458

of the beam falls within the limits of particle identification based on majority discrimination. Currently there459

are segments of the beam line in the air, which add up in total to a length of 80 m. Integrating those segments460

in vacuum would reduce the divergence by about 8% but increase the transmission by 20% (thanks to a more461

efficient collimation scheme in this condition). In order to further reduce the divergence of the beam, a new462

collimator was simulated at about 300 m downstream the production target and the beam optics was tuned to463

enlarge the size of the beam at the CEDAR location, which according to Liouville’s theorem implies a more464

parallel beam. In such a configuration, about 70% of the beam would be identified with majority signal in the465

CEDARs. The results are promising, the studies should be pursued and analysed carefully.466

4.4 Plans for 2023467

As the beam particle identification is crucial for a successful program to improve the world data on the structure468

of the kaon, the possibility to perform dedicated tests with CEDAR detectors at high intensity with the beam469

telescope from the AMBER anti-proton production setup is being discussed with CERN HSE-RP. The data470

would provide valuable information, which can be used to validate the Monte-Carlo simulations.471
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Fig. 30: Left: Divergence of the beam in horizontal and vertical direction at the CEDAR location in the current
beam line configuration. The black circle represents the limit of 60 µrad for particle identification with majority
signal, which contains 23% of the beam. Right: Same as on the left with beam line in vacuum and with an
additional collimator located about 300 m downstream the production target and new optics tuning. In this
configuration, 70% of the beam has a divergence smaller than 60 µrad.

5 Hardware472

5.1 TPC and Gas System473

In Fig. 31 the technical drawing of the main TPC is shown. Recently, a significant amount of parts of the inner474

structure for the new main TPC have been manufactured. These are a half of required number of high-precision475

rings, which are necessary to produce uniform electric field inside the TPC cell, prototypes of anode plane, grid476

PCB and corresponding support rings, and other elements required for the assembling. A test assembly has477

been started (see right panel of Fig. 33).478

The TPC is operated in charge-collection mode with no amplification requiring to achieve and maintain for479

long operational time oxygen and water contamination below the 100 ppb level. This is critical for the constant480

energy calibration with respect to the recoil position in the TPC cell (see studies presented in Sec. 2.1.2). This481

goal can be achieved via the use of a dedicated gas re-circulation system with specific filters which absorb water482

and oxygen contaminants entering the TPC volume. It consists of tree main elements: a high-purity pump, a483

Zeolite-based filter and two mass flow-meters. The system is being engineered and built for its commissioning484

in 2023. The scheme is illustrated in Fig. 32.485

The TPC pressure can be adjusted via the two mass-flow controllers MCF1 and MCF2 installed at the input and486

at the output of the TPC volume. This solution guarantees a pressure stability ∆P/P ≈ 10−4. The automatic487

adjustment of the two flow controllers allows to operate the TPC in the whole pressure range between 0 and488

20 bar. The gas flow can be regulated from 0 to 30 Nl/m. Due to the high purity requirements and the need489

to circulate hydrogen, helium and nitrogen a membrane-based pump is the adopted pump technology. The490

pressure modulations induced by the pump membrane will be dumped via a dedicated system of expansion491

volumes. A non-commercial Zeolite-based filter operated at liquid nitrogen temperature will be employed to492

capture water and oxygen impurities whose values will be continuously monitored via a set of dedicated sensors.493

The sketch of the purification unit is presented in Fig. 33. The purification unit consists of three volumes. The494

inner one contains Zeolite to adsorb admixtures. It is surrounded by the liquid nitrogen volume. The outer495

vacuum volume will provide a thermal stability of the system. The technical drawings of the purification unit496

are prepared and a production of the first prototype has been started in May 2022.497

A PLC-based system, the expanded and upgraded version of the one used for the pilot run, will be deployed.498

It will act as supervisory manager of the TPC and gas system operations, it will be finally integral part of the499

experiment safety chain.500

5.2 Unified Tracking Station501

The scattered muon trajectories and the muon scattering angle is measured by the target tracking system consist-502

ing out of four UTS. This system consists of Silicon-Pixel Detectors (SPD) based on the ALPIDE monolithic503
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Fig. 31: Technical drawing of the main TPC. Dimensions and drift fields are indicated as well as the properties
of the beam windows.

active pixel sensors (MAPS) and Scintillating-Fiber Hodoscopes (SFH) as shown in Fig. 16. The SPD cover a504

cross-sectional area of 9x9 cm2 providing excellent spatial resolution of about 8 µm but require an integration505

time of about 5 µs, which results in pile-up hits in these detectors. Complementary, the SFH have a superior506

time resolution of about 300 ps and thus provide a precise timing information for each reconstructed trajectory507

to disentangle pile-up hits in the SPD. An active area of 9.6x9.6 cm2 ensures a full coverage of the SPD. The508

time and space resolutions of the SFH are sufficient to provide a unique hit-time association between the SFH509

and SPD for beam intensity even ten times higher than the one presently foreseen for the proton-radius mea-510

surement. The results of studies on different fiber sizes at various beam rates are shown in Fig. 34. Even with511

a simple association method an efficiency of 99.8 % can be achieved at the expected beam rate of 2 MHz for512

the proton-radius measurement with 500 µm fibers. The SFH is a novel technological development required513

to achieve the beam rate capability of the AMBER tracking system based on the ALPIDE MAPS. Each station514

consists out of three layers of silicon planes and two planes of scintillating fibers. A total of four stations515

enclosing the TPC target region is required for a precise tracking of the muon trajectory.516

5.2.1 Scintillating Fiber Hodoscope517

ng its y-axis (the z-axis is pointing in beam direction) to provide a coarse spatial resolution. To increase the518

detection efficiency and to enhance the effective pitch of the detector, we use two adjacent layers of fibers for519

each orientation, shifted by 250 µm relative to each other; this results in an equivalent pixel size of 250 µm and520

an active area of 9.6x9.6 cm2. The fibers will have a length of about 40 cm and their scintillation light is detected521

via commercially available 64-channel arrays of silicon photomultipliers (SiPMs). Each fiber is read out by522

one SiPM at each end, in order to suppress the dark counts rate of the sensors by requiring coincident signals523

from both sides. The SiPM signals are digitized by the Citiroc [27] application-specific integrated circuits524

(ASICs) specifically designed for the readout of photo detectors with intrinsic amplification, and digitized by525

dedicated time-to-digital converters (iFTDC). The overall system minimizes the amount of material crossed by526

muons in terms of radiation length, and thus minimizes multiple scattering affecting the measurement at small527

scattering angles and therefore low-Q2 values. The design of the new SFH builds on our experience gained in528

the development of other scintillator detectors using the same type of fibers, albeit with a larger cross-section529

of 2 mm [28, 29]. This combination of thicker fibers and SiPM was characterized and evaluated in several test530
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Fig. 32: Schematic of the main TPC gas system. The main components are illustrated.

experiments at the Paul-Scherrer Institute (PSI). The data allow validation of the GEANT4 based simulations.531

For the fibers envisaged here, minimally ionizing particles generate about 825 photons in a single fiber, of532

which about 50 to 75 reach a SiPM at each end of a straight fiber. Taking into account the photodetection533

efficiency of the SiPM, 100 GeV muons generate on average 30 photoelectrons, with a most likely value of 25534

photoelectrons. Due to geometric constraints, some fibers must be curved; for these, we expect an average of535

15 photoelectrons. With each layer containing 192 fibers, i.e. 768 fibers per SFH station, for four SFH stations536

3072 fibers and 6144 SiPM are required. For first detector tests, a partially equipped SFH will be built with a537

total of 768 readout channels. This will also allow us to test optical cross talk.538
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Fig. 33: Left panel: sketch of the Zeolite-based purification unit. Right panel: sample of preliminary assembling
of the inner structure.
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Fig. 34: Simulation results on a simple hit association algorithm efficiency at various beam rates for different
fiber thickness for the SFH (a) and at the three planes of the SPD for 500 µm fibers (b).

5.2.2 Silicon Pixel Detector539

The Silicon Pixel Detector part of the UTS is designed to provide a high-resolution measurement of the tacks.540

To achieve that goal, we are qualifying the ALPIDE ([30]) sensors as the base of the Silicon Pixel Detector.541

This sensor can provide an excellent spacial resolution for the hits relying on 28x29 µm2 pixels and providing542

a ∼ 5 µm resolution for single clusters. To instrument the 80x80 mm2 surface that would be compatible543

with the SFH active area and the TPC entrance window acceptance we are expecting to use 18 30x15 mm2
544

ALPIDE sensors per plane arranged in an 6x3 array. In total 3 planes per UTS are planned. Each plane will545

need a complete infrastructure comprising a support frame, integrated cooling and the readout of the ALPIDE546

sensors. The support frame is made of aluminum in a way to provide the gas tightness of the UTS volume and547

to avoid any metal elements in the active acceptance Fig. 13. The cooling system needs not only to dissipate548

the produced 50 mW/cm2 power but also to reduce the material budget in the active acceptance and provide549
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(a) (b)

Fig. 35: In (a) the thermoconductive carbon fibre plate with the holding frame is shown. (b) shows the FPGA
prototype.

the support for the ALPIDE sensors. To that goal, the ALPIDE sensors are expected to be mounted on a550

thermoconductive carbon fibre plate (Fig. 35(a)) that would allow to place them on beam with a reduced total551

material budget per plane of ∼ 0.3 X0 and would conduct the generated heat to the periphery where it will552

be removed by the water coolant circulating in copper pipes. Presently we have designed and produced a first553

prototype of the support and of the cooling system. We are currently carrying out the qualification of the support554

and of the cooling system with the goal of confirming the design choices and the previously done simulations on555

a real hardware. Moreover, the main task of qualifying the ALPIDE sensor for the continuous mode operation556

in a 2 MHz beam environment is ongoing. Lately we have tested a MOSAIC based ([31]) R/O chain compatible557

with the continuous readout obtaining a first data sample from a test beam at Jülich (Fig. 15). The data is being558

analysed and we are preparing to continue the test campaign in the next months with more ALPIDE sensors.559

In parallel to the ”on UTS” part of the Silicon Pixel Detector a big effort is conducted for the preparation of the560

DAQ modules that would fulfil the task of ALPIDEs control and their data flux synchronisation and integration561

into the data flux of the new iFDAQ AMBER trigger-less acquisition system ([32]). Those modules are based562

around an FPGA and the prototypes have been already produced, the Firmware is being designed (Fig. 35(b)).563

We plan to have a test of this new readout modules later this year together with the Silicon Pixel Detector test.564

5.3 DAQ565

A novel architecture of streaming read out was selected for the data acquisition system. Developments started566

already in 2018. This type of acquisition allows to combine information of very slow detectors such as the567

TPC, where the drift time is about 100 µs, with fast detectors, such as the SPD and SFH, which have time568

resolution of 5 µs and 300 ps respectively. The front-end electronics processes all signals and marks them with569

timestamps. For some detectors, such as the ECAL, a complex signal analysis is performed on the front-end570

board in order to extract signal amplitude and timing. According to the timestamp information, data are merged571

in time slices of 1-2 ms length. The time slices are perfectly synchronous for all detector types, they contain572

the complete data for this time period, which is used for the so-called time slice building. Internally, the time573

slices are divided into images. The image length can be individual for each detector type and it is multiple of574

the time resolution of this detector. The time slice building is performed by an FPGA card, and the data are575

distributed on up to eight online computers. From there, they are transferred to local disk storage. The system576

will be capable to process about 5 GB/s, resulting in up to 9 PB during a data taking period. The data are then577

analyzed and reduced in the high-level trigger (HLT) computer farm using different event selection algorithms.578

Those include a kink reconstruction based on the information from the target tracking stations, in combination579

with information of the recoil proton detected in the TPC. The reduced data set is stored at the CERN Tape580

Archive (CTA).581

In 2021, we started to build the DAQ infrastructure for the PRM measurement. We installed fibers between the582
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experimental area and DAQ room, part of which were used for the pilot run already. We installed and tested583

a new network based on a high performance Ethernet switch. The switch provides high bandwidth interfaces584

between readout computers and HLT nodes.585

Using existing hardware and computing resources we successfully performed the following DAQ tests:586

– the design performance of 1 GB/s for a single readout computer together with 250 TB local disk storage587

was achieved;588

– a performance of a single HLT compute node was varied between 300 and 800 MB/s depending on589

complexity of event selection algorithms;590

– the time slice builder was tested at full speed using FPGA-based data generators instead of FE electronics.591

A data rate of 5 GB/s was achieved, exceeding the expected data rate during the PRM run of 1-1.5 GB/s.592

The final PRM DAQ will consists of four readout computers and up to eight HLT nodes operated in parallel.593

A so-called iFTDC system was developed by the collaboration for the COMPASS experiment and consists of594

a 64-channel FPGA-based readout system with a time resolution of 150 ps. This iFTDC was already tested in595

streaming mode together with COMPASS MWPC detectors and demonstrated the expected performance. This596

system will be used for instance for the SiPM-based SFH readout.597

Althought we consider different algorithms for the PRM run data reduction, the primary option for HLT is the598

TPC’s recoil proton trigger. The experience of the performed test and pilot run described in Sec. 2.1 suggests599

that we can reduce amount of data by about two order of magnitude down to 20-30 MB/s. Studies are ongoing600

for further evaluation.601

6 Publications, presentations to conferences and collaboration matters602

Over the last year, the AMBER Collaboration has started to formulate a procedure for its publication and pre-603

sentation activity. The Publication Committee (PubCom) was created with the mandate to604

– coordinate and monitor the internal approval process of all AMBER publications;605

– solicit, distribute and allocate talks and presentations through the collaboration.606

The main goal of the PubCom is to ensure that AMBER maintains the highest possible standards for results607

of any type that are released publicly, whether they are oral presentations or posters, conference proceedings,608

release of electronic archives, or journal articles. The AMBER PubCom nominally has four members who serve609

two-year terms. Its members are chosen to cover the entire scientific program of the collaboration, including610

the second phase of the experiment.611

In its initial phase, the PubCom is focusing its attention on conference contributions, which are done on be-612

half of AMBER Collaboration, since no new scientific results are available yet. The PubCom provides a single613

contact point for conference organizers with AMBER to ensure that AMBER is visible in the physics com-614

munity through a prominent presence in relevant conferences, workshops and schools. The list of upcoming615

conferences is maintained by the PubCom and is advertised within collaboration on a regular basis. The Pub-616

Com maintains transparency in order to ensure that presentations are shared in a fair manner among AMBER617

collaborators, and provides editorial help with proceedings made on behalf of AMBER.618

A set of rules and guidelines has been formulated to ensure a consistent and high quality in the contributions619

made on behalf of AMBER. Adherence is verified through rehearsals within the collaboration. Those rehearsals620

are intended to become mandatory as we move forward. As an added benefit, they provide a venue for collab-621

orators to learn about the large scientific program for the AMBER experiment.622
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Presentation to Conferences:623

– 12 presentations to Conferences and Workshops in 2021;624

– 10 presentations to Conferences or Workshops in 2022, till May 26.625
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