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The SHiP collaboration proposes a general purpose fixed-target experiment to search for hidden
particles at the new beam-dump facility at CERN SPS. For the interpretation of these searches a
precise knowledge of the differential charm production cross-section in a thick target, including
the cascade production, is essential. For this purpose, a dedicated measurement at CERN SPS
has been proposed. An optimization run has been performed with 400 GeV/c protons interacting
with a thick target of up to 1.6 nuclear interaction lengths. The production and decay of charmed
hadrons in the target is detected by emulsion films arranged in a moving brick containing emulsion
cloud chambers. A magnetic spectrometer using silicon pixel, scintillating fiber and drift-tube
detectors is built to measure charge and momentum of the decay daughters and is followed by an
RPC muon tagger. We report on the experiment design, track matching and first results of the
optimization run.
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1. Introduction

Knowledge of the charm production cross-section in a thick target is essential for the sensitivity
of the proposed SHiP [1, 2] experiment. Especially the enhancement through cascade production in
a target, which is expected to be large, has so far never been measured. The SHiP-charm project [3]
aims at measuring the double-differential cross-section, d2f/(d� d\) for charm production, using
the 400 GeV/2 primary proton beam, extracted from SPS at CERN. The target is a mockup of the
SHiP target and consists of passive material interleaved with emulsion cloud chambers (ECC), with
the purpose to study the properties of the particle shower as it is created and evolves in the target. A
varying amount of absorber bricks is placed upstream of the active target to emulate different target
thicknesses. The setup is completed by a magnetized tracking spectrometer and by a muon tagger.
In July 2018, an optimization run took place at the H4 beam line. Here we address the challenge
of reconstructing common tracks and events from the information recorded by the fundamentally
different ECC and pixel detectors. Also the identification of interaction vertices in a high-density
environment is discussed. This is complicated by the fact that the ECC detector carries no timing
information and was moving relative to the beam and pixel detector in order to prevent overexposure
during a given spill.

2. The SHiP-charm experiment

The experiment setup is optimized towards a full topological and kinematic reconstruction of
charmed hadrons emerging from the interaction of 400 GeV/2 CERN SPS protons in the target.
Vertex and track reconstruction can be provided by the ECC, while the spectrometer provides
kinematic reconstruction, starting with the pixel detector directly downstream of the ECC. With
the high timing resolution of 25 ns and a high spatial resolution it offers the crucial association of
tracks from the target to timestamped events recorded by the electronic detectors.

Figure 1: Setup of the SHiP-charm experiment as implemented for the optimization run. The red arrow
indicates the proton beam. The whole apparatus extends approximately 10 m along the beam axis.

The pixel detector consists of six layers of ATLAS IBL double-chip modules with hybrid pixels
[4]. Each plane offers an active area of about 6.9 cm2 with a material budget of 350 µm of silicon.
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The following GOLIATH magnet [5] and the scintillating fiber (SciFi) detector further downstream
complete the spectrometer. The SciFi detector consists of 8 layers with an active area of 40 ×
40 cm2 per layer. Figure 1 shows the full setup.
To study the charmed hadron production in different depths, target configurations of different
material budget are available. Short targets of 29 active emulsion sheets and 28 passive lead
(tungsten) layers and thick targets of 57 emulsion films and 58 lead sheets are combined with
different numbers of passive absorber bricks. A detailed description of the target can be found in
Ref. [6]. In all targets the thickness of a single passive sheets is 1 mm, while active emulsions
films are 315 µm thin. An overview of the different configurations can be seen in Figure 2. Target
thicknesses between 0.16 and 1.6 interaction lengths can be simulated. With the ECC technique,
targets can only be irradiated once and are disassembled and digitized afterwards. Tracks and
vertices can be reconstructed within the FEDRA framework with a precision as high as 3 µm [7].
Ionization in the emulsion is permanent and an unambiguous reconstruction is ensured up to a track
density of at least 1000/mm2. To prevent overexposure and to record as many events on a single
brick as possible, a moving pattern was established. During one SPS spill of 5.2 s the target is
moved through the beam with a velocity of approximately 2.6 cm/s. In between spills the target is
moved vertically by either 1 or 2 cm. This allows for irradiation of 10, respectively 5, SPS spills on
a single target with proton rates between 7700 and 13 800 per spill.

Figure 2: Different target configurations including passive absorber bricks in front of the ECC. Passive
sheets in the Charm 1 ECC are made of tungsten.

3. Optimization run at SPS

The optimization run was performed with the goal of integrating the different sub-detectors
and to develop the necessary tools for event reconstruction and data analysis. Special focus was
put on the reconstruction of common tracks and events from the fundamentally different ECC
and pixel detectors. The connection of vertices to timing information is critical for kinematic
event reconstruction and for a successful measurement. Figure 3 shows the tracks reconstructed
independently in the ECC and pixel detectors for an example run.

Track reconstruction in different detectors is essentially a problem of alignment. The alignment
is complicated by the moving pattern of the ECC and by the high occupancy in both detectors. We
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Figure 3: X-Y position of tracks reconstructed in the most upstream pixel detector plane (left) and in the
most downstream ECC segment (right) for the same run in their respective rest frames. The non-uniform
distribution of horizontal lines in the ECC resembles the five spills of one run.

employ a Newton-Raphson algorithm to determine the best set of alignment parameters based on
a minimization of the total j2 of tracks computed from matched tracklets [8]. With this approach
eight alignment parameters " = (G0, H0, I0, \GI , \HI , \GH , EG , EH) are determined simultaneously,
where G0, H0, I0 are the offset of the pixel detector with respect to the emulsion reference frame, the
two velocities EG and EH characterize the target mover, and the rotations of the pixel detector about
the G, H, and I axes are denoted by \HI , \GI and \GH , respectively. A more detailed description of
the sub-detectors and the reconstruction algorithm can be found in Ref. [9].
Two criteria are chosen for track selection: The track must have an angle \ < 64 mrad in order to be
within detector acceptance; and it has to originate from a vertex with at least six associated tracks.
After alignment of an example run (82.6 ± 0.4)% of selected emulsion tracks can be matched and
attributed to a timestamp. Table 1 shows the matching resolutions.

parameter value
fG 36 µm
fH 63 µm
fC G 3.4 mrad
fC H 2.8 mrad

Table 1: Mean uncertainties for origin (G, H) and angles (CG, CH) of matched tracks for an example run,
extracted from the residual distributions.

4. Summary and outlook

The SHiP-charm experiment was developed to measure the enhancement of charm production
due to cascade production in a thick target. An optimization run was performed at CERN SPS in
order to integrate the sub-detectors. We developed an alignment and event-building procedure for
a moving emulsion target without timing information and a pixel tracking detector as first instance
of a spectrometer in a high occupancy environment. Two aspects were crucial for the successful
alignment: The introduction of an (unwanted) velocity in y direction, and a set of adequate input
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parameters for the algorithm. With this procedure, more than 82 % of the selected emulsion tracks
were assigned a timestamp. Software and detector setup will be further optimized for a dedicated
charm cross-section measurement at the CERN SPS after the LHC Long Shutdown 2.
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