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Measurement of the μ flux
•1011 muons per spill will be produced in the target 

• mostly from π, K, ρ, ω and charmed mesons 
• SHiP aims at <0.1 background events in 5 years (2⋅1020 pot)  
• i.e. 5⋅1017 muons in total 

•Magnetic shielding 
• remove muons very efficiently over a large p-range (ε ~ 10–5) 
• optimisation based on simulation (Pythia, Geant4) 

•Need to validate simulation 
• especially for p > 100 GeV/c and pT > 3 GeV/c 
• performed a 3-weeks test-beam with a full length SHiP-like 

target, collecting 1% of a SHiP spill at SPS H4 beam at CERN
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μ-flux measurement layout: overview
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Figure 1. Layout of the experimental setup to measure the µ-flux. The FairShip (the SHiP software framwork)

coordinate system is also shown.

The two upstream tracking stations were centered on the beam line, whereas the two downstream
stations and the RPCs were centered on the Goliath magnet3 opening to maximize the acceptance.

The data acquisition was triggered by the coincidence of S1 and S2. For more details on the DAQ
framework, see [6], and for a description of the trigger and the DAQ conditions during data taking,
see [7].

The protons were delivered in 4.8 s duration spills (slow extraction). There were either one or two
spills per SPS supercycle, with intensities ⇠ 3 ⇥ 106 protons per second. The 1-sigma width of the
beam spot was 2 mm. For physics analysis, 20128 useful spills were recorded with the full magnetic
field of 1.5 T, with 2.81⇥ 1011 raw S1 counts. After normalization (see Section 3.1) this corresponds to
(3.25± 0.07)⇥ 1011 POT. Additional data were taken with the magnetic field switched o↵ for detector
alignment and tracking e�ciency measurement.

3 Data analysis

3.1 Normalization

The calculation of the number of POT delivered to the experiment must take the di↵erent signal widths
and dead times of the various scintillators into account. Moreover, some protons from the so-called
halo, might fall outside the acceptance of S1 and will only be registered by S0.

In low-intensity runs these e↵ects are small. We select some spills of these runs and split them
into 50 slices of 0.1 s. We then determine the number of POT per slice and count the number of

3The centre of the Goliath magnet is 17.86 cm above the beam line.
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μ-flux measurement layout: target

•Target replica 
• same TZM, W and Ta longitudinal distribution 
• 100 mm diameter instead of 250 mm 
• full length: interaction length preserved 
• Ta-cladding replaced by Ta slabs 
• water cooling replaced by PET slabs
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The data acquisition was triggered by the coincidence of S1 and S2. For more details on the DAQ
framework, see [6], and for a description of the trigger and the DAQ conditions during data taking,
see [7].

The protons were delivered in 4.8 s duration spills (slow extraction). There were either one or two
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(3.25± 0.07)⇥ 1011 POT. Additional data were taken with the magnetic field switched o↵ for detector
alignment and tracking e�ciency measurement.
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into 50 slices of 0.1 s. We then determine the number of POT per slice and count the number of

3The centre of the Goliath magnet is 17.86 cm above the beam line.
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μ-flux measurement layout: tracker 

•Drift tubes (DT) 
• OPERA test modules 
• some used for Borexino 
• alignment using Millepede in progress
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The two upstream tracking stations were centered on the beam line, whereas the two downstream
stations and the RPCs were centered on the Goliath magnet3 opening to maximize the acceptance.

The data acquisition was triggered by the coincidence of S1 and S2. For more details on the DAQ
framework, see [6], and for a description of the trigger and the DAQ conditions during data taking,
see [7].

The protons were delivered in 4.8 s duration spills (slow extraction). There were either one or two
spills per SPS supercycle, with intensities ⇠ 3 ⇥ 106 protons per second. The 1-sigma width of the
beam spot was 2 mm. For physics analysis, 20128 useful spills were recorded with the full magnetic
field of 1.5 T, with 2.81⇥ 1011 raw S1 counts. After normalization (see Section 3.1) this corresponds to
(3.25± 0.07)⇥ 1011 POT. Additional data were taken with the magnetic field switched o↵ for detector
alignment and tracking e�ciency measurement.

3 Data analysis

3.1 Normalization

The calculation of the number of POT delivered to the experiment must take the di↵erent signal widths
and dead times of the various scintillators into account. Moreover, some protons from the so-called
halo, might fall outside the acceptance of S1 and will only be registered by S0.
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3The centre of the Goliath magnet is 17.86 cm above the beam line.
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Assembly of frames

Started assembly of frames with the
first modules

Two identical frames for 1m
modules

T1 and T2
2 modules each (stereo views)
will include trigger scintillators

Two frames for T3 and T4 with
four modules each

D. Bick (UHH) Drift-Tube Status November 10, 2017 3 / 6

2 EXPERIMENTAL SET-UP 8

Figure 7: Drift tubes available from OPERA.

Figure 8: Sketch of the module layout. A module consists of four layers with twelve
tubes each. The end plates of a module are designed such that several modules can be
combined [15].

mixture as used in the OPERA experiment and the new drift gas mixture.

Spatial resolution The spatial resolution achieved in the OPERA experiment was
around 250 m RMS [15]. For tracks that pass through the tube near the anode wire



/22 [ M. Cristinziani | μ-flux and σcharm | SHiP-D | 27–Mar–2020 ]

μ-flux measurement layout: magnet

•Goliath magnet 
• Large spectrometer magnet located in H4 
• 4.5m x 3.6m x 2.8m 
• Field map re-determined accurately in 2017

6

p

Target

Beam Counter (S1)

Hadron Absorber

Drift tube stations T1, T2

Goliath magnet

Drift tube stations T3, T4

RPC stations 1-5Scintillator planes (S2a,S2b)

+z

+x (Jura)

+y

17.47 m
(from start of 
Beam Counter S1)

SPS Beam 
Counters (S0)

2.35 m

Figure 1. Layout of the experimental setup to measure the µ-flux. The FairShip (the SHiP software framwork)

coordinate system is also shown.

The two upstream tracking stations were centered on the beam line, whereas the two downstream
stations and the RPCs were centered on the Goliath magnet3 opening to maximize the acceptance.

The data acquisition was triggered by the coincidence of S1 and S2. For more details on the DAQ
framework, see [6], and for a description of the trigger and the DAQ conditions during data taking,
see [7].

The protons were delivered in 4.8 s duration spills (slow extraction). There were either one or two
spills per SPS supercycle, with intensities ⇠ 3 ⇥ 106 protons per second. The 1-sigma width of the
beam spot was 2 mm. For physics analysis, 20128 useful spills were recorded with the full magnetic
field of 1.5 T, with 2.81⇥ 1011 raw S1 counts. After normalization (see Section 3.1) this corresponds to
(3.25± 0.07)⇥ 1011 POT. Additional data were taken with the magnetic field switched o↵ for detector
alignment and tracking e�ciency measurement.

3 Data analysis

3.1 Normalization

The calculation of the number of POT delivered to the experiment must take the di↵erent signal widths
and dead times of the various scintillators into account. Moreover, some protons from the so-called
halo, might fall outside the acceptance of S1 and will only be registered by S0.

In low-intensity runs these e↵ects are small. We select some spills of these runs and split them
into 50 slices of 0.1 s. We then determine the number of POT per slice and count the number of

3The centre of the Goliath magnet is 17.86 cm above the beam line.
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CERN-ACC-NOTE-2018-0028 

Internal Note CERN-ACC-NOTE-2018-0028

3 Results for Nominal Configuration
This section summarizes the analysis of the field measurements obtained for an equal field produced
in upper and lower coil using GOLIATH and DAVID power converters. First, the shape of the vertical
magnetic field and its behavior for different scalings of the currents is explored. Additionally, hysteresis
effects are quantified. In the subsequent step, the integrated field is calculated using an analytical descrip-
tion of the central vertical magnetic field. The obtained values are compared to an existing GOLIATH
field measurement obtained in the 1980s [4]. Finally, the horizontal and longitudinal field components
are discussed and compared to the existing field measurement.

3.1 Shape of the Vertical Magnetic Field

z (mm)
2000− 1500− 1000− 500− 0 500 1000 1500 2000

 (T
)

y
B

1.6−

1.4−

1.2−

1−

0.8−

0.6−

0.4−

0.2−

0 y=354 mm
y=177 mm
y=0 mm
y=-177 mm
y=-354 mm

(a)
z (mm)

2000− 1500− 1000− 500− 0 500 1000 1500 2000

 (T
)

y
B

1.6−

1.4−

1.2−

1−

0.8−

0.6−

0.4−

0.2−

0 y=354 mm
y=177 mm
y=0 mm
y=-177 mm
y=-354 mm

(b)

z (mm)
2000− 1500− 1000− 500− 0 500 1000 1500 2000

 (T
)

y
B

1.6−

1.4−

1.2−

1−

0.8−

0.6−

0.4−

0.2−

0 x=600 mm
x=280 mm
x=0 mm
x=-280 mm
x=-600 mm

(c)

Fig. 8: Measurement of the vertical magnetic field at IG = 3600A and ID = 1750A for (a) x = 0mm,
(b) x = 600mm, (c) y = 0mm.
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μ-flux measurement layout: muon filter

•RPC  
• five newly built single-gap bakelite RPCs 
• operated in avalanche mode 
• x/y digital readout, strip pitch 1 cm 
• 106 horizontal, 172 vertical strips
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The two upstream tracking stations were centered on the beam line, whereas the two downstream
stations and the RPCs were centered on the Goliath magnet3 opening to maximize the acceptance.

The data acquisition was triggered by the coincidence of S1 and S2. For more details on the DAQ
framework, see [6], and for a description of the trigger and the DAQ conditions during data taking,
see [7].

The protons were delivered in 4.8 s duration spills (slow extraction). There were either one or two
spills per SPS supercycle, with intensities ⇠ 3 ⇥ 106 protons per second. The 1-sigma width of the
beam spot was 2 mm. For physics analysis, 20128 useful spills were recorded with the full magnetic
field of 1.5 T, with 2.81⇥ 1011 raw S1 counts. After normalization (see Section 3.1) this corresponds to
(3.25± 0.07)⇥ 1011 POT. Additional data were taken with the magnetic field switched o↵ for detector
alignment and tracking e�ciency measurement.

3 Data analysis

3.1 Normalization

The calculation of the number of POT delivered to the experiment must take the di↵erent signal widths
and dead times of the various scintillators into account. Moreover, some protons from the so-called
halo, might fall outside the acceptance of S1 and will only be registered by S0.

In low-intensity runs these e↵ects are small. We select some spills of these runs and split them
into 50 slices of 0.1 s. We then determine the number of POT per slice and count the number of

3The centre of the Goliath magnet is 17.86 cm above the beam line.
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Installed at H4 on July 6-7, 2018

MUON TAGGER INSTRUMENTED WITH RPCs
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Data-taking
•Setup 

• target: 154.3 cm, TZM (3.6λ), W (9.2λ), Τa (0.5λ) 
• hadron absorber: Fe blocks  V = (240 cm)3 
• Goliath magnet B = 1.5T 
• 4 drift-tube stations: 4 (stereo) layers, hit resolution 0.35 mm 
• muon tagger: 5 planes of single-gap RPC, and 40–80 cm Fe slabs 

•Beam 
• 4.8 s (slow extraction) spills, 3 x 106 p/spill, beam spot 2 mm 
• 20,128 spills → (3.25 ± 0.07) x 1011 pot for data analysis 

•Muons 
• One event with muons every 710 ± 15 pot

8
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Normalization
•Scintillators 

• signal widths and dead times to be taken into account 

•Beam halo 
• some protons might fall outside of beam counter acceptance 

•Low-intensity runs used for normalisation 
• split in 0.1 s slices 
• determine pots and reconstructed muons in each slice 
• find 710 ± 15 (syst.) 

•Trigger inefficiency 
• less than 0.1% 

9
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Tracking and p resolution
•r–t relation in drift tubes 

• obtained from TDC distribution in data 

•Tracking 
• pattern recognition separately in DT 

and RPC 
• DT tracks → RPC tracks 
• tagged as μ if ≥ 3 RPC stations hit 

•Μomentum resolution 
• DT hit resolution a bit worse than 

OPERA due to imperfect r–t and 
residual misalignment 

• effect on p resolution is negligible
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Figure 2. A two-muon event in the event display. The blue crosses are hits in Drift-tube stations T1 and T2,

the red crosses are hits in T3 and T4. The green and light blue are hits in the RPC stations. The orange (blue)

dotted lines are drift tube (RPC) track segments in the y projection; the pink (red) curves are track segments

in the x projection.
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nucleon interactions are simulated by Pythia8. The emerging particles are transported by GEANT4
through the target and hadron absorber producing a dataset of also referred to as ”mbias” events. A
special setting of GEANT4 was used to switch on muon interactions to produce rare dimuon decays of
low-mass resonances. Since GEANT4 does not have production of heavy flavour in particle interactions,
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Figure 4. E↵ect of additional Gaussian smearing on the momentum distribution in the simulation, left p,

right pT . The distributions correspond to the simulation truth before reconstruction (navy blue), the nominal

resolution �hit = 270 µm (green) and a degraded resolution �hit = 350 µm (pink).

an extra procedure was devised to simulate heavy-flavour production not only in the primary pN
collision but also in collisions of secondary particles with the target nucleons. For performance reasons,
this was done with Pythia6. The mbias and charm/beauty datasets were combined by removing the
heavy-flavour contribution from the mbias and inserting the cascade data with appropriate weights.
The details of the full heavy-flavour production for both the primary and cascade interactions are
described in [12].

Table 1. Simulation samples made for SHiP background studies. � is the fraction of protons that produce

heavy flavour.

Ekin > Emin mbias/cascade POT

1 GeV mbias 1.8 ⇥ 109

1 GeV charm (�cc = 1.7 ⇥ 10�3) 10.2 ⇥ 109

10 GeV mbias 65.0 ⇥ 109

10 GeV charm (�cc = 1.7 ⇥ 10�3) 153.3 ⇥ 109

10 GeV beauty (�bb = 1.3 ⇥ 10�7) 5336.0 ⇥ 109

5 Results

The main objective of this study is to validate our simulations for the muon background estimation for
the SHiP experiment. For this purpose, we compare the reconstructed momentum distributions (p and
pT ) from data and simulation.

As discussed in the previous section (see also Figure 4), the events outside the limits (p > 350 GeV/c
or pT > 5 GeV/c) are dominated by wrongly reconstructed trajectories due to background hits and the
limited precision of the tracking detector. In SHiP, where the hadron absorber is 5 m long, only muons
with momentum p > 5 GeV/c have su�cient energy to traverse the entire absorber. We therefore
restrict our comparison to 5 GeV/c < p < 300 GeV/c and pT < 4 GeV/c. For momenta below 10 GeV/c,

– 6 –
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Simulation
•Primary proton–nucleon interactions 

• Pythia8  

•Transport in target & hadron absorber 
• Geant4  
• includes rare dimuon decays of low-mass resonances 

•Heavy-flavour production 
• Geant4 does not produce HF in secondary collisions 
• used Pythia6 to explicitly simulate HF, tuned with data

11
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Results
•Compare data/simulation 

• p = 5–300 GeV/c 
• pT < 4 GeV/c 

•Good agreement 
• within 20% for normalisation 
• for p > 150 GeV/c 

○ the simulation underestimates large pT 

○ probably caused by different amounts of   
μ from π and K  

○ given the complexity of the processes, the 
agreement is remarkable 

•Also validated FLUKA 
• used for radiation levels in SHiP

12
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Table 2 Number of reconstructed tracks in di↵erent momentum bins per 109 POT per GeV/c for data and simulation. The
statistical errors for data are negligible. For data, the uncertainties are dominated by the uncertainty in the POT normalization,
2.1%. For the simulation, the main uncertainty is due to a di↵erent reconstruction e�ciency in the simulation compared to
data, 3.3%.

Interval data Simulation ratio

5� 10 GeV/c (1.13± 0.02)⇥ 105 (1.12± 0.03)⇥ 105 1.01± 0.04
10� 25 GeV/c (2.40± 0.05)⇥ 104 (1.85± 0.06)⇥ 104 1.29± 0.05
25� 50 GeV/c (4.80± 0.10)⇥ 103 (3.76± 0.11)⇥ 103 1.28± 0.05
50� 75 GeV/c (9.83± 0.2)⇥ 102 (8.0± 0.2)⇥ 102 1.23± 0.05
75� 100 GeV/c (2.95± 0.06)⇥ 102 (2.5± 0.08)⇥ 102 1.20± 0.05
100� 125 GeV/c (1.1± 0.02)⇥ 102 (0.9± 0.03)⇥ 102 1.14± 0.05
125� 150 GeV/c 21.0± 0.4 20.1± 7.5 1.04± 0.04
150� 200 GeV/c 6.4± 0.1 6.6± 0.3 0.96± 0.04
200� 250 GeV/c 0.76± 0.02 0.88± 0.06 0.86± 0.06
250� 300 GeV/c 0.26± 0.01 0.26± 0.03 0.97± 0.11
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Appendix A: FLUKA-GEANT4 comparison

Appendix A.1: Simulation samples

The geometry of the muon flux spectrometer was re-
produced in FLUKA with a few approximations [15]. A
large sample of muons was generated with FLUKA for
simulating primary proton nucleon interactions as well
as the transport of the emerging particles. This sample
was used for the comparison with GEANT4. For perfor-

mance reasons three samples were made with di↵erent
momentum thresholds (set for all particles). This in-
creased the statistics in the corresponding momentum
bins. The number of POT for the three samples is shown
in Table 3.

To be consistent with the GEANT4 simulations done
for SHiP, the comparison is limited to 5 GeV/c < p <
300 GeV/c and pT < 4 GeV/c . The primary proton-
nuclei interactions are simulated and transported through
the target and hadron absorber by FLUKA. Special set-
tings of FLUKA were used to include:

– full simulation of muon nuclear interactions and pro-
duction of secondary hadrons;

– delta ray production from muons (>10 MeV);
– pair production and bremsstrahlung by high-energy

muons;
– full transport and decay of charmed hadrons and

tau leptons;
– decays of pions, kaons and muons described with

maximum accuracy and polarisation.

The physics settings utilised in the FLUKA simulations
were chosen such as to activate all relevant processes
like charm decays and most accurate pion and kaon
decay descriptions, and to be as close as possible to the
physics lists employed in the GEANT4 simulations.

Appendix A.2: Results

In this section, we compare the reconstructed momen-
tum distributions, p and pT , between FLUKA and
GEANT4.

Tracks are considered to be muons if they have hits
in the T1, T2, T3 and T4 stations. The distributions are
taken at the T1 station and normalized to the number
of POT.

As shown in Figure 5, FLUKA predicts a lower
rate compared to GEANT4. In the momentum range
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Fig. 6 Transverse momentum distributions from data and simulation, top full range in log scale, bottom detail of lower
transverse momentum with a linear scale. The distributions are normalized to the number of POT. For the simulation, some
individual sources are highlighted, muons from charm (green), from dimuon decays of low-mass resonances in Pythia8 (cyan),
in Geant4 (turquoise), photon conversion (dark green) and positron annihilation (brown).

https://arxiv.org/abs/2001.04784
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Outlook: dimuon events
•Overall good agreement  

• provides a solid confidence in using FairShip, also for the   
future optimisation of the muon shield and other detectors 

•Further understanding provided by dimuon events 
• more detailed studies are ongoing

13
Figure 8: Invariant mass of di-muon events recorded at the H4 beam-line test beam, opposite sign muon
pairs in blue (fitted) and same sign muon pairs in purple. An evident peak from J/ ! µ

+
µ
� decays is

visible (right peak). The left peak consists of unflavoured ⇢, ⌘(0) and ! decaying into two muons.

2.6 Charm-production in the SHiP target
Charmed hadrons are produced either directly from interactions of the primary protons or from sub-
sequent interactions of particles produced in the hadronic cascade showers. As a result, the tau neutrino
yield, as well as the yield of any hidden particle produced by charm decays, are subject to large cor-
rections. Simulations of proton interactions in the SHiP target indicate that the charmed hadron yield is
increased by a factor of 2.3 as a result of cascade production [30]. The available measurement of the
associated charm production per nucleon �cc̄(

p
2mE = 27.4GeV) = 18.1 ± 1.7 µb [31] was obtained

with a thin target for which the secondary production is negligible.
The SHiP Collaboration proposed the SHiP-charm project [32], aiming at measuring the associ-

ated charm production by employing the SPS 400 GeV/c proton beam. This proposal includes a study
of the cascade effect to be carried out using the ECC technique, i.e. slabs consisting of a replica of the
SHiP experiment target [4] interleaved with emulsion films. The detector is a hybrid system, combining
the emulsion technique with electronically read out detectors and a spectrometer magnet to provide the
charge and momentum measurement of charmed hadron decay daughters and the muon identification.

An optimisation run was performed at the H4 beam-line of the CERN SPS in July 2018 with an
integrated number of protons on target of about 1.5⇥106. The data has allowed developing reconstruction
software for emulsion which is operating in an environment with significantly higher occupancy, longer
particle flight lengths and smaller angles than in the OPERA experiment. A subset of the data has been
analysed for fine-tuning the new software. Figure 9 shows an example of a double-charm candidate
event that has three vertices: the most upstream is the proton interaction vertex. There are two additional
vertices: one shows a two-prong topology without any charged parent particle while the other one shows
a kink topology. Therefore, the first one is a D0 candidate while the second one is most likely either a D
or a Ds meson. The flight lengths of the neutral and charged charm candidates are 2.1mm and 12.7mm,
respectively. The impact parameter of the D

0 daughter tracks with respect to the primary proton vertex
are 250 and 590µm. The kink of the charged charm candidate is 31 mrad and the impact parameter of the
daughter particle to the primary proton vertex is 390µm. From the measured flight length and average
decay angle, one can infer an estimate of the lifetime of the particle [33]: this gives 1.4 ⇥ 10�12 s for
the neutral candidate and 1.3⇥ 10�12 s for the charged, both consistent with the hypothesis of charmed
hadron decays.

A measurement with a larger statistical sample is planned after the long shutdown LS2 of the

14

  μ+μ–  data 

 μ±μ± data

fit
J/ψ

ρ, η, η’,ω



/22 [ M. Cristinziani | μ-flux and σcharm | SHiP-D | 27–Mar–2020 ]

SHiP–Charm: motivation
•Important for Hidden Sector searches normal. and 
ντ cross-section measurement  

• need to determine charm production in proton interactions 
and in hadron cascades in the SHiP target 

14

D-MESON PRODUCTION IN p-Pb COLLISIONS AT . . . PHYSICAL REVIEW C 94, 054908 (2016)
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FIG. 10. Total inclusive charm production cross section in
nucleon-nucleon collisions as a function of

√
s [51,68,73,80–82].

Data are from pA collisions for
√

s < 100 GeV and from pp

collisions for
√

s > 100 GeV. Data from pA collisions were scaled
by 1/A. Results from NLO pQCD calculations (MNR [76]) and their
uncertainties are shown as solid and dashed lines.

ratio of the D0 production cross sections in full rapidity and
in |y| < 0.5 calculated with the FONLL central parameters:
8.57+2.52

−0.38. The systematic uncertainty on the extrapolation
factor was estimated by considering the contributions owing
to (i) the uncertainties on the CTEQ6.6 PDFs [79] and (ii) the
variation of the charm-quark mass and the renormalization and
factorization scales in the FONLL calculation, as proposed in

Ref. [6]. The resulting cross section is

σ
prompt D0

pp, 7 TeV = 4.43 ± 0.36 (stat.) +0.49
−0.88 (syst.) +1.30

−0.19 (extr.)

± 0.16 (lumi.) ± 0.06 (BR) mb. (11)

The total charm production cross section was calculated by
dividing the total prompt D0-meson production cross section
by the fragmentation fraction reported above. The resulting cc
production cross section in pp collisions at

√
s = 7 TeV is

σ cc
pp, 7 TeV = 8.18 ± 0.67 (stat.) +0.90

−1.62 (syst.) +2.40
−0.36(extr.)

± 0.29 (lumi.) ± 0.36 (FF) mb, (12)

which has smaller systematic and extrapolation uncertainties
as compared to the value of Ref. [51]. We verified that the
precision of the cc production cross-section determination
does not improve if the results calculated from D+ and
D∗+ mesons, which have significantly larger extrapolation
uncertainties as compared to the D0 one, are included via a
weighted average procedure, as done in Ref. [51]. In Fig. 10,
the total charm production cross section is shown as a function
of the center-of-mass energy of the collision together with
other measurements [51,68,73,80–82]. The LHCb value was
computed by multiplying the pT-integrated charm cross sec-
tion at forward rapidity [68] by the rapidity extrapolation factor
given in Ref. [83]. The proton-nucleus (pA) measurements
were scaled by 1/A, assuming no nuclear effects. The curves
show the results of next-to-leading-order pQCD calculations
(MNR [76]) together with their uncertainties obtained varying
the calculation parameters as suggested in Ref. [6]. The
dependence of the charm production cross section on the
collision energy is described by the pQCD calculation, with all
the data points lying close to the upper edge of the uncertainty
band.
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FIG. 11. pT-differential production cross section of D0 mesons with −0.96 < ycms < 0.04 in p-Pb collisions at
√

sNN = 5.02 TeV. (Left)
Comparison of prompt and inclusive D0 mesons (the latter including also D0 mesons from beauty-hadron decays) from the analysis without
decay-vertex reconstruction. (Right) Comparison between the prompt D0 cross sections measured with [49] and without decay-vertex
reconstruction.

054908-17

Phys. Rev. C 94 (2016) 054908 • Inclusive double-charm cross-
section measured in NA27 using 
thin target 

• Missing information: charm 
production in hadron cascades 

• Charm yield from cascade 
expected 2.3 times larger than 
prompt contribution

https://doi.org/10.1103/PhysRevC.94.054908
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SHiP–Charm: overview
•1-week optimisation run performed in Summer 2018 

• hybrid setup to measure σcc ̄ in a thick target  
• emulsion (ECC) used to identify charm-decay topology  
• electronic detectors: Pixel, SciFi, Drift Tubes to measure the 

momentum of charged charm daughters, RPC to identify 
penetrating muons

15

~10 m
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SHiP-charm custom detectors
•Emulsion Cloud Chamber 

• based on OPERA design               

•SciFi 
• based on LHCb upgrade Ia 

•Pixel Tracker 
• based on ATLAS IBL 

•+ Drift Tubes 
•+ RPC                

16

Brick Structure
• Brick in CHARM 1 and CHARM2: 29 emulsion films 

interleaved by 28 mm passive slabs
• W as passive material for CHARM1-RUN6, Pb for the others

08/11/2018 Track reconstruction in emulsion bricks 7

status of SciFi
15 March 2018 

CHARM EXPERIMENT 2018 - MECHANICS AND 
SETUP 

5	SHiP	Collaboration	Meeting	-	owtscharenko@physik.uni-bonn.de	07.06.18	

40	cm	

40	cm	

40	cm	

−  6	planes,	2	modules	each	->	24	FE-I4B	(650k	channels)	

−  33.6	x	40	mm2	active	area	per	plane	

−  Final	pixel	layout	to	be	optimized	on	geometry	of	SciFi	
and	Drift	Tubes	

−  Z	positions	adjustable	

−  Simulations	recommend	minimal	distance	

−  Distance	sensor	<->	emulsion	reduced	to	9	mm	

08.11.18 SHiP collaboration meeting - owtscharenko@physik.uni-bonn.de 3

MECHANICS AND SETUP

− 6 planes, 12 modules -> 650k channels

− 33.6 x 40 mm2 active area per plane

− 6 mm aluminum carrier

− 3 Planes rotated by 90 °

− Compensate asymmetric pixels

− Telescope length ca. 13.8 cm

− Distance sensor <-> outside 7.5 mm

− 100 µm foil
40 cm

40 cm

40 cm
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Emulsion target configurations
•Six configurations to sample shower development 

• up to ~ 2 λint  

• 85% (52%) of primary (secondary) interactions sampled 
• 1032 films exposed (12 m2) 
• target moved across the beam for best acceptance
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Event reconstruction

18

/35 [ M. Cristinziani | Charm testbeam: pixel | SHiP Coll. Meeting | 14–Mar–2019 ]

Vertex in emulsion volume
•Event 46928 in Run 2781 

• 89 hits, 11 reconstructed tracks, 1 common vertex visible

�24
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TRACK RECONSTRUCTION IN RPC 
‣ Configuration: CHARM1-RUN6
‣ Run number: 2793

‣ Clusters associated to 
reconstructed 3D tracks 
imported in FairShip

‣ Track position in the 
transverse plane
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RPC

Federico Redi - EPFL

Beam profile

�6

Beam-profile reconstructed with selective timing

Maria Elena Stramaglia 14
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Emulsion: backgrounds
•Hadronic re-interactions 

• pavg of hadrons is 11 GeV 

•Elect.-magn. showers 
• induced by γ conversion 
• on average 11 per event

19

Background events that survive the selection criteria show the same 
topology of charmed hadron decays

MC process: hadron inelastic MC process: pair production
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Double-charm candidate in data

20

31/10/2019A.Iuliano-charm analysis17

Global event topology

31/10/2019A.Iuliano-charm analysis18

V0 decay topology

31/10/2019A.Iuliano-charm analysis19

Kink-like topology

31/10/2019A.Iuliano-charm analysis19

Kink-like topology

31/10/2019A.Iuliano-charm analysis17

Global event topology

31/10/2019A.Iuliano-charm analysis17

Global event topology



/22 [ M. Cristinziani | μ-flux and σcharm | SHiP-D | 27–Mar–2020 ]

Event building: matching
•Emulsion→ Pixel (2 cm) 

• using multi-track events, take 
target moving into account 

• alignment and matching over 
one spill (preliminary) 

•Pixel→ SciFi (4 m) 
• aligning SciFi with single-track 

events, with magnet off and on 

•Pixel→ RPC (8 m) 
• match tracks from same event 

○ σtracks =  2.57 ± 0.02 mm 

• fakes from different events 
○ σtracks = 7.68 ± 0.07 mm
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emulsion pixel

TRACK MATCHING

− project all matched pixel tracks 759 cm 
downstream to RPCs

− calculate track distance

− typically single RPC tracks, several pixel tracks

− choose best match

-> σ = 2.57 ± 0.02 mm

20SHiP collaboration meeting - owtscharenko@physik.uni-bonn.de30/10/2019

dominated by pixel track  
extrapolation uncertainty

beam position in first layer SciFi

B = 1.5 T

B = 0 T

○ σx = 120 μm, σy = 90 μm, σtx, ty = 3 mrad
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Conclusion
•Muon flux 

• potentially dangerous background 
• measurement has been performed (paper accepted) 
• validated simulation (Pythia, Geant, Fluka) 
• additional studies ongoing  

•Charm cross-section 
• important for normalisation (hidden sector and ντ) 
• performed a feasibility testbeam in 2018 
• identified first double-charm candidates with emulsion 
• connection with electronic detectors in progress 
• aiming for a full 4 weeks measurement when SPS resumes 

•

22
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Muon flux measurement
•Good agreement between data and simulation

24
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Fig. 5 Measured muon momentum distributions from data and simulation, top full range in log scale, bottom detail of the
low momentum range with a linear scale. The distributions are normalized to the number of POT. For simulated data, some
individual sources are highlighted, muons from charm (green), from dimuon decays of low-mass resonances in Pythia8 (cyan),
in Geant4 (turquoise), photon conversion (dark green) and positron annihilation (brown).
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Dimuon events
• J/ψ momentum matches Pythia8 simulation 

○ important for separation of charges in 1st part of active μ shield 

• J/ψ yield in simulation is overestimated by a factor 4.5 
○ however, J/ψ is not dominating, thus 2nd order effect 

• Low mass kinematics and yield match simulation 
○ good news concerning μ background and ALP production via meson decays

25
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3 General features23

3.1 Combination of tracks from di↵erent protons24

The beam intensities during a slow extraction spill were less than < 2⇥ 106 protons per25

second. Only one out of 710 ± 15 collisions produced an event with at least one fully26

reconstructed track, corresponding to a maximum rate of ⇠ 2.8kHz. The maximum drift27

time in a drift tube is about 2µs. The hits of a second track which arrive within this time28

would also be recorded, however with a wrong t0 and therefore resulting in wrong drift radii.29

In order that the second track is still reconstructible, the second interaction should not30

occur more than 100ns after the first interaction. Therefore, one could expect a maximum31

number of two muons from di↵erent proton-nucleon collisions of 0.3 ⇥ 10�3 per event32

with one fully reconstructed track. This would be split equally in same and opposite sign33

charged tracks. We observe in data about 0.05⇥ 10�3 same sign and 6.0⇥ 10�3 opposite34

sign events per event with a fully reconstructed track. The access, two orders of magnitude35

of opposite sign events is clearly due to correlated production in one proton-nucleon36

collision.37

3.2 Same and opposite sign tracks, origin of muon pairs38

To compare with the large existing MC statistics, we need to apply a minimum cut on the39

momentum of the two reconstructed tracks, due to the 10 GeV production cut used. For40

Pmin > 20GeV/c, we observe per event with more than two reconstructed tracks 4.8⇥10�3
41

same sign events in data and 1.2⇥ 10�3 in MC, see also Fig. 2. Overall the contributions42

from same sign events is very small. They originate from random combinations and wrong43

charge assignment. The dominant sources for opposite sign events in MC are listed in44

Table 2 and their reconstructed invariant mass in Fig. 3.45
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Figure 2: Reconstructed invariant mass of opposite and same sign combinations, left MC,
right Data.

3 GENERAL FEATURES 3

3 General features23

3.1 Combination of tracks from di↵erent protons24

The beam intensities during a slow extraction spill were less than < 2⇥ 106 protons per25

second. Only one out of 710 ± 15 collisions produced an event with at least one fully26

reconstructed track, corresponding to a maximum rate of ⇠ 2.8kHz. The maximum drift27

time in a drift tube is about 2µs. The hits of a second track which arrive within this time28

would also be recorded, however with a wrong t0 and therefore resulting in wrong drift radii.29

In order that the second track is still reconstructible, the second interaction should not30

occur more than 100ns after the first interaction. Therefore, one could expect a maximum31

number of two muons from di↵erent proton-nucleon collisions of 0.3 ⇥ 10�3 per event32

with one fully reconstructed track. This would be split equally in same and opposite sign33

charged tracks. We observe in data about 0.05⇥ 10�3 same sign and 6.0⇥ 10�3 opposite34

sign events per event with a fully reconstructed track. The access, two orders of magnitude35

of opposite sign events is clearly due to correlated production in one proton-nucleon36

collision.37

3.2 Same and opposite sign tracks, origin of muon pairs38

To compare with the large existing MC statistics, we need to apply a minimum cut on the39

momentum of the two reconstructed tracks, due to the 10 GeV production cut used. For40

Pmin > 20GeV/c, we observe per event with more than two reconstructed tracks 4.8⇥10�3
41

same sign events in data and 1.2⇥ 10�3 in MC, see also Fig. 2. Overall the contributions42

from same sign events is very small. They originate from random combinations and wrong43

charge assignment. The dominant sources for opposite sign events in MC are listed in44

Table 2 and their reconstructed invariant mass in Fig. 3.45

1 2 3 4 5 6
2GeV/c

1

10

210

310

410

 2
N

/5
0M

eV
/c

opposite sign
same sign

1 2 3 4 5 6
2GeV/c

10

210

310

410

 2
N

/5
0M

eV
/c

opposite sign
same sign

Figure 2: Reconstructed invariant mass of opposite and same sign combinations, left MC,
right Data.

Measured J/ψ  pT distribution and simulation 

Invariant mass: simulation

Measurement

5 ANALYSIS 20

5.4 Measured J/ kinematics and comparison with MC158

The measured J/ kinematic distributions, momentum, transverse momentum, rapidity159

ycm and cos⇥CS are shown in Fig.26 together with the Pythia8 and Pythia6 + Geant4160

Monte Carlo simulations. The distributions are obtained by fitting the invariant di-muon161

mass distribution in bins of momentum, pT , ycm and cos⇥CS and extracting the J/ yield.162

Pythia8 describes very well the transverse momentum distribution of the data. For ycm,163

data is somewhat between Pythia6 and Pythia8.164
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Figure 26: Measured J/ kinematic distributions compared to the Pythia8 and Pythia6
simulations. Top left: momentum, top right: transverse momentum, bottom left: rapidity
ycm, bottom right: cos⇥CS.

5.5 Low mass kinematics and comparison with MC165

The di-muon events with low mass are dominated by decays of low mass resonances, see166

Table2. For this MC - data comparison, no cut on pT is applied, only cut on pmin >167

20 GeV/c. The measured low mass (M < 1.5 GeV/c2, Fig.27) kinematic distributions,168

momentum, transverse momentum, rapidity ycm and cos⇥CS are shown in Fig.28 together169

with the Pythia8 + Geant4 Monte Carlo simulation. The MC is normalized to correspond170

to the same number of protons on target as recorded in data. The MC describes quite171

well the data. No large deviations are observed, meaning that the production and decay172

of low mass resonances is well reproduced by our MC simulation, and can therefore also173

be used for ALP production.174
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Ship-charm
•SHiP-charm project  

• aims at measuring the differential charm production cross 
section in the SHiP target, including cascade production 

•Knowledge of the associated charm production 
yield in 400 GeV/c proton interactions 

• crucial for the SHiP experiment both for Hidden Sector 
searches and Neutrino Physics studies 

•Optimization run performed in July 2018  
• at H4 beam line of SPS 
• 15x105  p.o.t. integrated, amounting to about 10% of the full 

statistics 

•Final measurement foreseen after LS2

26
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Experimental Setup

27

Upstream of Goliath
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Experimental Setup

28

DOWNSTREAM of Goliath
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Experimental Setup
•Data taken in Summer 2018 at H4 beam line, SPS NA

29

4EXPERIMENTAL SETUP
Data taking in Summer 2018 @SPS

North Area 
H4 beam line

4EXPERIMENTAL SETUP
Data taking in Summer 2018 @SPS

North Area 
H4 beam line
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Instrumented muon tagger: RPC
• (80 + 80 + 40 + 40 + 40) cm iron walls interleaved with 

5 newly built single-gap bakelite RPCs, dim ~ 1950 x 1240 mm2  
• Chambers operated in avalanche mode 

Standard gas mixture: 95.2/4.5/0.3 C2H2F4/C4H10/SF6  
• X/Y digital readout, strip pitch ~1 cm 

116 horizontal strips (active 106), 184 vertical strips (active 172)  

•

30

9

RPC overall mechanical structure

Designed by the 
Mechanics Service INFN - Bari

80 cm

80 cm

40 cm

40 cm

40 cm

240 cm

220 cm

BEAM

15 cm

Installed at H4 on July 6-7, 2018

MUON TAGGER INSTRUMENTED WITH RPCs

3
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Experimental Setup

31

Target 
Mover

Emulsion 
Detector

Drift Tubes
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RPC

Pixel
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Emulsion scanning

32

Emulsion Scanning Plan
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7

Shifters

Upgrade  18th-22nd February
Thanks to A. Alexandrov  (Napoli group)
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Emulsion vertex quality

33

14th March 2019 A.Iuliano - emulsion analysis 4

Motivation: vertices from data

● Good vertices, from CH1-R6 (RUN 2793, 28 mm W)

PRIMARY INTERACTIONS

SECONDARY INTERACTIONS

NO PARENT 
RECONSTRUCTED

14th March 2019 A.Iuliano - emulsion analysis 5

Motivation: vertices from data

● Bad vertices, from CH1-R6 (RUN 2793, 28 mm W)

SHOWER-LIKE RANDOM COINCIDENCES
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Emulsion: kinematic variables

34

Kink angle Decay length Mean life Total momentum
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Emulsion MVA

35

13MULTIVARIATE ANALYSIS
‣ The vertices sample is made by 

‣ Training an algorithm for the selection of good vertices from the 
composite sample provided by standard emulsion vertexing 

‣ Input variables: max angular aperture, impact parameter, fill factor

Good-quality vertices: 
‣ PRIMARY-LIKE 
‣ SECONDARY-LIKE 
‣ NO-PARENT

Bad-quality vertices: 
‣ SHOWER-LIKE 
‣ RANDOM COINCIDENCES

CUT VALUE
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Emulsion–pixel matching

36

9EMULSION-PIXEL MATCHING 
Procedure (C. Betancourt)
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Pixel modules

37
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Pixel modules

�4

ATLAS IBL PIXEL MODULES 

2	SHiP	Collaboration	Meeting	-	owtscharenko@physik.uni-bonn.de	07.06.18	

−  Hybrid	pixel	detector	

−  FE-I4B	chip	produced	for	IBL	upgrade	

−  250	µm	x	50	µm	pixel	size	

−  80	x	336	pixel	

−  25	ns	time	resolution	

−  Double	chip	modules	

−  2	FE	->	1	large	sensor	

2 1 Introduction
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Fig. 1.1. Schematic view of one pixel cell, the basic building block of a hybrid
pixel detector. The ionizing particle crosses the sensor and generates charges that,
moving in the depletion region under the action of an electric field, produce signals.
These are amplified, and hit pixels are identified and stored by the electronics. The
thickness of the sensitive part of the detector – the depletion zone – depends on
the bias voltage and on the sensor parameters, as explained in Sect. 1.2

This kind of device has been developed for the needs of particle physics, but,
as it will become evident in Chap. 5, it can be used in many other fields.
Particle physics applications demand high speed, good time resolution, and
the ability to select hit patterns, while applications in other fields emphasize
more high sensitivity and stability.

1.1.1 Motivations for Pixel Detectors in Particle Physics

The development of pixel detectors in particle physics has been primarily
triggered by two specific requirements, which both became recently important
and, in most applications, have to be simultaneously met:

(a) The possibility of studying short-lived particles

•Hybrid pixel detectors 
• n-in-p planar silicon sensors used in ATLAS IBL upgrade 
• FE-I4B front end-chips 

•Characteristics 
• (mostly) 250 μm x 50 μm pixels 
• 80 x 336 matrix 
• 25 ns time resolution 

•Detector 
• 2 FE-I4B bump bonded to sensor 
• PCB (flex) for control and data
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Pixel tracker in 2018 testbeam

38

/35 [ M. Cristinziani | Charm testbeam: pixel | SHiP Coll. Meeting | 14–Mar–2019 ]

Pixel tracker in 2018 testbeam
•Total of 12 modules 

• i.e. 24 FE chips, arranged in 6 planes 
• planes are pairwise orthogonal to each other, i.e. resolution in x/y is similar 

•Design consideration 
• first module as close as possible to emulsion

�5
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Pixel track reconstruction

39

Pixel vs. Emulsion Angles
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Pixel track reconstruction – performance
•Angular resolution 

• ~200 μrad for beam peak 

•Acceptance 
• 150 mrad, corresponds to 

pixel tracker geometry 

•Track multiplicity 
• events with several tens of 

tracks reconstructed

�17
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Pixel track reconstruction – performance
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Pixel vertex reconstruction

•
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Vertexing
•For each track pair 

• find 3D point where track–track distance is minimal 

•Distribution in z corresponds to material 
• compare two runs with different amount of material

�18

nvertex
Entries  8923
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SciFi issues
•Problems detected 

• Time stamp (PLL locked)  
• Electronic reset  
• Server writing  
• High rate: buffer not properly cleared, bit flips in the time 

counters, missing data, old packets substituting good data  

•Could be mostly solved with calibrations 

•

41


