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Abstract

The scintillating fibre (SciFi) detector will replace the inner and outer tracker in the
LHCb upgrade in 2019–2020. The generation and transport of the photons inside
the fibres as well as the digitisation of the signal in the silicon photomultipliers
and frontend electronics are simulated in order to reproduce test-beam data and to
simulate the upgraded LHCb detector under the expected running conditions. This
simulation is available in the Boole software project, version vXXrX.
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1 Introduction1

The upgrade of the LHCb detector is scheduled in 2019–2020. The three tracking stations2

after the magnet, currently consisting of an inner and outer tracker (IT and OT), will3

be replaced by a scintillating fibre (SciFi) detector. The simulation of the SciFi detector4

has been described in Ref. [1], which was written at the time of the TDR [2]. Since then5

there have been several changes and improvements made in the software. Amongst others,6

an improved readout numbering scheme [3] has been implemented and the geometry7

description has been updated [4]. This simulation is available in the Boole software8

project, version vXXrX.9

The SciFi simulation aims to have a realistic description of the SciFi detector under10

the expected running conditions. The simulation includes parameters which can be tuned11

against data from test beams. Furthermore, the description should be kept efficient in12

order to keep the CPU time consumption as low as possible.13

Currently two versions of the simulation are available: a simpler one, effective simulation,14

where fibres and photons are not simulated, and a second, more complete simulation, which15

is currently the default and is referred to as detailed simulation. The first implementation16

is faster but it does not reproduce the cluster sizes so well. The detailed simulation is17

a more complete description and has an higher number of tuneable parameters. Both18

simulations make use of the expected attenuation of the photons in the irradiated fibres19

that is described in Ref. [5].20

The SciFi detailed simulation, which is the main one described in this note, consists of21

three main steps. First, the energy deposition for each particle that traverses a fibre mat is22

computed and transformed into scintillation photons that are propagated through the fibre23

to the detection plane of the fibre mat. Then, the digitization of the signal in the silicon24

photomultiplier (SiPM) and in the Pacific chip is simulated and a signal in ADC counts25

in each channel is obtained. Finally, in the clusterisation process, the signals in adjacent26

channels are summed together to obtain the reconstructed clusters. At this stage the27

output of the simulation equal to what is obtained on data and therefore cluster properties28

are compared in order to tune the free parameters in the simulation. In the following,29

the SciFi simulation is described in more detail and a comparison with test-beam data is30

presented.31

2 Event model32

The following objects are implemented as C++ classes and used in the software code in33

Boole.34

1. MCHit. The output of Gauss are the intersection points of the particles with the35

sensitive materials. For the SciFi, these sensitive materials are the mats. Further-36

more, the MCHit contains the deposited energy in that material, the time of flight,37

the particle’s momentum, and the identification number of the sensitive material38

(sensDetID).39
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2. MCFTPhoton. The first step in the Boole detailed simulation is to generate the40

scintillation photons. They contain a pointer to the MCHit, the sensDetID, the41

wavelength, the exit time of the photon at the fibre ends, the (x, z) positions and42

(dx/dy, dz/dy) directions in local coordinates of the mat at the fibre ends, and a43

flag to indicate if the photon was reflected. Finally, it also contains the number of44

photons, which is always set to one in the current implementation of the simulation.45

3. MCFTDeposit. Each photon is converted into an integer number of photoelectrons46

that are detected by one of the channels in SiPM. This so-called deposit contains the47

number of photoelectrons, which can now be higher than one due to direct crosstalk,48

and the corresponding channel ID (FTChannelID). Furthermore, the deposits have a49

pointer to the MCHit, the photon arrival time, the reflection flag, and the number of50

contributing photons.51

4. MCFTDigit. The deposits belonging to the same channel are gathered in a single52

digit (the FTChannelID is now the key of this class). The total charge in this channel53

is stored as the (floating-point) number of photoelectrons and it is stored in the54

2-bit threshold ADC format. The digits also contain the pointers to the contributing55

deposits.56

5. FTCluster and FTLiteCluster. The digits from neighbouring channels are clustered.57

In the this note, the clustering algorithms are only briefly described. The event58

model and the clustering algorithms are described in more detail in Ref. [6].59

Each object has a corresponding “creator” algorithm. The exception is that MCFTPhotons60

and MCFTDeposits are both created by the MCFTDepositCreator. This is done to be61

able to switch easily between the detailed and effective simulation. The latter creates the62

MCFTDeposits directly from the MCHits, without going through the step of creating the63

MCFTPhotons first.64

3 Simulation of the fibres65

The first step in the simulation concerns the generation of light and the propagation of66

the photons in the fibres.67

3.1 Distribution of the energy in the fibres68

The simulated particles crossing the material of the SciFi tracker deposit their energy along69

a trajectory. This energy as well as the entrance and exit points of the particle within70

an active material constitute a Monte-Carlo hit (MCHit). In the geometry description [4],71

single fibres are not described and the individual mats are defined as the active material.72

The two-dimensional distribution of the MCHits as function of the x and y position is shown73

in Fig. 1. The generation of the MCHits is done by Geant4 in the Gauss application.74
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The first step in Boole is the simulation of the fibres and the distribution of the energy75

of an MCHit inside the fibres. The energy distribution is performed in the following way:76

• The entrance and exit points of the MCHit are transformed to the local coordinate77

system of the fibre mat [4]. The fibre locations are defined within this local coordinate78

system, and the closest fibres for this MCHit are determined. There are six layers79

of fibres, staggered with a pitch between the layers of 210µm. The fibres have a80

diameter of 250µm, and within a layer the fibre pitch is 275µm.81

• The fraction of the path within the core (110µm radius) of the fibres, ffibre, is82

computed with respect to the total path of the MCHit.83

• A phenomenon of crosstalk between fibres causes photons to be created in the84

neighbours of a fibre that received energy from the initial MCHit. This phenomenon85

has been modelled in a standalone version of Geant4, showing that this fibre-to-86

fibre crosstalk occurs mainly in the eight adjacent fibres (see Fig. 2). The fractional87

energy loss due to crosstalk, f totCT = 0.135, is subtracted from the initial fibre and88

distributed in the neighbouring fibres. The f totCT parameter is tuned using data.89

Neighbouring fibres have different probabilities of producing crosstalk depending90

on their distance from the fibre under consideration and the amount of glue in91

between them. From Geant4 studies the fractions, fi, assigned to each neighbour92

are f4 = 0.163, f6 = 0.147 and f8 = 0.028, where the indices are defined in Fig. 2.93

The sum of all eight fractions equals unity; in other words the possible crosstalk94

produced in other fibres is neglected. Furthermore, the procedure is not iterated,95

namely in this simulation the energy due to crosstalk does not produce its own96

crosstalk. In summary, the amount of energy added to each neighbour of type i is97

E0
fibre × f totCT × fi , (1)

where E0
fibre is the initial amount of energy present in the fibre under consideration.98

The same amount of energy, E0
fibre × f totCT, is then removed from the central fibre.99

• The same operation is repeated for all the fibres that are traversed by the MCHit.100

All the energy in each fibre is added to obtain the total amount of energy in a fibre101

Efibre.102

3.2 Attenuation of the signal103

The propagation of the signal along the fibre is simulated by attenuating the energy that104

was obtained for each fibre. Several sources can cause signal losses in the fibres, e.g.,105

photons can be absorbed in the material or lost if they hit the cladding at angles below106

the one required for total reflection. To model these losses, the energy of the photons is107

attenuated. This is done separately for photons travelling in the direction of the SiPMs108

(direct photons) and in the direction of the mirrors (reflected photons). For reflected109

3



 [mm]x 
2000− 0 2000

 [
m

m
]

y 

2000−

1000−

0

1000

2000

0

1000

2000

3000

4000

5000

6000

Signal

Figure 1: Distribution of the MCHits as function of the x and y positions.
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Figure 3: Attenuation map as function for irradiated fibres corresponding to 50 fb−1 for (left)
direct photons and (right) reflected photons. The mirror reflectivity is set to unity for this figure.

photons, the signal is further attenuated by the parameter that describes the mirror110

reflectivity, which is set to 0.75 [7].111

The attenuation of the signal is obtained from a Geant4 simulation [5], which accounts112

for the reduced transparency due to radiation. Since the attenuation depends on the113

photon wavelength, the photon detection efficiency (PDE) of the SiPM is included in114

this simulation as it also depends on the wavelength of the photons. In this way, the115

photon wavelength does not need to be simulated in Boole. Using this simulation,116

two-dimensional maps of the efficiency for direct and reflected photons as a function of the117

global x and y coordinates of the MCHit are obtained, which are shown in Fig. 3. There is118

a map for unirradiated fibres, corresponding to an integrated luminosity of 0 fb−1, and a119

map for irradiated fibres, corresponding to 50 fb−1. The attenuation as function of the120

distance to the SiPM is shown in Fig. 4 for different x positions. For unirradiated fibres the121

attenuation is independent of the x position, while for irradiated fibres the attenuations122

drops for positions closer to the beam pipe.123

3.3 Generation of photons124

At this point photons are generated at the end of each fibre at the side where the SiPMs125

are residing. The average number of expected direct (reflected) photons, ndir (nref), is126

computed as127

ndir(ref)
γ = Efibre × nγ/MeV × εdir(ref) , (2)

where Efibre is the total energy in the fibre including crosstalk, nγ/MeV = 6400/MeV is a128

tuneable parameter, which describes the number of photons produced per unit of energy,129

and εdir(ref) is the survival probability for the direct (reflected) photons obtained from the130

attenuation maps as described in Sec. 3.2. To determine the integer number of direct and131

reflected photons that are reaching the end of the fibre a Poisson random number is then132

thrown with average, n
dir(ref)
γ .133
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Figure 4: Attenuation as function of the distance to the SiPM for (left) the 0 fb−1 map and
(right) the 50 fb−1 map. The attenuation is shown at two different x positions for direct and
reflected photons. The mirror reflectivity is set to unity for this figure.

Each photon is assigned a time tγ, a wavelength λ, a position in the local coordinate134

system of the mat (x, z), and a direction vector (dx/dy, dz/dy). The time assigned to the135

photon is computed as the sum of the time of the spill, the flight time from the MCHit,136

the scintillation time, and the propagation time through the fibre,137

tγ = tspill + tflight + tscint + tprop . (3)

The propagation time tprop is obtained by multiplying the propagation time per meter138

in the fibres (6.0 ns/m) with the distance covered by the direct or reflected photons to139

reach the SiPMs from their production point (which is taken to be the middle point of140

the MCHit). The scintillation time tscint is randomly drawn from an exponential decay141

distribution with a decay time of 2.8 ns.142

The position and direction of the photon are obtained using the distributions from the143

standalone Geant4 simulation. The position in the plane at the end of the fibres is given144

by145

x = r cos(ϕ) , (4)

z = r sin(ϕ) , (5)

where r and φ are distributed as146

r =
√
mr r

eff
fibre , (6)

ϕ = 2πmϕ , (7)

with mr and mφ random numbers following a uniform distribution between 0 and 1, and147

reff
fibre = 115µm the effective radius of the fibre. The distribution of the photon positions is148

shown in Fig. 5. The directions of the exiting photons (dx/dy and dx/dy) are drawn from149

Gaussian distributions with a width equal to 0.57.150
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Figure 5: Exit positions of the photons at the end of the fibre mat in the local coordinate system
of the mat. The outermost plots show the edges of the mat, while the central plot shows the
region around the die gap. The boundaries of the SiPM channels are superimposed with black
lines.

As mentioned before, the wavelength does not need to be simulated. However, for151

testing purposes the wavelength generation can be switched on. In that case, the wavelength152

is generated from a log-normal distribution,153

λ = λshift + λscalee
mshapemGauss , (8)

where λshift = 405 nm, λscale = 77.89 nm and mshape = 0.44 are parameters obtained from154

fits to the standalone Geant4 simulation. The parameter mGauss is a random number155

corresponding to a normal distribution with unit width and zero mean.156

3.4 Effective simulation157

The simulation of the photons in the fibres as described above is called the detailed158

simulation. At the time of the TDR, only the effective simulation was available, which does159

not describe the fibres and the photons, but instead transforms the MCHits directly into160

MCFTDeposits. This simulation can be turned on with a flag in the MCFTDepositCreator161

and is described in more detail in Ref. [1]. Since the TDR, there is also another imple-162

mentation of the light-sharing model that uses a Gaussian distribution (cf. Eq. 1 in163

Ref. [1]).164

The fraction of the total deposited energy from the MCHit that is converted into165

MCFTDeposits is multiplied with the packing factor of the fibres. This corresponds to166

the ratio between active and passive area within a fibre mat. Using the 110µm-radius167

fibre core as the active area, the packing factor is calculated to be 0.64. In this way the168

same value for the nγ/MeV parameter can be used for both the effective and the detailed169

simulation.170

By skipping the generation of each single photon, the effective simulation has the171

advantage that it is significantly faster. On the other end, it does not (yet) correctly172
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describe the distribution of the energy in the readout channels, in particular the distribution173

of the cluster sizes. A better tuning and possibly an improved model is required to reach174

the same agreement with test-beam data as obtained with the detailed simulation.175

4 Simulation of electronics176

This section describes the response of the SiPMs and the Pacific chips. The simulation177

starts from photons (MCFTPhotons) that hit the SiPMs (as described in the previous178

section). The output are the digits (MCFTDigits) coming from the Pacific chip, which are179

the input to the clustering. The photons are converted into photoelectrons (a unit of charge180

delivered by the SiPM corresponding to the collection of one photon) and associated to the181

SiPM channels. In this step, the associated SiPM channel is computed from the positions182

and directions (x, z, dx/dy, dz/dy) of the photons at the end of the fibres, accounting for183

the 0.1 mm epoxy layer between the fibre mat and the SiPMs. These photoelectrons are184

stored in the MCFTDeposit class.185

4.1 SiPM photon detection efficiency186

The photon detection efficiency (PDE) of the SiPM depends on the wavelength. This187

efficiency and its dependence on the wavelength is already included in the efficiency of the188

attenuation maps. Hence, it is not simulated in Boole by default. For testing purposes,189

however, this efficiency can be switched on. The functional dependence is obtained from190

Ref. [8] and approximated by a third-order polynomial as191

ε(λ) = p3(λ− λmax)3 + p2(λ− λmax)2 + εmax , (9)

with p3 = 16.7µm−3, p2 = −7.45µm−2, εmax = 0.389, and λmax = 492 nm. The efficiency192

is about one third. When switched on, this must be compensated by adjusting the number193

of photons per MeV (i.e., by nγ/MeV).194

4.2 Crosstalk between SiPM pixels195

The pixel-to-pixel crosstalk (or intra-channel crosstalk) effectively increases the observed196

charge in photoelectrons. Two types of intra-channel crosstalk can be distinguished: direct197

and indirect cross talk.198

The first type, the direct crosstalk, is due to the triggering of neighbouring pixels when199

a pixel is fired and hence increases the charge observed in a channel. It occurs at the same200

time as the arrival of the photon on the SiPM. The number of additional photoelectrons in201

a given channel due to the crosstalk is obtained by throwing a random number following a202

Poisson distribution with an average203

ndirect Xtalk = pdirect Xtalk × npe , (10)
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the dependence of the electronics output (after shaping and integration) as a function of the
arrival time of the photon at the SiPM. This function is normalised to a maximum of one.

where pdirect Xtalk = 4.0% [9] is the probability of triggering a neighbour of a fired pixel,204

and npe is the number of photoelectrons. As direct photons and reflected photons have205

different arrival times, the crosstalk is treated separately for both cases.206

The second category is delayed crosstalk which is due to previous pixel avalanches.207

The number of photoelectrons in a given channel due the delayed crosstalk is computed208

just as for the direct crosstalk with pdelayed Xtalk = 2.0% [9]. The time delay between the209

initial hit and the delayed crosstalk is not very large, and often still occurs in the same210

bunch crossing. The distribution follows an exponential decay, where the decay time is211

estimated from Fig. 6 of Ref. [9] to be 14 ns. The delay of the corresponding arrival time212

is obtained from a random sampling of the exponential decay function.213

4.3 Electronics response214

The size of the electric signal in the Pacific after the amplifier, shaper and integrator215

depends on the time of arrival of the photons and the sampling time of the integrator.216

The relative gain of the electronics response corresponding to Pacific4 shown in Fig. 6.217

The sampling time of the integrator is chosen such that the signal height of photons from218

signal particles is maximal. This is obtained by subtracting a t0 offset from the arrival219

times of the photons,220

tsampling = tγ − t0 . (11)

The offsets for the three stations are t0 = 26 ns for T1, t0 = 28 ns for T2, and t0 = 30 ns221

for T3.222
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Figure 7: Occupancy per event versus pseudochannel for (left) digits above threshold and (right)
clusters. The contributions from signal (MCHits from the current bunch crossing), spillover and
thermal noise are indicated. The step at 512 is due to the beam-pipe hole, while the step at
10240 is the boundary between module 5 and 6. The histogram is filled for all quadrants and
then normalised by the number of quadrants (48).

The next step is to gather the deposits that hit the same channel into a single digit.223

Figure 7(left) shows the digit occupancy per event as function of the pseudochannel.1224

For each digit the total signal height in photoelectrons is obtained by summing over the225

deposits in this channel. The gain of the amplifier is adjusted such that the one photon at226

the SiPM corresponds to one photoelectron of charge. As this calibration is not perfect, a227

gain variation of 5% is assumed. This means that the signal height in photoelectrons is228

multiplied with a gain factor. This gain factor is unity with a random Gaussian variation229

of 5%. Then, due to electronics noise a random Gaussian variation of 0.1 photoelectrons230

is added to the signal. Finally, the signal height is converted into a 2-bit ADC value if231

the signal is above 1.5 photoelectron (ADC=1), above 2.5 photoelectron (ADC=2), or232

above 4.5 photoelectron (ADC=3). Only digits above the lowest threshold are stored. The233

charge per digit in photoelectrons and in ADC counts is shown in Fig. 8.234

4.4 Thermal noise235

After 50 fb−1 of luminosity, the SiPMs will suffer severely from radiation damage. The236

thermal noise rate or dark current rate (pDCR) at this point is expected to be 14 MHz per237

readout channel when the SiPM is cooled to −40◦C. This means that there is a probability238

of 0.70 that one of the pixels in a given channel will fire within a time window of 50 ns.2239

Fortunately, most of these noise hits are suppressed due to the clustering thresholds, such240

that the occupancy of noise clusters is some orders of magnitude lower. In the simulation,241

1The pseudochannel is defined such that within a quadrant of the detector the channels are ordered
increasing in |x|.

2A 50 ns window is used as the electronics response function does not fit within one bunch crossing.
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Figure 8: Charge per digit in (left) photoelectrons (PEs) and (right) ADC counts for (top) the
effective noise simulation and (bottom) the detailed noise simulation. The contributions from
signal (MCHits from the current bunch crossing), spillover and thermal noise are indicated. In
the detailed noise simulation there is a large peak at two photoelectrons, which is suppressed in
the effective noise simulation as these contributions do not result in clusters (cf. Sect. 4.4).

the radiation damage is assumed to be the same for all SiPMs, independent of their242

position.243

There are two implementations of the thermal noise simulation: the detailed and244

the effective thermal noise simulation. In the detailed simulation, a random channel is245

drawn from a spatially flat distribution. Then an arrival time is drawn within the 50 ns246

window, again from a flat distribution. This creates a new deposit (MCFTDeposit) of one247

photoelectron. This process is repeated N times, where N is the probability of a fired248

pixel (0.70) times the number of channels in the SciFi (524 288). While creating the249

noise deposits the (delayed) crosstalk is also added by means of increasing the number of250

photoelectrons, with the same (larger) arrival time. Although this procedure is simple251

and robust, it is quite inefficient. It creates 367’001 noise deposits, while only about 300252

clusters remain in the end.253

In the effective simulation, only deposits that make it into a cluster are created. This254
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depends on the clustering thresholds and the probability for (delayed) crosstalk. First,255

the Poisson probability of having Ndir direct photoelectrons in a channel within 25 ns is256

multiplied with the cumulative binomial probability of having Nxtalk or more (delayed)257

crosstalk photoelectrons, where Ndir + Nxtalk must be above the threshold. Then these258

probabilities are added for all possible Ndir. This gives the probability px that due to259

thermal noise and (delayed) crosstalk the charge in a channel is above the clustering260

threshold x. Since two direct photoelectrons will have different arrival times, and the261

electronics response function is not flat within the 25 ns window, the probability that262

two noise hits effective overlap is slightly smaller than unity. The effective probability263

for overlap of two noise deposits in time is found to be 0.87. Similarly, delayed crosstalk264

will not always result in a sufficiently large signal in the readout window. The effective265

probability for overlap of delayed crosstalk with the signal is found to be 0.58. Both effects266

depend on the shape of the electronics response function and are taken into account in267

calculating the probabilities above. For realistic thermal noise rates, the contribution268

from noise clusters that are more than four channels wide is negligible. Therefore, only269

protoclusters up to size four are simulated. The expected number of protoclusters Ni of270

size i is calculated as271

N1 = Ntot p4.5 pNN ,

N2 = 2Ntot p2.5 p1.5 pNN , (12)

N3 = Ntot p
3
1.5 pNN ,

N4 = Ntot p
4
1.5 ,

with Ntot the total number of channels in the SciFi detector, and272

pNN = (1− p1.5)2 , (13)

the probability that the two neighbouring channels are below the lowest threshold. Looping273

over the expected number of protoclusters, again a random channel and a random arrival274

time are drawn. Depending on the size of the protocluster, the neighbouring channels275

are also filled with deposits, with the number of photoelectrons such that they will pass276

the clustering thresholds. Note that this effective noise simulation does not add noise277

photoelectrons to the signal deposits, as is done automatically in the detailed noise278

simulation. Hence, these noise photoelectrons are explicitly added to the signal.279

Using the procedure as described above, the effective noise simulation has also been280

implemented a standalone python script. This has the advantage that the number of noise281

clusters can be easily predicted for different values of pDCR. The script is located in the282

Boole project at FT/FTDigitisation/tools/clusterNoiseRate.py. Figure 9 shows283

the cluster noise rates for the detailed simulation as a function of pDCR. The effective284

noise simulation has been implemented as a function with only two free parameters: the285

effective probability of overlap of two noise deposits and the effective probability of overlap286

of delayed crosstalk deposits. The best-fit numbers are used in the Boole implementation287

and have been given above. As can be seen from the figure, the number of clusters is288
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Figure 9: Cluster noise rates for different cluster sizes as a function of the dark current rate
(pDCR) for the case (left) without any crosstalk and (right) with crosstalk. The data points are
the result of the detailed noise simulation, while the lines are obtained from the fit described in
the text. In black the total number of noise clusters is drawn.

remarkable well described by the function. It is also found that the effect from fluctuations289

due to gain and electronics noise are negligible.290

The effective noise simulation drastically improves the CPU time consumption of the291

SciFi digitisation in Boole. In the detailed noise simulation many digits are created292

that will not pass the clustering thresholds, as can be seen in Fig. 8. Without any noise293

simulation, the time per event is about 0.11 s. For the detailed noise simulation, this294

number increases to 0.63 s, while for the effective noise simulation the time per event is295

only 0.14 s. The effective noise simulation is used by default.296

4.5 Afterpulses297

Afterpulses are due to an avalanche in the same pixel as the primary avalanche. They298

arrive typically 70 ns after the initial pulse. The probability per fired pixel to have an299

afterpulse has reduced drastically in the latest SiPM sensors. The probability dropped300

from 5.5% for H2015 to 0.0% for H2017. Below a probability of 0.5% the number of301

clusters from afterpulse is so low that they are not even simulated. For completeness, the302

procedure for adding afterpulses is described in the following.303

The afterpulses are assumed to be fully uncorrelated noise, since the spread in arrival304

times is so large that the probability to create a reconstructible track is negligible. The305

probability that a set of afterpulses is converted into a cluster increases with the charge306

of the initial cluster. The procedure starts with a loop over the number of clusters in307

a typical minimum-bias event at ν = 7.6 (fixed to 3100). For each iteration, a random308

number is drawn from a Landau distribution, which is scaled by the afterpulse probability309

of 0.1%. If this number is larger than the single-channel cluster threshold (4.5), then a new310

deposit is created. Only single-channel clusters are simulated here to simplify the code.311
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Figure 10: Number of clusters as function of (left) the cluster charge in photoelectrons and (right)
the pseudochannel in minimum bias events without noise added. The results from the fits as
described in the text are superimposed. These distributions are used as input for the simulation
of the afterpulses.

The location of this deposit is obtained from the cluster occupancy profile. A random312

arrival time is drawn from a flat distribution within the 25 ns window. As the response313

function is wider then 25 ns, two bunch crossing are simulated.314

Figure 10 (left) shows the cluster charge distribution. Only clusters with a high initial315

charge have a non-negligible chance to result in an afterpulse cluster. Therefore, only the316

tail of this distribution is relevant, which can be well described by a Landau function.317

Figure 10 (right) shows the cluster occupancy as a function of the pseudochannel. This318

histogram can be described by319

P (x) = f0/Nchan + f1/Ncutout for x < Ncutout

P (x) = f0/Nchan + (1− f0 − f1)e−x/α/N for x ≥ Ncutout (14)

with N = α(e−Ncutout/α − e−Nchan/α)

where Nchan is the total number of pseudochannels, Ncutout = 512 is boundary pseudochan-320

nel for the cutout for the beam pipe, f0 is the fraction of flat component (for all channels),321

f1 is fraction of the central flat component, and α is the decay constant from exponential322

function.323

5 Clusterization324

The clustering takes place in the clustering FPGA on the front-end electronics. This means325

that the clustering algorithm must be emulated in Boole. The front-end electronics sends326

this cluster data to the TELL40 via optical fibres. The result of the TELL40 processing is327

a raw data bank, which encodes the cluster data. Also this encoding algorithm must be328

simulated in Boole. It is worth to point out that the front-end electronics will also be329
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Table 1: Input parameters for the simulation.

Parameter value
Dark current rate (pDCR) 14.0 MHz
Direct crosstalk probability 4.0%
Delayed crosstalk probability 2.0%
Delayed crosstalk decay time 14 ns
Afterpulse probability 0.0%

able to send out non-zero-suppressed data, which would correspond to the MCFTDigits in330

the current event model. The FTClusterCreator algorithm should also be able to process331

this input data. The event model for the clusters and raw banks is still under development332

and will be described in detail in Ref. [6]. In the following, the current clustering algorithm333

will be briefly described and its performance will be presented.334

At the end of the MCFTDigitCreator the digits are sorted according to increasing335

channel number. Then clusters are searched by looking at the charge in neighbouring336

channels. There are three threshold used in the clustering, which correspond to the 2-bit337

ADC value from the MCFTDigits. If the charge is 1 ADC or higher, the digit is added to338

the cluster. For a cluster of 1 channel, the charge is required to be 3 ADC counts. For a339

cluster of 2 channels, at least one digit should have 2 ADC counts.340

The maximum size of a cluster is limited by the clustering FPGA to four. The clusters341

from the clustering FPGA contain only the channel number of the central channel and342

two more bits. One bit is reserved to encode whether the cluster was larger than four, and343

the other bit is reserved to encode the fractional position. The central channel and the344

fractional position are defined such that the bit is set to zero when the centre-of-gravity of345

the cluster is in the range [−0.25, 0.25] times the channel pitch, and the bit is set to one346

when the fractional position is in the range [0.25, 0.75]. The final output after decoding347

the raw buffer are the FTLiteClusters. This class contains the FTChannelID and these 2348

bits.349

For monitoring purposes, the “full” cluster is used. This corresponds to the FTCluster350

class and contains more information about the size of the cluster, the charge in photoelec-351

trons and the fractional position calculated with the actual photoelectron charges. Also352

for monitoring purposes the maximum size of the clusters is increased to infinity for some353

of the performance plots.354

5.1 Performance355

For a simulation sample consisting of B0
s → φφ decays including spillover and thermal356

noise corresponding to 50 fb−1, the average number of clusters per event is found to be357

about 4800 when there is no minimum cluster size. When setting the minimum cluster358

size to 4, the average number of clusters per event increases to 5600. Figure 12 shows359

the distributions of the cluster size and cluster charge. The cluster size is not limited to360
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Figure 11: Distribution of (left) the cluster size and (right) the cluster charge. For these plots
there was no limit to the maximum cluster size set.

four for these plots. The long tail towards larger cluster size is due to low-momentum361

secondary particles that are not of interest in the physics analyses, however, such large362

clusters will increase the cluster occupancy since they are split into two or more smaller363

clusters.364

Figure 7(right) shows the cluster occupancy per event as function of the pseudochannel.365

There are small contributions from noise and spillover. Table 2 shows the number of366

clusters from each bunch crossing. These fractions depend strongly on the electronics367

response function (Fig. 6). In the default simulation, only the PrevPrev (−50 ns), the368

Prev (−25 ns), the signal (0 ns) and the Next (+25 ns) spills are used.369

Table 2: Number of clusters per event contributing from each spill.

−75 ns −50 ns −25 ns 0 ns +25 ns +50 ns
Clusters/event 15 68 294 5280 176 0
Fraction of signal 0.3% 1.3% 5.6% 3.3% 0%

The maximum number of clusters per event that can be send by a clustering FPGA370

is limited. In the fixed data format this limit is set to 10. Figure 12 shows the number371

of clusters per SiPM and the fraction of SiPMs that have more than 10 clusters. This372

fraction is largest for the modules around the beam pipe (module 0). For these modules a373

variable data format is chosen such that these clusters are not lost. For the other modules,374

these clusters will be lost.375

Figure 13(left) shows the cluster efficiency as function of the momentum of the associated376

particle. For low-momentum particles the cluster efficiency is lower mainly because these377

particles distribute their charge over many channels. The cluster efficiency per event for378

particles with p > 5 GeV/c is shown in Fig. 13(right). On average the cluster efficiency for379

these higher-momentum particles is 96.3%380

Figure 14 shows the cluster resolution. This is obtained by comparing the position from381
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Figure 13: (left) Cluster efficiency as function of momentum of the particle and (right) distribution
of the cluster efficiency per event for particles with p > 5 GeV/c. For these plots the maximum
cluster size was chosen to be four.

the MCHit with that obtained from the FTLiteCluster or FTCluster. A double-Gaussian382

function is fitted to the data points. The resolution for lite clusters is slightly worse due to383

the fact that the fractional position is calculated with the 2-bit ADC value and encoded384

with one bit only.385
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6 Comparison with test-beam data386

To validate the SciFi simulation and tune its parameters, the output of the simulation387

is compared to data obtained in simplified running conditions (test beam). There have388

been several test beams from 2015 to 2017; the typical setup is described in Ref. [10]. In389

particular in the latest optimisation of simulation parameters is performed using data from390

the August 2017 testbeam. The simulation configuration used to reproduce this testbeam391

setup is described in the following paragraph. The aim of these comparisons is to vary the392

parameters of the digitisation simulation and compare with test beam results to find the393

configuration that reproduces the data at best.394

6.1 Simulation of the test-beam conditions395

The exact test-beam setup changed from year to year but in general this includes one396

SciFi module, Detector Under Test (DUT), which is hit with a monochromatic beam of397

pions, muons or electrons.398

For the tests reported in this section the description of SciFi in the official LHCb399

simulation is used but, in order to reproduce the test-beam setup, the rest of the detector400

is switched off. This is needed to avoid the production of secondaries in interactions with401

the LHCb material which are not present in the test-beam setup. For this validation402

Gauss v50r0 is used with modified FTDet and LHCbKernel packages and the 6.1403

version of the SciFi geometry [4].404

6.1.1 The beam405

The beam is implemented as a particle gun: 5 GeV/c electrons are generated, one per event.406

This corresponds to the beam used in August 2017 test beam. To reproduce the reliably407

the test-beam setup the simulated beam must have the following properties:408

• Cover the area of several fibres: the beam width is evaluated experimentally as409

an ellipse with axes abeam
y = 5 mm in the direction perpendicular to the fibre and410

abeam
x = 13 mm in the direction along the fibre;411

• Be placed at several positions along the module;412

• Be placed at several angles with respect to the module plane.413

The particle gun can be configured with an origin point and a target point. First, the414

geometry is scanned to find the centre of a fibre. This fibre must not be at the edge of a415

module. Then, the origin and target points are set accordingly. The scan is performed for416

several points along the module following what is done in the real setup; usually one point417

close fo the mirror and one close fo the SiPM are analysed. The coordinates of such points418

are referred to as (xi, yi, zi), where the subscript i refers to the point along the module.419
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Given the centre of a simulated fibre the origin point (xorig
i , yorig

i , zorig
i ) is set as:420

xorig
i = xi + ∆−

z tan(θ) , (15)

yorig
i = yi , (16)

zorig
i = zi −∆−

z , (17)

and the target point (xtarget
i , ytarget

i , ztarget
i ) is set as:421

xtarget
i = xi + ∆+

z tan(θ) , (18)

ytarget
i = yi , (19)

ztarget
i = zi + ∆+

z , (20)

where ∆−
z = 7 m is a point far upstream of the detector and ∆+

z = 0.3 m is a point422

downstream of the detector. The angle θ corresponds to the angle of the beam in the423

test-beam setup. The value of xi is chosen to be 138.8 cm. This is a region close to the424

beam where the particle gun encounters no gaps. For the analysis of data from irradiated425

mats it is particularly important to do the tests using a region close to the beam. In fact426

this is the most irradiated area which better corresponds to the irradiation profile of the427

mats used in the testbeam.428

A particle-gun beam is point-like, therefore, in order to simulate the real beam size,429

the target point is set differently for each event, choosing at random a point in the region430

(xtarget
i − abeam

x /2, xtarget
i + abeam

x /2) and (ytarget
i − abeam

y /2, ytarget
i + abeam

y /2). With this431

method, since the origin point is set far from the module, the beam will span an area432

approximately equal to that of the real beam at approximately the correct angle.433

6.2 Comparison with test-beam data434

The most important parameters that can be tuned in the simulation are:435

• the total probability of crosstalk between fibres (f totCT), which is directly correlated to436

the cluster width;437

• the number of photons per MeV (mγ/MeV), which is directly correlated with the light438

yield;439

• the reflectivity of the mirror (crefl) which is also correlated mainly with the light440

yield.441

Note that since the simulation reproduces reality only in an approximate way these442

parameters are somewhat effective. It is an integrating part of these tests to verify that443

they are sufficient to provide a good description of the relevant quantities.444
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6.2.1 Optimisation procedure445

The most relevant quantities that have to be well simulated are the light yield and the446

cluster size. In fact these are related to the hit efficiency via the number and size of the447

reconstructed clusters. For these reason the distributions of cluster size and light yield are448

compared between data and simulation and an optimisation procedure is put in place to449

find the configuration of digitisation parameters that gives the best matching between the450

simulated and real distributions for these variables.451

The optimisation is performed minimising a χ2 variable, where χ2 is defined as the452

sum of the χ2 obtained comparing the cluster size and light yield binned distributions of453

data and simulation for all considered angles and beam positions along the module. The454

optimisation is implemented as a grid scan in the considered parameters. First a course455

scan in performed followed by a finer iteration around the best point. The code used456

to perform the optimisation can be found in the SciFiTestbeamAnalysisAndSimulation457

package on the CERN gitlab.458

6.2.2 Optimisation results459

Figures 15 and 16 show the distribution of the light yield and cluster size for different460

values of the mγ/MeV and f totCT parameters. From these figures one can see the effect of461

varying these parameters:462

• when mγ/MeV is increased the light yield distribution becomes broader and with a463

higher mean. The cluster size distribution is little affected (not shown);464

• when f totCT is increased the mean cluster size becomes higher. The light yield distri-465

bution is little affected (not shown).466

Even tough the correlation is small the scan is performed in two dimensions to catch467

any possible effects.468

In summary, a two-dimensional scan is performed on two variables: nγ/MeV and f totCT,469

while the mirror reflectivity, crefl is fixed to 0.75, which is an estimate obtained from the470

analysis of the mats. This value is fixed because crefl is very correlated with nγ/MeV and,471

in order to be able to distinguish between different configurations of the two, one would472

need to analyse test beam data taken with beams hitting at many points along the mat.473

Since only one is available at the moment, i.e. close to the mirror, these values cannot be474

both optimised.475

Figure 17 shows the cluster size and light yield distributions for the best configuration,476

which corresponds to the values listed in Table 3. Figure 18 show χ2 profiles around the477

best point.478

6.3 Test with irradiated mats479

From the 2017 testbeam data is available also for irradiated mats, where the radiation480

dose is equivalent to 50 fb−1. The simulation is re-run using the attenuation maps after481
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Figure 15: Distribution of light yield in data and simulation for a perpendicular beam hitting
next to the mirror obtained using the following values of the nγ/MeV parameter: 20 (top left),
100 (top right), 200 (bottom). The simulation is shown in red while the data is shown in blue.

Table 3: Best values found from the optimisation procedure for the considered simulation
parameters. The optimisation is perfomed using non irradiated mats.

Parameter Best value
nγ/MeV 6400
f totCT 0.135
crefl 0.75 (fixed)

irradiation described in Sec. 3.2. The optimisation methodology used is the same as for482

not irradiated mats. Figure 19 shows the comparison between simulation and testbeam483

for cluster charge and size at the best point found. Parameters at this point are listed in484

Table 4.485

6.4 Digitisation parameters optimisation: conclusions486

An optimisation of the digitisation parameters is performed comparing simulation and487

test beam data. Both data from irradiated and non-irradiated mats is used. It is expected488
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Figure 16: Distribution of cluster size in data and simulation for a perpendicular beam hitting
next to the mirror obtained using the following values of the f totCT parameter: 0 (top left), 0.25
(top right), 0.5 (bottom). The simulation is shown in red while the data is shown in blue.
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Figure 17: Plot of cluster size (left) and light yield for a beam hitting perpendicularly the mat;
the best configuration of digitisation parameters is used.

to find the same value of nγ/MeV in both situations, if the attenuation model is taking into489

account all effects . Differences may arise due to imperfections in the irradiation model490

but they could also be due to the different irradiation profile achieved in the test beam491
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Figure 19: Plot of cluster size (left) and light yield for a beam hitting the mat perpendicularly;
the best configuration of digitisation parameters found comparing irradiated data is used.

irradiated mats. The values found for non-irradiated mats and listed in Tab. 3 will be492

used in the official production as this is a cleaner situation, while the differences with the493

irradiated case will be investigated.494

Table 4: Best values found from the optimisation procedure for the considered simulation
parameters. The optimisation is perfomed using irradiated mats corresponding to 50 fb−1 of
dose.

Parameter Best value
nγ/MeV 5700
f totCT 0.045
crefl 0.75 (fixed)
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7 Conclusion495

The simulation of the SciFi detector has been improved in order to emulate all the known496

physics effects in a CPU efficient way. The new attenuation maps and fibre crosstalk497

are based on a stand-alone Geant4 simlation. An effective simulation of thermal noise498

has been implemented to reduce the CPU time consumption. The detailed simulation499

acccurately describes the spreading of the photons in the fibres over the readout channels.500

The tuning of its free parameters allows to reach a very good agreement with test-beam501

data, and allows extrapolation to the LHCb running conditions.502
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