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๏ The Mu3e experiment searches for µ+ → e+e-e+ : 
- evidence of of charged LFV → signature of New Physics 
- sensitivity of ~10-15 (Phase I) down to ~10-16 (Phase II) 
- world’s most intense muon beam (108 muons/s) at PSI 

๏ It is an experimental challenge:  
- thin, fast and high resolution detectors 
- signal vs. background discrimination with energy, timing and vertexing:
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Occupancy and timing 35

2 ⇥ 109 decays, 50 ns integration 2 ⇥ 109 decays, 1 ns resolution
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The importance of precise timing
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๏ Precise timing detectors:  
- reduction of accidental bkg  
- track identification/charge

Precision timing in Mu3e

50 ns (readout)  
100 muon decays

Timing information 
~ 250 ps

Scintillator tiles

Scintillator fibers

Scintillator fibers (SciFi) 
~500 ps resolution 

>95% detection efficiency

Scintillator tiles  
~70 ps resolution 

>99% detection efficiency

Background Suppression 

7 

combinatorial 
background 
suppression 

charge ID 
curling tracks 

st = 250 ps SciFi 
90% efficiency 

Tiles + fibers =  
~75% accidental bkg suppression
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Time resolution < 500 ps 
Efficiency > 95% 

Thickness x < 0.3% x0 (<1 mm) 
High occupancy (250 kHz/ch) 

Tight space (electronics, cooling)

The SciFi detector
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The Phase I Mu3e Experiment

Figure 10.18: A fibre module consists of two SciFi ribbons
with the associated support structure. The ribbons are
staggered longitudinally to minimise dead spaces between
the ribbons and are spring loaded alternately on opposite
sides of the structure.

Figure 10.19: Expanded view of the SciFi support struc-
ture, showing all the elements of the detector: SciFi ribbon,
SiPM sensor, SciFi front end board and the L-shaped sup-
port structure.

To ease the sub-detector installation, the SciFi ribbons
are assembled in modules. Each module consists of two
SciFi ribbons, as shown in Figure 10.18.

The SciFi ribbons are coupled to the SiPM arrays by
simple mechanical pressure (no grease or other optical in-
terface). Each SiPM sensor is connected to a front-end
digitizing board via a flex-print circuit. Figure 10.19 shows
an expanded view of the assembly structure: the SciFi rib-
bons are attached to the SiPM arrays, which in turn are
supported by sti�eners fixed to L-shaped supports, where
the assembly is also spring loaded. The same L-shaped sup-
ports are also used to mount the SciFi front-end boards.

The L-shaped supports are fixed to a hollow dodecagonal
prism as shown in Figure 10.20, 50 mm tall with an outer
diameter of 100 mm, which also provides the necessary cool-
ing for the front-end electronics. Two such cooling struc-
tures are attached to the beam pipe on each side of the
Mu3e detector and connected to the pipes of the Mu3e
cooling system. This cooling structure is created by 3D
printing in aluminium with embedded piping for the cir-
culation of the coolant. Each MuTRiG ASIC generates
about 1 W of thermal output, therefore around 50 W has
to be cooled away on each side of the SciFi detector. Since
the SiPM arrays are in thermal contact with the L-shaped
supports, they are cooled by the same cooling structure.
The goal is to cool the SiPM arrays down to 0 °C.

Figure 10.20: Support structure of the SciFi detectors,
which serves also as cold mass to cool away the heat gen-
erated by the SciFi module board and the cooling of the
SiPM arrays.
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24 SiPM arrays  
at both ends

Design

Requirements

12 scintillating 
fiber ribbons  

at ~6 cm

24 readout boards 
with dedicated ASICsSupport and  

cooling structure 
(-20ºC)

Scintillator fibers
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The fibers and the SiPMs
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32.5 mm x 300 mm 
Kuraray SCSF-78MJ 

round ⌀ 250 µm 
very thin ~0.2% x0 
3 staggered layers 

black epoxy 

Scintillating fibers SiPM arrays

Chapter 10

The Fibre Detector

To suppress all forms of combinatorial background from
tracks with di�erent timing, a very thin detector with good
spatial and very good timing resolution, very high e�-
ciency, and high rate capability is required in the cent-
ral region of the Mu3e apparatus. For this, a thin Scin-
tillating Fibre (SciFi) detector with a time resolution of
250 ps, an e�ciency in excess of 95 %, a spatial resolution
around 100 µm, and a thickness of X/X0 < 0.2 % has been
developed. This chapter describes this detector and also
shows how well it copes with the expectations.

Figure 10.1 shows the SciFi detector inside the Mu3e ex-
periment. In particular, the space constraints in the cent-
ral part of the Mu3e experiment impose a very compact
design on this sub-detector. In addition to timing, the
SciFi detector helps resolve the direction of rotation (i.e.,
the charge) of the recurling tracks in the central region of
the Mu3e detector by time of flight measurements.

The SciFi detector is roughly cylindrical in shape, with
a radius of 61 mm and a length of about 300 mm (280 mm
in the Mu3e acceptance region). It is composed of 12 SciFi
ribbons, each 300 mm long and 32.5 mm wide1. The width
of the ribbons matches the size of the photo-sensor (see be-
low). The detector is located 5 mm below the outer double-
layer silicon pixel detector.

A SciFi ribbon consists of three layers of scintillating
fibres that are staggered in order to assure continuous cov-

1This particular value is set by the size of the photo-sensor: the
radius of a circle inscribed inside a regular dodecagon with side
32.5 mm, i.e., the size of the photo-sensor, is indeed 61 mm.

Figure 10.1: Open view of the central part of the Mu3e
detector. The SciFi ribbons are depicted in light blue.

Figure 10.2: Full size SciFi ribbon prototype with prelim-
inary holding structure. The SciFi ribbon is formed by
staggering three layers of round scintillating fibres.

erage and high detection e�ciency. Figure 10.2 shows a full
size SciFi ribbon prototype. 250 µm diameter round mul-
ticlad fibres from Kuraray, type SCSF-78MJ, were selected.
Both ends of the SciFi ribbons are coupled to silicon pho-
tomultiplier (SiPM) arrays. After careful evaluation the
128-channel Hamamatsu S13552-HRQ SiPM array, that is
also being used in the LHCb experiment, was selected. The
SiPM arrays are read out with a dedicated mixed-mode
ASIC, the MuTRiG (chapter 9).

By far the largest source of background to the µ æ eee

search comes from the accidental combination of positron
tracks from muon decays, in which two muons decay very
closely in space, such that the decay vertices cannot be
resolved, with at least one decay positron undergoing Bha-
bha scattering and ejecting an electron from the target,
thus mimicking the topology of a single three-prong decay.
Such backgrounds can be e�ciently suppressed by timing.
Figure 10.3 shows the background suppression power of the
SciFi detector as a function of the detector time resolution.
Exploiting the fibre detector alone, in a scenario with a time
resolution of 250 ps and a 90 % overall e�ciency, leads to a
suppression of the accidental background of O(2.4 · 10≠2).
Combining the fibre and tile (see chapter 11) timing detect-
ors the background is further suppressed to O(1.4 · 10≠2).
For this study, we simulated a Bhabha electron/positron
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Hamamatsu S13552-HRQ  
128 channels 
250 µm pitch  

pixel 57.5 µm x 62.5 µm 
Vbreak ~52.5 V 

high quenching resistor  

The Phase I Mu3e Experiment

Figure 10.7: Momentum resolution for short (outgoing
only) and long (outgoing and recurling) tracks as a func-
tion of fibre ribbon thickness using simulated Michel de-
cays. The highlighted region corresponds to a three-layer
SciFi ribbon thickness of ≥ 0.7 mm. The momentum res-
olution of long (6- and 8-hit) tracks is improved over short
(4-hit) tracks due to recurling (more measured points).

Figure 10.8: (top) Signal resolution in terms of the invari-
ant mass of the three tracks of a candidate meee decay and
(bottom) loss in reconstruction e�ciency as a function of
the fibre ribbon thickness. The highlighted region corres-
ponds to a three-layer SciFi ribbon thickness of ≥ 0.7 mm.

10.2 Silicon Photomultiplier Arrays

The light produced in the scintillating fibres is detected
in SiPM arrays at both fibre ends. Acquiring the sig-
nals on both sides increases the time resolution (two time
measurements instead of one), helps to distinguish between
noise and signal and increases the detection e�ciency of the
whole system (because of the noise rejection). Moreover,
by taking the mean time of the two time measurements,
the timing measurements is made independent of the hit
position (assuming that light propagates at the same speed

to both fibre ends) and thus no position correction is ne-
cessary.

The Mu3e fibre detector is read out with Hamamatsu
S13552-HRQ SiPM arrays, with a high quenching res-
istance. The segmentation of the sensor is obtained by
arranging the individual SiPM pixels into independent
readout columns (channels). Each channel consists of 104
pixels, each measuring 57.5 µm ◊ 62.5 µm, arranged in a
4 ◊ 26 grid. The sensitive area of one channel is therefore
230 µm ◊ 1625 µm. The pixels are separated by trenches of
the fifth generation Hamamatsu low-crosstalk development
(LCT5). A 20 µm gap separates the array’s columns, res-
ulting in a 250 µm pitch. Each sensor comprises 64 such
channels, which share a common cathode. Two sensors,
separated by a gap of 220 µm, form the 128 channel device
shown in Figure 10.9. The overall current consumption of
one array is expected to be below 1 mA even for heavily
irradiated sensors. The sensors are delivered wire-bonded
on a PCB with solder pads on the backside. The sensors
are covered with a 105 µm thick protective layer of epoxy
resin. Table 10.2 summaries the most important features
of the sensor.

This sensor was developed for the LHCb experiment and
matches the requirements of the Mu3e fibre detector. The
photon detection e�ciency (PDE2) of up to 50 %, single
photon detection capabilities and very fast intrinsic time
response (single photon jitter of approximately 200 ps) are
the key features for the use in the Mu3e fibre detector.
The SiPM arrays are read out with a dedicated mixed-
mode ASIC, the MuTRiG (see chapter 9). The high gain
(> 106) allows for the use of the MuTRiG without any
pre-amplification. Typical dark-rates are around 100 kHz
at room temperature per SiPM array channel for unirradi-
ated sensors. In contrast to LHCb, where the SiPM arrays
are operated around ≠40 °C, the Mu3e sensors are being
operated at a temperature of ≥ 0 °C, but in a less intense

2With contributions from quantum e�ciency and geometrical fill
factors.

Figure 10.9: Picture of a Hamamatsu S13552-HRQ SiPM
column array including a close view showing the pixel struc-
ture of the sensor.

57

C. Martín Pérez - LF(U)V workshop July 2022

The Phase I Mu3e Experiment

Figure 10.5: Front view of a SciFi ribbon prototype. A
very good uniformity can be achieved by this ribbon con-
struction technique. Note that the photograph shows a
four-layer SciFi ribbon, while in Mu3e three-layer ribbons
are used. The multi-cladding makes the fibres to appear
smaller due to restricted light propagation.

10.1.1 Scintillating Fibres

The constraints on the material budget, the occupancy, and
position resolution require the use of the thinnest avail-
able scintillating fibres. In extensive measurement cam-
paigns, a detailed comparison was undertaken of di�erent
types of 250 µm diameter round scintillating fibres pro-
duced by Kuraray (SCSF-78, SCSF-81 and NOL-11) and
Saint-Gobain (BCF-12), as well as square cross-section
fibres by Saint-Gobain (BCF-12). Scintillating fibre rib-
bon prototypes coupled to SiPM arrays have been tested in
test beams at the CERN PS (T9 beamline) and PSI (fiM1
beamline) and with 90Sr sources. The detailed results of
these studies are reported in [77–80]. Based on their per-
formance with respect to light yield and time resolution,
round double-clad SCSF-78MJ fibres from Kuraray were

characteristic value
cross-section round
emission peak [nm] 450
decay time [ns] 2.8
attenuation length [m] >4.0
light yield [ph/MeV] n/a (high)
trapping e�ciency [%] 5.4
cladding thickness [%] 3 / 3
core Polystyrene (PS)
inner cladding Acrylic (PMMA)
outer cladding Fluor-acrylic (FP)
refractive index 1.59/1.49/1.42
density [g/cm3] 1.05/1.19/1.43

Table 10.1: Properties of the 250 µm diameter round multi-
clad Kuraray SCSF-78MJ scintillating fibres as quoted by
the manufacturer.

chosen. Table 10.1 summarises the characteristics of this
fibre type. Novel NOL fibres, based on Nanostructured
Organosilicon Luminophores, give the best performance,
but will only become commercially available in the years
to come and will be considered for future SciFi detector
upgrades.

10.1.2 Number of SciFi Layers

A critical point of optimization is the number of staggered
fibre layers. More layers lead to an improved timing res-
olution and a higher detection e�ciency but reduces the
momentum resolution of the pixel tracker due to multiple
Coulomb scattering. Since the particles cross the SciFi rib-
bons at an angle, more layers lead also to a larger cluster
size (i.e., the number of channels in the SiPM array ex-
cited by the scintillating light) and therefore to a larger
occupancy.

Using the physical characteristics of the SciFi ribbons
extensive simulation studies were performed on the impact
of this sub-detector on the momentum resolution, e�ciency
and track reconstruction (details on the complete detector
simulation, reconstruction algorithm and event selection
can be found in chapters 18, 19 and 22).

The amount of multiple Coulomb scattering generated
by the fibre detector is shown in Figure 10.6. Note that a
ribbon of three layers of 250 µm round fibres corresponds
to X/X0 ¥ 0.2 %. Multiple Coulomb scattering a�ects
the momentum resolution (Figure 10.7) and thus the µ æ

eee signal invariant mass resolution and reduces the overall
reconstruction e�ciency (Figure 10.8).

As a compromise between these constraints, ribbons con-
sisting of three staggered layers of 250 µm diameter round
fibres are chosen. With a thinner detector it would be chal-
lenging to fulfill the e�ciency requirements and the time
resolution would not be su�cient to e�ectively reject ac-
cidental backgrounds, reliably determine the sense of rota-
tion of tracks and reject misreconstructed track candidates.

Figure 10.6: Multiple Scattering ◊0 depending on elec-
tron/positron momentum and fibre ribbon thickness.
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Readout electronics
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Front-end board

๏ SciFi Module Board (SMB) 
๏ 128 channels in 4 ASICs (MuTRiG) 
๏ Clock/reset, slow control, T probes 
๏ LVDS readout via 1.25 Gbps  

data link

The Phase I Mu3e Experiment

Figure 10.7: Momentum resolution for short (outgoing
only) and long (outgoing and recurling) tracks as a func-
tion of fibre ribbon thickness using simulated Michel de-
cays. The highlighted region corresponds to a three-layer
SciFi ribbon thickness of ≥ 0.7 mm. The momentum res-
olution of long (6- and 8-hit) tracks is improved over short
(4-hit) tracks due to recurling (more measured points).

Figure 10.8: (top) Signal resolution in terms of the invari-
ant mass of the three tracks of a candidate meee decay and
(bottom) loss in reconstruction e�ciency as a function of
the fibre ribbon thickness. The highlighted region corres-
ponds to a three-layer SciFi ribbon thickness of ≥ 0.7 mm.

10.2 Silicon Photomultiplier Arrays

The light produced in the scintillating fibres is detected
in SiPM arrays at both fibre ends. Acquiring the sig-
nals on both sides increases the time resolution (two time
measurements instead of one), helps to distinguish between
noise and signal and increases the detection e�ciency of the
whole system (because of the noise rejection). Moreover,
by taking the mean time of the two time measurements,
the timing measurements is made independent of the hit
position (assuming that light propagates at the same speed

to both fibre ends) and thus no position correction is ne-
cessary.

The Mu3e fibre detector is read out with Hamamatsu
S13552-HRQ SiPM arrays, with a high quenching res-
istance. The segmentation of the sensor is obtained by
arranging the individual SiPM pixels into independent
readout columns (channels). Each channel consists of 104
pixels, each measuring 57.5 µm ◊ 62.5 µm, arranged in a
4 ◊ 26 grid. The sensitive area of one channel is therefore
230 µm ◊ 1625 µm. The pixels are separated by trenches of
the fifth generation Hamamatsu low-crosstalk development
(LCT5). A 20 µm gap separates the array’s columns, res-
ulting in a 250 µm pitch. Each sensor comprises 64 such
channels, which share a common cathode. Two sensors,
separated by a gap of 220 µm, form the 128 channel device
shown in Figure 10.9. The overall current consumption of
one array is expected to be below 1 mA even for heavily
irradiated sensors. The sensors are delivered wire-bonded
on a PCB with solder pads on the backside. The sensors
are covered with a 105 µm thick protective layer of epoxy
resin. Table 10.2 summaries the most important features
of the sensor.

This sensor was developed for the LHCb experiment and
matches the requirements of the Mu3e fibre detector. The
photon detection e�ciency (PDE2) of up to 50 %, single
photon detection capabilities and very fast intrinsic time
response (single photon jitter of approximately 200 ps) are
the key features for the use in the Mu3e fibre detector.
The SiPM arrays are read out with a dedicated mixed-
mode ASIC, the MuTRiG (see chapter 9). The high gain
(> 106) allows for the use of the MuTRiG without any
pre-amplification. Typical dark-rates are around 100 kHz
at room temperature per SiPM array channel for unirradi-
ated sensors. In contrast to LHCb, where the SiPM arrays
are operated around ≠40 °C, the Mu3e sensors are being
operated at a temperature of ≥ 0 °C, but in a less intense

2With contributions from quantum e�ciency and geometrical fill
factors.

Figure 10.9: Picture of a Hamamatsu S13552-HRQ SiPM
column array including a close view showing the pixel struc-
ture of the sensor.
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๏ Custom mixed-mode ASIC for fast  
SiPM readout (SciFi / SciTiles) 

๏ Rates up to 1.1 MHz/channel 
๏ Differential analog inputs with  

individual SiPM bias tuning 
๏ Separate time and energy  

thresholds at single-photon level 
๏ High resolution TDC (50 ps) 
๏ Clustering with coincidence logic 

MuTRiG 
ASIC

7.4. DAQ HADWARE

Figure 7.5: Working principle of the two branches inside MuTRiG. The timing branch is discrimin-
ated against a low threshold to optimize time resolution. The energy branch is discriminated against
a higher threshold, allowing a linearised time-over-threshold measurement. Combining the two dis-
criminated signals with an exclusive OR operation encodes the time and energy information in two
time stamps that are produced in the Time-to-Digital Converter (TDC). Adapted from [5, 22].

16-stage Voltage Controlled Oscillator (VCO) [22]. The coarse counter runs through
215 ≠ 1 binary states that are mapped onto sequential time stamps later. The fine
counter suffers from non-uniform time bins, or differential non-linearity [12, 19]. A
TDC needs about 30 ns to recover and cannot digitize another hit during that time.

The Digital Part

The digital logic circuitry of MuTRiG provides several improvements and adaptions
to the STiCv3 design. The event generator takes time stamps from the TDC and con-
verts them into events. There are two types of events: Short and long events. Long
events contain information from both the timing, and energy time stamps, while short
events only contain timing information. The short event mode was introduced for the
scintillating fibre detector, since the lower size of 27 bits compared to 48 bits in the

47
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Detector performance

7

๏ Detector characterization in test 
beam campaigns (PSI, CERN) 

๏ Waveforms recorded with DRS4 
boards, analyzed with algorithms 
emulating the MuTriG ASIC

Precision timing in Mu3e
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dra
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6 Clustering398

Particles crossing the SciFi ribbon excite few fibers (shown in blue in Figure 23) and produce399

scintillation photons, which are transported by the same fibers to the photo-sensor. Because of the400

mapping of the fibers to the columns of the SiPM array (Figure 12), optical cross-talk between the401

fibers, the photon’s exit angle of about 45� w.r.t. to the fiber axis, light scattering at the optical402

junction between the SciFi ribbon and the photo-sensor, etc. the scintillation light signal is spread403

over several adjacent SiPM columns. This triggers avalanches in multiple neighboring channels404

of the SiPM array resulting in signals with amplitudes proportional to its intensity, as it can be405

seen in Figure 17, where several channels around channel 13 show a large activity. Moreover,406

in M�3� particles will cross the SciFi ribbons at an average angle of 27�, which will spread the407

light signal even further. Figure 23 illustrates the light signal generation and spread by a ionizing408

particle crossing a 3-layer SciFi ribbon. Due to cross-talk between the SiPM channels and dark409

count e�ects, fake signals might appear in non signal channels, as well. The goal of the clustering410

is to group together all SiPM channels excited the by the crossing of an ionizing particle, while411

eliminating any unwanted contributions from accidentally triggered SiPM channels.412

The first step in building a cluster is to select candidate SiPM channels, which fulfill the413

following constraints:414

• the amplitude of the selected channels should pass a predefined threshold level of 0.5 ph.e.415

or higher (the same threshold is applied to all channels); first time we
talk about
ph.e.

416

• the peak of the signal is matched to the trigger time within ±5 ns;

0 ns to 10
ns?

417

followed by the cluster formation:418

• only directly contiguous channels among the selected ones are placed in a clusters (a one419

channel gap to account for ine�ciency and dead channels is allowed);420

• a minimum hit multiplicity, usually of two, is imposed on the cluster;421

• the cluster must be matched to a track reconstructed in the SciFi telescope within ±5 channels422

(the center of the cluster is taken as the cluster’s position); no weighted
average,
MuTRiG
operation

423

• the cluster time is set to the first time stamp of the channels assigned to it.424

Figure 23. Transverse view of a 3-layer SciFi ribbon mapped to a SiPM array. A particle (red) traversing
the ribbon excites some fibers (blue), which can trigger avalanches in several channels of the SiPM array
(orange). The optical cross-talk spreads the signal to neighboring channels (yellow). The width of the cluster
depends also on the particle’s crossing angle. A dark count (gray), which is identical to a real event signal,
should be excluded from the main cluster.
I cannot find the original latex script to modify the figure, ideally merge left and right
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Hit efficiency (3σ)

1 hit (0.5 ph.e) (99.2 ± 1.4) %

1 hit (1.5 ph.e) (98.4 ± 1.5) %

2 hits (0.5 ph.e) (94.9 ± 1.5) %

Efficiency

6C. Martín Pérez

Hit/cluster efficiency computed with respect to fitted track (F1-F2-F4) for a 
certain ∆Channel window in DUT after applying channel-time misalignment 
corrections and fit quality requirements:

Material Coating Layers Glue
Efficiency (∆Ch <= 2) Efficiency (∆Ch <= 5)

Hits (L/R) Clusters (L/R) Hits (L/R) Clusters (L/R)

MJ78 - 3 Black 49.1 / 47.9 54.8 / 53.5 85.5 / 84.8 92.5 / 92.3

MJ78 - 4 Black 47.9 / 48.9 53.2 / 53.8 84.9 / 85.9 91.5 / 92.1

MJ78 - 3 Clear 14.9 / 15.1 16.2 / 13.3 36.7 / 37.6 38.4 / 35.2

NOL11 - 4 Clear 51.0 / 51.0 55.7 / 55.9 86.0 / 86.0 92.5 / 92.1

NOL11 TiO2 2 Clear 50.4 / 50.0 55.4 / 55.1 86.3 / 86.1 92.3 / 92.4

NOL11 TiO2 4 Clear 48.18 / 48.3 54.1 / 53.2 87.7 / 88.0 93.2 / 93.0

TRACK

F1 F2 DUT F4

Reconstructed

Expected
∆Ch

HIT 1

HIT 2

HIT 4HIT 3Preliminary

Preliminary

 Timing algorithms3 4 Track-based efficiency

>95% efficiency for different hit 
multiplicities and thresholds

~450 ps time resolution 
(without inter-channel  

timing corrections)
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Summary and outlook
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๏ The SciFi detector is composed of 3 layers of thin round scintillating 
fibers, read out with SiPM arrays on both sides and fast electronics 

๏ It can operate at 1-2 photoelectron thresholds, providing a timing 
precision of few 100 ps, while keeping the limited material budget,  
and sustaining high rates at an efficiency >95% 

๏ In combination with the pixel detector, it allows a full 4-dimensional 
reconstruction of the muon decay products at sufficient precision to 
reach a sensitivity ~10-15 after ~1 year running with 108 muons/s 

๏ The performance of the detector has been proven to meet the 
experimental goals and its integration in Mu3e is being exercised in 
dedicated beam campaigns 

๏ The construction of the SciFi detector will finalize in 2023, with the 
first commissioning runs starting in 2024, and the physics data-taking 
scheduled for 2025-2026

Precision timing in Mu3e C. Martín Pérez - LF(U)V workshop July 2022


