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Charged hadron identification

• Charged hadron identification (  
separation) is essential for a broad 
flavour physics programme.  
‣ Importance of this programme is underlined 

in the update for the European Strategy for 
particle physics.  

‣ Charged hadron ID is a strength of the 
LHCb and Belle 2 detectors and important 
ingredient of the proposed phase-II LHCb 
upgrade. 

• Increased focus on flavour with the 
recent evidence of lepton flavour non-
universality in rare B meson decays 
[LHCb, LHCb-PAPER-2021-004].
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[LHCb, JHEP 10 (2015) 034]
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https://cds.cern.ch/record/2758740
https://doi.org/10.1007/JHEP10(2015)034


Ring-imaging Cherenkov detectors
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• In  can 
achieve excellent separation using 
gaseous ring-imaging Cherenkov 
detectors. 
‣ Below 10 GeV/c kaons and protons are 

not above the Cherenkov threshold.  

‣ Above 100 GeV/c  saturates. 

• See talk by M. McCann. 
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Gaseous RICH detectors

[LHCb, EPJC 73 (2013) 2431]

https://epjc.epj.org/articles/epjc/abs/2013/05/10052_2013_Article_2431/10052_2013_Article_2431.html


Ring-imaging Cherenkov detectors
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RICH detector with Silica Aerogel

[LHCb, NIM A 639 (2011) 234-237] 

• At smaller momentum can use radiators with 
higher refractive indices, e.g. silica aerogel.  
‣ Challenge in high-occupancy environments due to 

large backgrounds and small signal.   

• Aim to improve PID in this momentum range 
using a TOF detector in the phase II LHCb 
upgrade.
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LHCb RICH 1  
detector in Run 1 

https://www.sciencedirect.com/science/article/abs/pii/S0168900210021522
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• At low momentum, can exploit  in tracking 
detectors to separate pions, kaons and protons.  

‣ e.g. in ATLAS pixel detectors.
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Figure 8: Bidimensional distribution of dE/dx and momentum for data (left) and Monte Carlo (right)
respectively. The distributions of the most probable value for the fitted probability density functions of
pions (black), kaons (gray) and protons (blue), in different track categories, are superimposed.

4.2 Tagging Efficiency

The likelihood probabilities pP, pK , pL derived from the energy loss fit can be used to identify protons,
kaons and light particles 2). As the ionization resolution is not good enough to separate pion, muon
and electrons, ”light particle” is used to identify any of the three, although pion population is by far
predominant.

The normalized likelihoods defined as

pnorm
L =

pL

pL + pK + pP
, pnorm

K =
pK

pL + pK + pP
, pnorm

P =
pP

pL + pK + pP
(3)

are introduced because they are independent of the number of Good Clusters, while the absolute like-
lihoods are not. The agreement between data and Monte Carlo of the likelihood probabilities has been
tested on controlled samples of tracks from K0

S and L decays and with similar momentum distributions.

2)Protons, kaons, pions will include both particles and antiparticles, if not differently stated
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[ATLAS-CONF-2011-016]
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Time-of-flight
• Measure the arrival time of a 

charged particle at two planes 
to determine .  

• Combine with a momentum 
estimate from tracking detectors 
to determine the mass.  

• At higher energies  saturates, 
need excellent time precision 
(~15ps per track over a flight 
distance of 10m at 10 GeV/c).

β = v/c

β
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Fast timing
• Fast timing will be a feature of many of 

the detectors at the HL-LHC (driven by 
pile-up suppression) 
‣ Challenge to associate particles with the 

correct pp collision.  

e.g. 
‣ ATLAS HGTD, CMS ETL, LHCb timing 

VELO using fast-timing in silicon.  

‣ CMS BTL using fast scintillators (LYSO) 
and SiPMs. 

• Typically target 30-50ps per MIP. 
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2.3 Detector layout and optimisation
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Figure 2.4: Global view of the HGTD to be installed on each of two end-cap calorimeters. The
various components are shown: hermetic vessel (front and rear covers, inner and outer rings), two
instrumented double-sided layers (mounted in two cooling disks with sensors on the front and back
of each cooling disk), two moderator pieces placed inside and outside the hermetic vessel.

Pseudo-rapidity coverage 2.4 < |h| < 4.0
Thickness in z 75 mm (+50 mm moderator)
Position of active layers in z ±3.5 m
Weight per end-cap 350 kg
Radial extension:

Total 110 mm < r < 1000 mm
Active area 120 mm < r < 640 mm

Pad size 1.3 mm ⇥ 1.3 mm
Active sensor thickness 50 µm
Number of channels 3.6 M
Active area 6.4 m2

Module size 30 x 15 pads (4 cm ⇥ 2 cm)
Modules 8032
Collected charge per hit > 4.0 fC
Average number of hits per track

2.4 < |h| < 2.7 (640 mm > r > 470 mm) ⇡2.0
2.7 < |h| < 3.5 (470 mm > r > 230 mm) ⇡2.4
3.5 < |h| < 4.0 (230 mm > r > 120 mm) ⇡2.6

Average time resolution per hit (start and end of operational lifetime)
2.4 < |h| < 4.0 ⇡ 35 ps (start), ⇡ 70 ps (end)

Average time resolution per track (start and end of operational lifetime) ⇡ 30 ps (start), ⇡ 50 ps (end)

Table 2.1: Main parameters of the HGTD.
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ATLAS HGTD [ATLAS-TDR-031]

 event at HL-LHCtt̄

16 Chapter 1. Overview of the MIP Timing Detector Project

Figure 1.7: Overview of the BTL showing (left) the hierarchical arrangement of the various
components, bars, modules, and Readout Units, and (right) trays (purple rectangles near the
top), inside the TST.

support the BTL, must be in place before the integration of modules into the upgraded Tracker
(or the BTL) can begin. The BTL has a negligible impact on the performance of the Tracker in the
barrel, and no impact in the endcaps. The momentum resolution changes from dpT/pT = 0.54%
and 0.92% at 10 and 100 GeV with the nominal geometry of the Tracker TDR [4] to 0.548%
and 0.936% with the reduced outer radius, without including BTL hit information in the track
reconstruction. Similarly, a simulation study, with a 4 mm thick LYSO:Ce layer, i.e. thicker
than in the reference design, indicates no significant impact on the performance of shower
reconstruction and energy resolution in the ECAL. Preliminary results discussed in Ref. [8], are
summarized and updated in Appendix D.

SiPMs operate above the breakdown voltage in Geiger mode with a gain of the order of 105.
The over-voltage (OV) produces a dark current that grows as the radiation dose accumulates.
Since dark current increases by roughly a factor of two for each increment of 7–10 �C, the SiPMs
will be operated at low temperatures of about �30 �C. This results in the need for substantial
cooling power. Because the over-voltage (OV) also controls the photon detection efficiency
(PDE), there is a tradeoff between noise rate and signal size, and therefore time resolution. The
SiPM operation voltage will have to be smoothly decreased during the detector lifetime to limit
the noise level while maintaining good time resolution. The electronics must also be designed
to handle large leakage currents. This is discussed in more detail in Chapter 2.

The BTL is read out by a dedicated ASIC, named the TOFHIR (Time-of-flight, High Rate) chip,
that delivers precision timing information for 32 SiPMs based on discrimination of the leading
edges (LE) of their pulses followed by measurement with a time-to-digital converter (TDC).
In order to achieve high precision, the input to the discriminator has to have a very fast rise
time, dV/dt, which requires a lot of amplification and consequently a lot of power. In this tech-
nique, the amplitude of the pulse also has to be measured to correct the time walk (the varia-
tion of the threshold-crossing time with pulse height). After an exposure to radiation of about
0.7 ⇥ 1014 neq/cm2 that will be accumulated in an integrated luminosity of about 1000 fb�1,
the power consumption of the BTL is dominated by this dark/leakage current, which must
be compensated by circuitry in the ASIC. Fluctuations in the dark current cause a jitter that
degrades the time resolution and, at high integrated doses, towards the end of HL-LHC oper-
ation, will be the dominant contribution to the time resolution. The dose received by the BTL
is relatively uniform in h so this is a challenge for the entire detector.

CMS BTL [CMS-TDR-020]

https://cds.cern.ch/record/2719855
https://cds.cern.ch/record/2667167/


Gaseous timing detectors
• Multi-gap RPCs are a well established 

technology for fast-timing, e.g. used 
in ALICE TOF system. 
‣ ALICE achieved a time resolution of 56ps 

achieved in LHC Run 2  
[ALICE, arXiv:1806.03825].  

‣ Faster timing possible by increasing the 
number of gaps.  

• MRPCs are also used widely in other 
existing and proposed TOF systems 
(e.g.  the SHiP proposal). 

• RD51 PICOSEC collaboration has 
developed micromegas with time 
resolutions of 24ps per MIP  
[F. Brunbauer, INSTR-2020]. 
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Figure 4. (a) Resolution of tTOF
ev as a function of the TOF track multiplicity for di�erent collision systems (pp,

p–Pb, Pb–Pb) and at di�erent periods: Run 1 and Run 2 (or rather before and after the improved calibration).
(b) Same data of the Run 2 reported in Fig.4(a) demagnified to cover a larger range of TOF track multiplicity.

(a)

(b) (c)

Figure 5. (a) Particle velocity (� = v/c) measured by the TOF as a function of momentum in Pb–Pb collisions
at psNN = 5.02 TeV after the calibration procedures. Points corresponding to non physical values are due to
mismatched tracks at TOF, e.g. hit registered at TOF associated to the wrong track. (b), (c) Distributions of
the � for a fixed momentum of 3 GeV/c and 5 GeV/c, respectively.

– 6 –

[ALICE, arXiv:1806.03825]

ALICE MRPCs use 2 
stacks of 5 gaps. 

ALICE TOF system is 
located 3.7m from the 
beam axis.  

https://arxiv.org/abs/1806.03825
http://instr20.inp.nsk.su/
https://arxiv.org/abs/1806.03825


TORCH concept
• Large area time-of-flight detector designed to cover 

 [NIM A 639 (1) (2011) 173] 
‣ UK-CERN R&D effort. 

‣ Aiming for installation as part of LHCb’s phase II upgrade 
programme [CERN-LHCC-2017-003]  

• Exploit prompt production of Cherenkov light in an 
array of quartz bars to determine time-of-flight.  
‣ Require a time resolution of 70 ps per photon to reach 15 

ps per track.  

• Transport photons to detector plane using total-
internal-reflection from the quartz air boundary.  

• Cylindrical focusing block focuses the image in the 
2D (in the -  plane).  
‣ Used to correct for chromatic dispersion.

2 < p < 10 GeV/c

y z

9

Figure 5. Photographs of (left) the scaled-down TORCH module, and (right) the TORCH 64-
channel electronics readout system; anticlockwise from top right, the NINO Board, HPTDC Board,
backplane and readout board.

Figure 6. The optics of the focussing block showing the angular geometry and the extremities of
the photon paths for the range of beam impact points and angles.

– 5 –
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Figure 5. Photographs of (left) the scaled-down TORCH module, and (right) the TORCH 64-
channel electronics readout system; anticlockwise from top right, the NINO Board, HPTDC Board,
backplane and readout board.

Figure 6. The optics of the focussing block showing the angular geometry and the extremities of
the photon paths for the range of beam impact points and angles.
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TORCH concept
• Large area time-of-flight detector designed to 

cover  [NIM A 639 (1) (2011) 173] 
‣ Aiming for installation as part of LHCb’s phase II 

upgrade programme [CERN-LHCC-2017-003] 
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Figure 5. Photographs of (left) the scaled-down TORCH module, and (right) the TORCH 64-
channel electronics readout system; anticlockwise from top right, the NINO Board, HPTDC Board,
backplane and readout board.

Figure 6. The optics of the focussing block showing the angular geometry and the extremities of
the photon paths for the range of beam impact points and angles.
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Positioned between downstream 
tracking system and RICH 2 (9.5m 
from pp interaction region).

• Start time provided by fast 
timing VELO detector (or by 
combining information from 
multiple tracks in TORCH). 
‣ 200 ps spread in pp 

collisions times. 

https://arxiv.org/abs/1009.3793
http://CERN-LHCC-2017-003


DIRC evolution
• TORCH design is conceptually 

similar to a DIRC detector.  

• Belle 2 employs a time-of-
propagation DIRC counter for PID. 
‣ Signal-propagation time differs between 

 and  due to different paths in 
detector.   

• Belle 2 obtains high-precision  
timing using Hamamatsu  
MCP-PMT detectors  
(~50ps per photon). 
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Final “imaging TOP” design: hybrid of pure TOP and conventional DIRC: 
small expansion volume (10cm depth), spherical focusing mirror on forward end, 
moderate pixel segmentation in x & y (6mm pitch) to mitigate chromatic dispersion, 
fast photon timing (~100ps per photon)

Choice of 45cm-wide plates instead of narrower bars significantly lowers fabrication cost

Photon detector: array of 2x16 Hamamatsu SL-10 MCP-PMTs per sector (4x4 pixels each);
MCP-PMT lifetime issues will require replacement of (most) MCP-PMTs, starting in 2022.

Readout: IRSx waveform sampling ASIC, <100ps timing precision.

Imaging design with 2D sensor array and small expansion has many advantages 
(redundancy, robustness, sensor lifetime).

G. Varner, DIRC2019

BELLE II TOP

The TOP counter of Belle II: status and first results

Umberto Tamponi1

INFN - Sezione di Torino, 10124 Torino

Abstract

High-e�ciency and high-purity particle identification are fundamental requirements for the success of the Belle II experiment,
whose main goal is to explore the new-physics scenarios in the CP-violating decays of the B mesons. To achieve the required
particle identification performances, the Time-of-propagation counter has been installed in the central barrel region. This unique
device consists in 16 bars of fused silica that act simultaneously as radiator and as light guide for the Cerenkov light. Unlike in the
DIRC detectors, the PID information is mostly extracted measuring the time of propagation of the Cherenkov light in the radiator
rather than its purely geometrical patterns. We will present here a general overview of the status of the TOP counter, including the
estimation of the time resolution, the calibration strategies and performances, and the first result obtained in the commissioning
phase, both using cosmic rays and e+e� collision events collected during the phase II pilot run of the Belle II experiment. These
are the first measurements of the particle identification performances of a time-of-propagation detector in a full HEP experimental
setup.

Keywords: particle identification; BelleII; TOP; Cherenkov detectors;

1. Overview

The Belle II experiment [1] at the SuperKEKB collider aims
to collect 50 ab�1 of e+e� collisions at the ⌥(4S ) and the nearby
bottomonium resonances ⌥(3S , 5S , 6S ) to perform precision
measurements of the rare B meson decay, search for signatures
of new physics in the dark sector, and study the spectroscopy of
the exotic hadrons [2].

The first part of the data taking, the pilot run called phase II,
started in April 2018 and lasted until July, collecting a total lu-
minosity of about 0.5 fb�1. All the sub-detectors were installed
during the data taking except for the inner silicon tracker, that
was almost completely replaced by beam-background monitor-
ing sensors. Only one eight of the inner tracker was installed for
commissioning purposes. The phase II dataset has been used to
commission the experiment, perform the early calibration and
determine the initial performances of each sub-detector. In the
following, we will discuss in detail the results of the commis-
sioning of the Time-Of-Propagation (TOP) counter.

2. The TOP counter

The TOP counter of the Belle II experiment is the only
existing, operational time-of-propagation Cherenkov counter
[3, 4, 5, 6], and phase II represented the first attempt to per-
form particle identification with such device in a collider ex-
periment. It is composed by sixteen identical modules as
the one sketched in Figure 1, arranged around the interaction
point in a barrel-like geometry. Each module is composed of

1tamponi@to.infn.it

Figure 1: Sketch of one of the 16 modules of the TOP detector. The junctions
between the two bar sections and between the bar and the mirror section are not
shown.

four parts glued together: two fused silica bars of dimensions
(125 ⇥ 45 ⇥ 2) cm acting as Cherenkov radiator, a mirror lo-
cated at the forward end of the bars, and a 10 cm long prism
that couples the bar with an array of micro-channel-plate photo-
multiplier tubes (MCP-PMT) [7, 8]. Thanks to the high average
refractive index (n = 1.44 at 405 nm) of the fused silica at least
part of the Cherenkov radiation emitted by the particles cross-
ing the radiator remains trapped by total reflection, propagating
to the MCP-PMT array. Having a pixel size of approximately
5.5⇥5.5 mm and a transit time spread less than 50 ps, the MCP-
PMTs provide a coarse measurement of the photon positions

Preprint submitted to Journal of LATEX Templates November 13, 2018
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• Key innovation of TORCH is the measurement of the Cherenkov 
angle to correct for Chromatic dispersion. 

[NIM A 952 2020,162208]

Belle 2 TOP  
detector

https://www.sciencedirect.com/science/article/abs/pii/S0168900219307053


TORCH half-scale demonstrator
• TORCH concept has been demonstrated using a half-scale prototype 

detector in a beam test at the CERN PS.  

• Detector instrumented with  
two 512 channel MCP-PMTs. 

• Quartz required to have high  
clarity and polishing to  
sub-nm surface roughness.  

12

proto-TORCH

Christoph Frei, 30.11.2018 - 30

Optical Assembly Fully Embeded

Mechanism to tilt the 
complete Optical 
Assembly

Put a force equivalent to the Radiator weight ~20 kg.

66cm
1.25m

Focusing  
block

Assembly with 
holding mechanics  
(light weight system will 
be needed for needed 
for the LHCb upgrade)



Fast timing photon detectors
• Need fast photon detectors with picosecond 

timing and fine granularity (obvious candidates 
are SiPMs and MCP-PMTs).  
‣ R&D programme with Photek to produce MCP-PMTs for 

the TORCH with 8-by-64 pixels and long-lifetimes 
( ) [JINST 10 (2015) C05003]. 

• Challenge for LHCb upgrade/future kaon 
experiments is the development of detectors with 
long-lifetimes, high-rate capabilities and high-
radiation tolerance.  
‣ R&D needed to improve the rate capabilities of existing 

devices to ~10MHz/cm2. 

‣ Strong synergies between LHCb RICH, TORCH and 
NA62.    

• See talk by S. Gambetta for more details. 

> 5 C cm−2

13
page 8www.photek.co.uk8

AuraTek™ MAPMT253 – 6 µm
Rate Capability

• Flood fill illumination with 
405 nm 40 ps laser

• Both PMTs operated at ~ 
106 gain

• Full area illuminated

• All anodes connected 
and total d.c. anode 
current measured

• Ratio of total anode 
current to strip current is 
critical

IEEE NSS / MIC Virtual Boston 2nd November 2020

[J. Milnes, IEEE NSS/MIC 2020]

60mm

Phase-III  
MCP-PMT

https://iopscience.iop.org/article/10.1088/1748-0221/10/05/C05003
https://nssmic.ieee.org/2020/


Readout electronics
• TORCH prototype readout is based on the NINO & 

HPTDC chipsets developed for ALICE TOF 
(designed for MRPC signals)  
[R. Gao et. al., JINST 11 (2016) 04 C04012].  
‣ HPTDC operated with 32 channels and 100 ps time bins.  

• Successors are the FastIC & PicoTDC  
[R. Ballabriga, J. Christiansen et al. Users meeting].  
‣ FastIC offers better linearity for signals from SiPM, PMTs, 

MCP-PMTs.  

‣ PicoTDC has 64 channels with 12 or 3ps binning.  

• Need careful calibration/synchronisation to  
maintain intrinsic time-resolution (time-walk,  
integral non-linearities).  

• Common development possible for  
LHCb TORCH and RICH applications. 

14

NINO HPTDC

Readout

TORCH  
electronics

PicoTDC

https://iopscience.iop.org/article/10.1088/1748-0221/11/04/C04012
https://indico.cern.ch/event/920703/


TORCH beam test at CERN PS

15

TORCH prototype silicon pixel telescope 
(https://telescopes.desy.de/AZALEA )

F2/T2 F1/T1

CO2 Cherenkov  
counter

time 
reference

time 
reference

scintillator  
pair

https://telescopes.desy.de/AZALEA


TORCH image reconstruction
• Image reconstructed in 3D (space and time). 

16

Proto-TORCH hitmap
• Cherenkov cone results in hyperbola-like patterns on MCP plane
• Reflections o↵ sides of quartz plane results in folding of this pattern
• Chromatic dispersion spreads line into band

Quantum e�ciency: MCP A < MCP B

Jenny Smallwood TORCH: a Time of Flight detector 25/05/2021 12

Reflection patterns
• Project hits in the time-of-arrival axis to separate the di↵erent orders of side

reflections
• Overlaid lines represent reconstructed predictions
• Count photon yields around di↵erent reflections
• The spread in time for each order of reflection is measured to determine the

single photon time resolution

Jenny Smallwood TORCH: a Time of Flight detector 25/05/2021 13

Ring image, folded by 
reflections from the 
sides/bottom of the 
radiator. 

MCP A has a 
smaller QE

A B

33 cm

11
1 

cm

For more details see  
[J. Smallwood, TIPP] 

Expected image from 
GEANT4 simulation

https://indico.cern.ch/event/981823/contributions/4295310/


TORCH single photon resolution
• Compare expected and true arrival time of photons.  

‣ Correct for the resolution on the time reference and the resolution due 
to the beam spread (angular divergence).   

• Time resolution is close to the design goal of 70ps per photon.  

• Expect a linear dependence of the resolution with the  
distance to the MCP-PMTs due to chromatic dispersion. 

17

A B

1

3

4

5

Single photon time resolution
• Per MCP column, simultaneously fit

spread in arrival time for a particular
order of reflection across all relevant
y-pixels

• Some degradation of time resolution with
height in radiator

• But time resolution approaching design
goal of 70ps

�2
TORCH = �2

meas � �2
time ref � �2

beam

measured time resolution
resolution of time reference against which
Proto-TORCH time-stamps are measured
resolution due to spread of beam at quartz,

dependent on position

Jenny Smallwood TORCH: a Time of Flight detector 25/05/2021 20

For more details see  
[J. Smallwood, TIPP] 

https://indico.cern.ch/event/981823/contributions/4295310/


TORCH photon yield
• Determine the photon 

yield by cluster counting.  

• Good agreement found 
between the data and 
simulation. 

18

Photon yield: direct photons
Study photons that

travelled directly (or with
1 near-side reflection) to

both MCPs

Position
Mean Nphotons Data

Simulation (excluding Nphotons=0)
Data Simulation

1 2.605 ± 0.007 2.711 ± 0.017 1.075 ± 0.006
3 1.419 ± 0.005 1.570 ± 0.014 1.002 ± 0.007
4 0.937 ± 0.004 1.072 ± 0.012 0.983 ± 0.007
5 0.677 ± 0.002 0.812 ± 0.010 0.981 ± 0.007

Jenny Smallwood TORCH: a Time of Flight detector 25/05/2021 17

For more details see  
[J. Smallwood, TIPP] 

https://indico.cern.ch/event/981823/contributions/4295310/


Simulated TORCH performance
• Simulate TORCH performance in LHCb at instantaneous luminosity of 

1.4x1034 cm-2s-1.  

• Good -  and -  separation for . 
‣ R&D ongoing to improve detector performance.

π K p K 2 < p < 10 GeV/c
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Future  colliders — FCC-eee+e−

• Detector concepts for future colliders 
do not currently feature dedicated PID 
systems.  

• Can obtain good particle identification 
capabilities across part of the momentum 
range through  (or cluster counting, 

).  
‣ IDEA detector concept for the FCC-ee  

features a high precision drift-chamber.  

‣ Poor PID performance in the   
cross-over region around 1-2 GeV/c.

e+e−

dE/dx
dN/dx

dE/dx
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[FCC-ee CDR EPJC 228 261–623 (2019)]

FCC-ee: The Lepton Collider 509

Magnet z = 300 cm
Yoke 100 cm

DCH z = 200 cm

DCH Rin =    35 cm

DCH Rout = 200 cm

Cal Rin =  250 cm

Cal Rout =  450 cm

mc
0

0
11

t
h

gie
h

r
otcete

D

Detector length 1300 cm

Preshower

VTX

Dual Readout Calorimeter

Silicon wrapper

Fig. 7.9. Schematic layout of the IDEA detector.

7.4.2 IDEA drift chamber

The drift chamber (DCH) is designed to provide good tracking, high-precision
momentum measurement and excellent particle identification by cluster counting.
The main peculiarity of this chamber is its high transparency, in terms of radiation
lengths, obtained as a result of the novel approach adopted for the wiring and assem-
bly procedures [490]. The total amount of material in the radial direction towards
the barrel calorimeter is of the order of 1.6% X0, whereas, in the forward direction,
it is about 5.0% X0, 75% of which are in the end plates instrumented with the front-
end electronics. The original ancestor of the DCH design is the drift chamber of
the KLOE experiment [491], which was more recently developed as the MEG2 [492]
drift chamber.

The DCH is a unique-volume, high-granularity, all-stereo, low-mass, cylindrical,
short-drift, wire chamber, co-axial with the 2 T solenoid field. It extends from an
inner radius Rin = 0.35 m to an outer radius Rout = 2m, for a length L = 4m
and consists of 112 co-axial layers, at alternating-sign stereo angles, arranged in 24
identical azimuthal sectors. The approximately-square cell size varies between 12.0
and 14.5 mm for a total of 56 448 drift cells. The challenges potentially arising from a
large number of wires are addressed by the peculiar design of the wiring, which was
successfully employed for the recent construction of the MEG2 drift chamber [493].
The chamber is operated with a very light gas mixture, 90%He – 10% iC4H10 (isobu-
tane), corresponding to a maximum drift of ⇠400 ns. The number of ionisation clus-
ters generated by a minimum ionising particle (m.i.p.) is about 12.5 cm�1, allowing
cluster counting/timing techniques to be employed to improve both spatial reso-
lution (�x < 100 µm) and particle identification (�(dNcl/dx)/(dNcl/dx) ⇡ 2%).
The angular coverage extends down to ⇠13�, and could be further extended with
additional silicon disks between the DCH and the calorimeter end caps.

A drift distance resolution of 100µm has been obtained in a MEG2 drift cham-
ber prototype [494] (7mm cell size), with very similar electrostatic configuration
and gas mixture. A better resolution is expected for the DCH, as a result of the

510 The European Physical Journal Special Topics

Fig. 7.10. IDEA drift chamber performance. Left: momentum and angular resolutions for
✓ = 90� as a function of momentum. Right: particle type separation in units of standard
deviations as a function of momentum, with cluster counting (solid curves) and with dE/dx

(dashed curves).

longer drift distances and the employment of cluster timing techniques. Analytical
calculations for the expected momentum, transverse momentum and angular reso-
lutions, conservatively assuming a 100µm point resolution, are plotted in the left
panel of Figure 7.10.

The expected particle identification performance is presented in the right panel
of Figure 7.10. Results are based on cluster counting, where it is assumed that the
relative resolution on the measurement of the number of primary ionisation clusters
(Ncl) equals 1/

p
Ncl. For the whole range of momenta, particle separation with

cluster counting outperforms the dE/dx technique by more than a factor of two.
The expected pion/kaon separation is better than three standard deviations for all
momenta except in a narrow range from 850 MeV to slightly above 1 GeV.

A layer of silicon micro-strip detectors surrounds the outside of the drift chamber
providing an additional accurate space point as well as precisely defining the tracker
acceptance.

7.4.3 IDEA tracking system performance

Simulations were performed to obtain a first estimate of the performance of the
IDEA tracking system. In this study, a seven-layer cylindrical vertex detector, and
a two-layer silicon wrapper, both with a r� pitch of 20 µm, were placed inside and
around the cylindrical drift chamber, respectively. Details of ionisation clustering
for cluster counting/timing analysis were not simulated, such that the spatial reso-
lution is conservatively limited to 100µm. The results of this study, consolidated by
those derived from a fast simulation, point to a transverse momentum resolution of
�(1/pT) ' a � b/pT, with a ' 3⇥ 10�5 GeV�1 and b ' 0.6⇥ 10�3. The lightness of
the drift chamber is reflected in the small multiple scattering b term. Correspond-
ingly, an impact parameter resolution of �d0

= a � b/p sin3/2 ✓, with a = 3µm and
b = 15µm GeV, is found. Lastly, angular resolutions of better than 0.1 mrad in both
azimuthal and polar angle are demonstrated for tracks with momenta exceeding
10 GeV.

7.4.4 Backgrounds in the IDEA tracking system

A GEANT4 simulation of the central parts of the IDEA detector has been imple-
mented in the common software framework developed for the FCC experiments [495].

dE/dx
dN/dx



Future  colliders — ILCe+e−
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Chapter 8. Detector and Physics Performance

Figure 8.5. dE/dx as a function of particle momentum as reconstructed from a full simulation of single particle
events (e, µ, fi , K and p) in the TPC of the large ILD detector model. The particles were simulated with a logarithmic
momentum distribution and isotropic direction. Spurious entries in the bands for more massive particles, such as the
deuteron, as well as entries from low momentum particles, below the TPC acceptance, are due to secondaries created
in the events.
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Figure 8.6. (a) particle separation power (eq. 8.3) for fi/K and K/p based on the dE/dx measurement in the TPC.
(b) improvement of the same separation power if combined with a time-of-flight (TOF) estimator from the first ten
Ecal layers, where ÷dE/dx,T OF = ÷dE/dx ü ÷T OF . The curves are shown to guide the eye.
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Chapter 5. Detector Layout and Technologies

Yoke/Muon
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LumiCALBeamCAL FTD/SITLHCAL

Figure 5.1. r-z view of an ILD quadrant. The interaction point is on the lower right of the picture.
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Figure 5.2. (a) Average total radiation length of the tracker material as a function of polar angle. (b) Total inter-
action length seen up to the end of the electromagnetic calorimeter, the hadronic calorimeter and the solenoid coil,
respectively.

Critical parameters of the VTX optimisation are the point resolution for secondary vertex tagging,
required to be better than 3µm, and the material thickness which should not exceed ƒ 0.15% X0 per
layer to minimise multiple scattering. Three main technologies are under consideration to achieve the
required goals:

• CMOS pixels: this well-established technology o�ers the advantages of high granularity with
fully monolithic pixel digital electronics available from industrial processes. The most critical
points of focus of current R&D [37] are the readout speed, aimed to provide single bunch tagging
capacity while keeping the power consumption low enough (with or without power pulsing), and
the overall material budget of the layers.

• DEPFET pixels: the DEPleted Field E�ect Transistor (DEPFET) concept implements a first

24 ILD Interim Design Report

• Detector concepts for future colliders 
do not currently feature dedicated PID 
systems.  

• Can obtain good particle identification 
capabilities across part of the momentum 
range through  (or cluster counting, 

).  

‣ ILD detector design uses  from TPC. 

‣ Can improve PID performance using time-of-
flight information at low momentum, e.g. using 
timing from calorimeter in ILD design.

e+e−

dE/dx
dN/dx

dE/dx

https://arxiv.org/abs/2003.01116


Cherenkov based TOF at FCC-ee
• A Cherenkov based time-of-flight detector 

(e.g. the TORCH) could improve the PID in 
the GeV/c momentum range at a future 

 collider. 

• Thin-detector volume placed between the 
tracking detectors and ECAL (at ~1.8m). 
‣ 1cm of quartz introduces 8% X0  

(plus light weight support structure). 

• Barrel geometry (with endcap modules) to 
cover the full acceptance.  

• Detector measures TOF and TOP.  
‣ Smaller TOF than LHCb TORCH proposal puts 

stricter requirements on timing (and granularity).  

e+e−
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• In the spirit of brainstorming͙
I was not sure of current design for

a detector at FCC-ee last time 

so assumed something ALEPH-like

(easily scaled for other designs)

• Best place for TORCH would be just 

after tracking volume, R ~ 180 cm 

i.e. between TPC and ECAL 

• Adapt to barrel geometry 

following 12-fold symmetry

Endcap modules (if required) 

could be optically coupled together

• Some space required for focusing, photodetectors, electronics

ї place in oǀerlap region ;͞readout boǆes͟Ϳ ʹ far smaller than BaBar!

• 24 barrel modules 96 x 220 cm
2

= 50 m
2

12 modules for each endcap ~ 10 m
2

(i.e. total area ~ 2x LHCb design)

3.  Application in FCC-ee?

Roger Forty TORCH: a novel concept for PID 17

24 TORCH-like modules  
with 50m2 area

Focusing block sits 
in this region



Summary
• Charged hadron ID is essential for a broad flavour physics programme.  

• Time-of-flight detectors can provide PID coverage up-to 10GeV/c in 
LHCb and future  colliders.  
‣ Requires 10ps per-MIP time resolution. Achieved in TORCH by combining timing 

information from ~30 Cherenkov photons.  

• Time-of-flight detectors are also useful for background rejection in 
fixed-target/beam dump experiments at the CERN SPS (future kaon 
experiments, TauFV, …).  

• Photon detector development for TORCH has synergy with the LHCb 
RICH and NA62 KTAG (driven by fast-timing and rate capabilities). 

• Long term goal should be to reach picosecond timing  
(similar to TOF-PET goals). 

e+e−
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TORCH MCP-PMTs
• Three phase R&D programme to develop MCP-

PMTs for TORCH.  

• Phase-III tube is a square tube with a 53-by-53 
mm active area.  

• ALD coated photocathode to improve lifetime.  

• AC-coupled anode so that the quartz window 
can be grounded.  

• Readout connectors are mounted on a PCB and 
are connected by ACF (anisotropic conductive 
film).  

• Granularity of 64-by-64 pixels per tube, ganged 
to 8-by-64 pixels for TORCH. 
‣  Provides a 1 mrad angular precision. 

25

60mm

Phase-III  
MCP-PMT

53mm

Bare tube



Opportunities at an  collider  e+e−

Flavours detector @ FCC-ee WG6 - Flavours 13

• The discrimination acts on the bachelor particle h in Xb → Dsh, h being p / K / π . 

• Momentum of the K bachelor particle from 10 k Bs → DsK simulated events 
(Pythia+ EvtGen).   

• Since it is a Q2-body decay, one finds a hard spectrum of the bachelor particle 
(generally not representative of b-hadron decays).  

3) Particle identification:  p / K / π   separation 
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Flavours detector @ FCC-ee WG6 - Flavours 13

• The discrimination acts on the bachelor particle h in Xb → Dsh, h being p / K / π . 

• Momentum of the K bachelor particle from 10 k Bs → DsK simulated events 
(Pythia+ EvtGen).   

• Since it is a Q2-body decay, one finds a hard spectrum of the bachelor particle 
(generally not representative of b-hadron decays).  

3) Particle identification:  p / K / π   separation 
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 momentum from  
decays at the Z 
K Bs → DsK

[S. Monteil, FCC-ee workshop 2019] 

• Opportunity to produce large 
samples of heavy flavour at 
an  collider running at 
the Z pole. 

• Exploit a hermetic detector 
and known collision energy to 
reconstruct semileptonic 
decays and decays with  
final-states.  

‣ e.g. study 

e+e−

τ

B0 → K*0τ+τ−
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Flavours @ FCC-ee 2

Heavy Flavours: physics opportunities.

1) Heavy Flavours Production 

• All species of weakly-decaying b-flavoured particles around. 

• Statistics similar or better than the upgrades of current experiments.    

• Significant boost, as LHCb (invincible, though). Vertexing capabilities in a 
clean and hermetic experimental environment. 

• Neutrals and flavour tagging for CP violation possible, as Belle II.   

Particle specie at FCC-ee B0 B+ B0
s ⇤b B+

c cc ⌧�⌧+

Yield (⇥109) [for 5.1012 Z] 310 310 75 65 1.5† 600 180

† Bc hadronisation fraction assumed to be fBc = 2.10�3.

https://indico.cern.ch/event/766859/timetable/


Kaon tagging at NA62
• Charged hadron identification 

is also crucial for current and 
future kaon facilities. 
‣ Only 6% of particles in the 

NA62 beam are kaons.  

• Requires fast photon 
detectors that are capable of 
withstanding high rates.  
‣ KTAG upgrade of NA62 has 

photon rates of 8MHz/cm2 and 
requires 20ps timing. 

27

NA62 detector

NA62 KTAG, [NIM A (2015) 86]

Experimental	challenges:	KTAG	
KTAG:  
Photon Detector 

Distribution of optical photons at PMT plane 
The array of PMTs is shown; dashed ones are not installed  

KTAG Geant4 Simulation 
External optics (optical cap, mirror) 
Light guides and cones layout 

KTAG:  
Photon Detector 

Distribution of optical photons at PMT plane 
The array of PMTs is shown; dashed ones are not installed  

KTAG Geant4 Simulation 
External optics (optical cap, mirror) 
Light guides and cones layout 

Differential Cherenkov detector with refurbished readout!

  1.1   CEDAR 

  

3 

 

 

  
Figure 1 Schematic layout of the Standard West-Area CEDAR. 

 

Two versions of the CEDAR counter have been built for use at the SPS (1). The North CEDAR, filled 

with Helium gas, is optimized for high energies and the West CEDAR, Nitrogen filled, for lower beam 

momenta. The difference is related to the Cerenkov angle, determined by the beam momentum and 

the refractive index of the gas, and the optical correction, which relates to the dispersion of the gas 

used. It has been verified by a ray tracing program that the West version of this instrument would 

function well for our application using Hydrogen at room temperature instead of Nitrogen, thus 

reducing significantly the scattering of the beam in the gas. The optical design minimises the 

dispersion of Cerenkov light and enables   the aperture of the diaphragm to be reduced. Thus, 

photons produced by charged kaons pass through while light from pions and protons is blocked.  

During 2006, a test run was performed on one of the CEDAR-West Cerenkov counters (filled with N2

Table 2

) 

and validated its ability to distinguish kaons from pions and protons in the NA62 experiment, as well 

as the light spot shape predicted by a simulation program.  It was also found from the simulation 

that the upstream 1.2 metre section of beam pipe containing hydrogen contributes only marginally 

to the efficiency and can thus be replaced by an extension of the beam vacuum pipe. In addition to a 

small reduction in multiple Coulomb scattering, such a modification is helpful in the redesign of the 

optical system necessary to handle the increased photon flux. The main parameters of the proposed 

Hydrogen-filled CEDAR-W counter are listed in . 

 

The main effects that broaden the light spot at the diaphragm are: 

1. optical aberrations, limited to about 6 microns and therefore negligible; 

2. chromatic dispersion, largely corrected for by the chromatic corrector; 

3. multiple scattering of the beam during its traversal of the gas, minimised by the choice of 

Hydrogen gas; 

Working conditions in NA62:!
•  Tag K+ at 50 MHz (nominal intensity)!
•  Photon yield: 200 photons/K+"
•  High-granularity PMT configuration"

8 sectors x 48 PMT/sector"
Hamamatsu R7400U (16) or R9880U (32) PMTs"

•  K+ tagging efficiency with 4 sectors: > 95%"
•  Max rate of detected photons: ~5 MHz/PMT!
•  Single-photon time resolution σt(1γ) ~ 300 ps!
•  K+ time resolution: ~70 ps!

CEDAR-W!

7	

Cherenkov differential counter with 
a achromatic ring focus design

NA62 KTAG



SHiP spectrometer timing detector
• Reduce backgrounds from  

random combinations of 
muons using fast timing.  
‣ Targeting resolutions <100ps.  

• Two technologies considered: 
‣ MRPC detectors.  

‣ Fast scintillators (inspired by 
the NA61/SHINE detector). 
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Chapter 4

Experiment Conceptual Design

4.1 General experimental layout

Following the experimental objective and requirements outlined in Chapter 2 this chapter de-
scribes the conceptual design of the experiment and the details of each sub-system in the order
that they are arranged. The overall SHiP detector layout is shown in Figure 4.1.

Figure 4.1: The SHiP detector layout.

The tau neutrino detector shown in Figure 4.2 is located immediately downstream of the
active muon shield. It consists of the Neutrino Emulsion Target (NET) in a magnetic field
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[CERN-SPSC-2015-016]

https://arxiv.org/abs/1504.04956


Cherenkov based TOF at TauFV
• Cherenkov based TOF also 

discussed in the context of the 
proposed TauFV experiment, a 
fixed target  factory at the 
CERN beam dump facility.

τ

29

TauFV layout
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Guy Wilkinson 9

Half-view schematic of a possible TauFV configuration (non bending plane).

AQgXOaU acceSWaQce:  20ĺ260 PUad   (geRPeWUicaO efficieQc\ a40% fRU Ĳĺȝȝȝ).
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[G. Wilkinson, Physics Beyond Colliders]

https://indico.cern.ch/event/1002356

