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T   RCH Outline

- Introduction to TORCH 

- TORCH principle 

- Beam test analysis 

- Current time resolution and photon yield performance   

- TORCH simulation and LHCb physics studies  

- Summary
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for π/K) 

- Prompt Cherenkov light emitted by charged 
hadrons is collected via total internal 
reflection in a highly polished quartz plate 

- Photon arrival time and pattern allows the 
track species to be determined

- A hadron flight path of~10m results in a time-of-flight difference ΔToF(K-π) ~ 35 ps 

- Aim to achieve 10-15ps time resolution per track 

- This corresponds to a single photon resolution of 70ps for ~30 photons per track
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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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- The TORCH detector would provide complementary PID information to the RICH 
detectors in the LHCb experiment  

- TORCH constitutes 18 quartz modules spanning an area of 5x6 m2 
- TORCH is proposed to be installed in LS3 (Run 4 onwards) 13/6/18

Upgrade-II physics case                               
Guy Wilkinson 7

Detector challenges and assumptions
Detector challenges of operating forward spectrometer for flavour physics
at 1-2 x 1034 cm-2s-1 are substantial and have been extensively discussed.
Already, promising solutions have been identified, but much R&D required.
Comment themes: higher granularity, higher radiation resistance, fast timing.

For the purposes of this document we assume it will be possible to develop 
detector that delivers same performance per signal decay in Upgrade II 
conditions, as current detector provides in Run 1 and Run 2.

TORCH

5 
m

6 m

LHCb Phase-II Upgrade EOI

https://cds.cern.ch/record/2244311
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T   RCH Prototypes
- TORCH prototypes have been tested in beam tests 

- Mini-TORCH is a small scale module with a 12cm x 35cm x 
1cm quartz plate instrumented with one MCP 

- Proto-TORCH is a half-height, full-width module currently 
instrumented with 2 MCPs  

- Beam tests have been performed in CERN PS 8 GeV p/π beam
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6
Hadron track

Photon  
propagation

MCPs

proto-TORCH

Christoph Frei, 30.11.2018 - 31

In Vertical Position!

There are some similarities

A rather stressful 
handling operation

Proto-TORCH

66cm x 125cm x 1cm 
Quartz plate

NIM A (2018)

https://doi.org/10.1016/j.nima.2018.12.007


Tom Hadavizadeh

T   RCH

VCI – 20th February 2019 Thomas.hancock@physics.ox.ac.uk

TORCH Micro-Channel Plate (MCP) PMTs

• Employ custom designed MCP PMTs
Ø 8×128 effective granularity

• Anisotropic Conductive Film (ACF) used 
to interface detector and readout

4

MCP Window
Photocathode
Micro-channel Plate

Micro-channel Plate

Anode
Charge Avalanche

10 µm pores

53×53 mm*

Front and back of a TORCH tube

Active area of a TORCH tube

Introduction Beam Test Campaign Timing Resolution Photon Counting PID Performance Conclusions

Developed by

Photon

TORCH MCP-PMTs
- The Cherenkov radiation is focused onto Micro-Channel Plate PMTs 

- These have been developed by industrial partner Photek UK
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First results from a prototype TORCH detector
Workshop on Picosecond Photon Sensors

June 9, 2015
M.VanDijk@bristol.ac.uk

Photon Detectors for TORCH

8

• MCP-PMT detectors

• Leading detector for time-resolved 
photon counting
• Transit time spread down to ~20-30ps

Figure reproduced from J.L. Wiza, NIMA 162 no. 13 (1979) 587-601 60 mm

12
8 

pi
xe

ls

53 x 53 mm2

- Each detector has a granularity of 64x64 pixels over 53x53mm2 active area 

- Charge sharing and channel grouping is used to achieve an effective granularity of 
128x8 pixels 

- The MCPs are designed to withstand an integrated charge of 5 C/cm2 (ALD coating) 

- Readout electronics consists of NINO and HPTDC chipsets developed for ALICE 
collaboration’s TOF detector JINST 11 (2016)

https://doi.org/10.1088/1748-0221/11/04/C04012
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The TORCH pattern
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- The hitmap show various bands corresponding to light 
reflecting off the module sides 

- The two MCPs have different quantum efficiencies 

- Time reference signals are injected in the middle of the 
MCPs 

- The number of dead pixels improved from MCP A to B as a 
result of improvements in NINO wire bonding procedure
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- This analysis concentrates on MCP B with the higher 
quantum efficiency  

- By projecting the hits in the time-of-arrival axis we can 
separate the different orders of side reflection  

- The overlaid lines represent reconstructed predictions 

- The spread in times for each order of reflection is measured 
to determine the single photon time resolution

0

2000

4000

6000

8000

10000

hitmapPionsRaw

2 4 6 8 10 12 14 16

10

20

30

40

50

60

hitmapPionsRawHitmap Time projection (for 1 MCP column)

Horizontal Pixel

Ve
rt

ica
l P

ix
el

Vertical Pixel

Ti
m

e 
(n

s)

6

1

2

345



Tom Hadavizadeh

T   RCH

1 2 3 4 5
 per clusterHitsN

0

20

40

60

80

100

120

140

 R
es

ol
ut

io
n 

[p
s]

Preliminary analysis

 9

Tom Hadavizadeh

TORCH schematic
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Track produced
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t1
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Time of Flight Photons arrive at MCP

Time of propagation

Hit 1
Hit 2
Hit 3

MCP

Photon

Cluster

Hadron track

}
- As a result of charge sharing in the MCP, single photons result 

in hits on multiple pixels 

- The time resolution is measured for different sizes of clusters 
of hits 

- A simultaneous fit determines the spread in the time of arrival 
at each pixel

- The time resolution is approaching or achieving the design goal of 70 ps TORCH Face2Face Meeting – 10/03/19 Thomas.hancock@physics.ox.ac.uk

Preliminary Results
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dependent effects Electronics and 
readout resolution

�2
TORCH = �2

const + �prop(x)
2 + �RO(NHits)

2
<latexit sha1_base64="D7w/idgFSl7WiIWO14fh6Oq2rAg="></latexit>

Time resolution parameterisation:

�const = 33.0± 7.1 ps
<latexit sha1_base64="cvE8Nnwphpe0EohaLCNV98MpSZ8=">AAACGHicbVA9SwNBEN3zM8avqKXNYhAs5LxLhNgIQRvLCCYGciHsbTbJkt29Y3dODMf9DBv/io2FIrbp/DduPgqNPhh4vDfDzLwwFtyA5305S8srq2vruY385tb2zm5hb79hokRTVqeRiHQzJIYJrlgdOAjWjDUjMhTsPhxeT/z7B6YNj9QdjGLWlqSveI9TAlbqFM4Cw/uSdNIA2COkNFIGsgxf4nLZ9XAQS1xx/eB05sYm6xSKnutNgf8Sf06KaI5apzAOuhFNJFNABTGm5XsxtFOigVPBsnyQGBYTOiR91rJUEclMO50+luFjq3RxL9K2FOCp+nMiJdKYkQxtpyQwMIveRPzPayXQu2inXMUJMEVni3qJwBDhSUq4yzWjIEaWEKq5vRXTAdGEgs0yb0PwF1/+Sxol1y+7pdvzYvVqHkcOHaIjdIJ8VEFVdINqqI4oekIv6A29O8/Oq/PhfM5al5z5zAH6BWf8DW/Qn10=</latexit>

�prop(x) = 7.8± 0.7 ps⇥ x
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�RO(NHits) =
100.5± 5.7 psp

NHits
<latexit sha1_base64="LdMer/LXLYS34+vON1qd/00YQnw="></latexit>

tP in ns

Ideal values from simulation 

⇠ 33 ps
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⇠ 60p
NHits
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⇠ 100.5± 5.7p
NHits
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- The time resolution is parameterised into different contributions  

- These various sources are under study in laboratory tests

tP
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Further improvements from calibrations expected

(7.8± 0.7)⇥ tP ps
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Preliminary Photon Counting Results
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Position Data 
Mean

Sim 
Mean

!"#$#
!%&'

1 3.81 3.78 1.01
2 2.32 3.39 0.69
3 1.76 2.75 0.64
4 1.80 2.98 0.60

A B

1

A B

3

A B

2

A B

4

= Simulation= Data

Work ongoing to understand the effect of 
multiple edge reflections to account for 

photon losses

Note: MCPs only cover 2/11 of the total 
active area!

⇒ counts for a fully instrumented module 
would be higher

Introduction Beam Test Campaign Timing Resolution Photon Counting PID Performance Conclusions- In simulation, various sources of inefficiencies are accounted for, including 
- Surface roughness, MCP quantum efficiency and collection efficiency

- Discrepancies as a function of vertical 
position still being studied  

- The current prototype only has 2 out of 
11 MCPs 

- Photon yields would be ~5.5 times 
larger than shown here 

- Final module expected to have 
improved quantum efficiency 
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Simulation and PID performance

- TORCH has been simulated in the framework of the 
Upgraded LHCb detector  

- Optical processes are simulated in GEANT4 and sources 
of inefficiency from TORCH are accounted for 

- The PID performance of TORCH is determined for Upgrade 
IB conditions (Run 4) 
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PID performance
• TORCH PID performance averaged over all of the modules: 

!

!

!

!

!

!

!

!

• Good separation between π/K/p in the 2 -10 GeV/c range.
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- The simulated PID performance is used to quantify the benefits of TORCH to the 

LHCb experiment in various physics channels  

- As expected, modes with low-momentum kaons and protons benefit the most 

 13

- In particular TORCH could provide: 

- Increased signal efficiencies  

- Reduced particle misidentification backgrounds  

- Reduced dependence of PID efficiencies on 
momentum   

- TORCH also brings benefit to flavour tagging algorithms  

- Potential to impact a range of analyses 
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Figure 24: The PID e�ciency of B0
s ! K�µ+⌫µ candidates as a function of q2 using the existing

LHCb PID variables (blue) and with the addition of the TORCH PID performance (red).
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Figure 25: The selection e�ciency of ⇤0
b! pK�µ+µ� candidates as a function of q2 = m(µ+µ�)

using the existing LHCb PID variables (blue) and with the addition of the TORCH PID
performance (red).

momentum as described before. The TORCH PID performance improves the e�ciency481

at high q2. Across the whole q2 range this corresponds to an increase in signal yield of482

35%. If the range of q2 was limited to higher values to reduce theoretical uncertainties,483

the improvement from TORCH would be greater, for example 54% for q2 > 10GeV2/c2.484

4.3.4 The decay ⇤0
b! pK�µ+µ�

485

The decay ⇤0
b! pK�µ+µ� is a good candidate to gain from the improved performance486

TORCH o↵ers. The presence of a proton and kaon necessitates PID cuts, and at high values487

of m(µ+µ�) the momentum of these hadrons will be low. The candidates are selected488

using the line StrippingB2XMuMu Line without any PID requirements. As the existing489

analysis uses requirements on ProbNN variables, similar requirements of DLL(K � ⇡) > 5490

and DLL(K � p) > 0 are employed. The distribution of the PID e�ciency as a function491

of m(µ+µ�) is shown in Fig. 25. Including TORCH leads to a increase in yield of 24%492

averaged across all q2.493
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Figure 24: The PID e�ciency of B0
s ! K�µ+⌫µ candidates as a function of q2 using the existing

LHCb PID variables (blue) and with the addition of the TORCH PID performance (red).
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at high q2. Across the whole q2 range this corresponds to an increase in signal yield of482

35%. If the range of q2 was limited to higher values to reduce theoretical uncertainties,483

the improvement from TORCH would be greater, for example 54% for q2 > 10GeV2/c2.484

4.3.4 The decay ⇤0
b! pK�µ+µ�

485

The decay ⇤0
b! pK�µ+µ� is a good candidate to gain from the improved performance486

TORCH o↵ers. The presence of a proton and kaon necessitates PID cuts, and at high values487

of m(µ+µ�) the momentum of these hadrons will be low. The candidates are selected488

using the line StrippingB2XMuMu Line without any PID requirements. As the existing489

analysis uses requirements on ProbNN variables, similar requirements of DLL(K � ⇡) > 5490

and DLL(K � p) > 0 are employed. The distribution of the PID e�ciency as a function491

of m(µ+µ�) is shown in Fig. 25. Including TORCH leads to a increase in yield of 24%492

averaged across all q2.493

23



Tom Hadavizadeh

T   RCH Outlook
Summary  

- The TORCH project is progressing well, with a successful series of beam tests  

- The time resolution of the prototype is approaching the design goals  

- Further lab tests and electronics calibrations are ongoing  

- The device has been simulated in the LHCb experiment and studies indicate 
significant improvements to the LHCb physics potential

 14

Future  
- Future tests will use a fully instrumented (11 MCP) half-height TORCH module



Back up slides

 15
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T   RCH Beam test setup
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proto-TORCH

Christoph Frei, 30.11.2018 - 40

General Testbeam View

C1

C2

T1

T2

Torch

Telescope
Cherenkov counters 

to determine what type 
of particle is in the beam

Timing stations 
provides time of flight 

reference

5 GeV/c Proton/pion beam

Cherenkov counters and borosilicate timing fingers used to calculate independent 
time of flight and particle species
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Cherenkov counters
- The species of the tracks in the CERN PS beam are determined using two Cherenkov 

counters 

- Data has also been taken with 3 GeV/c and 5 GeV/c beams
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TORCH	Testbeam Summary	Meeting	– 29/06/18 Thomas.hancock@physics.ox.ac.uk
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ToF (HPTDC Bins)
288 290 292 294 296 298 300 302 3040

2000

4000

6000

8000

10000

12000

ToF split by PIDToF split by PID

ToF (HPTDC Bins)
288 290 292 294 296 298 300 302 3040

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

ToF split by PIDToF split by PID3.5	GeV 5	GeV 8 GeV

• Cherenkov	decision	shows	good	efficiency	for	all	energies

• Note:	These	and	all	following	plots	have	the	INL	correction	applied

No	Cherenkov	Signal
Cherenkov	Signal
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T   RCH TORCH Electronics
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- Readout electronics consists of NINO and HPTDC 
chipsets developed for ALICE collaboration’s TOF 
detector 

- The NINO provides time-over-threshold information

MCP

NINO

HPTDC

HPTDC

Readout

- Calibrations are performed 
to correct for time bin non-
linearities, and pulse-shape 
dependent responses 

JINST 11 (2016) C04012 

TORCH MEETING - 29/11/18 8

Fits to calibration curves

https://doi.org/10.1088/1748-0221/11/04/C04012
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T   RCH Prototypes 
- Previous TORCH prototype was called mini-Torch 

- Instrumented with two MCPs 
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Mini-TORCH
12cm x 35cm x 1cm 

Quartz plate

Please cite this article as: N. Harnew, S. Bhasin, T. Blake et al., Status of the TORCH time-of-flight project, Nuclear Inst. and Methods in Physics Research, A (2019),
https://doi.org/10.1016/j.nima.2018.12.007.
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Fig. 4. The patterns of hits measured in the TORCH demonstrator with 5 GeV/c pions. (a)
64 ù 4 pixel readout in November 2017 with the beam 14 cm below the quartz radiator
centre-line and the MCP-PMT located in its nominal position on the focal plane, and (b)
64 ù 8 pixel readout in June 2018 with the beam at the quartz centre-line and the MCP-
PMT shifted 5 mm upwards with respect to configuration (a).

both manufactured by Schott, Germany. The radiator plate is mounted
in an almost vertical position, tilted backwards by 5˝ with respect to the
horizontal incidence of the beam.

We report here preliminary results from the November 2017 cam-
paign, where the demonstrator is read out with a single Phase 3 MCP-
PMT in the 64 ù 4 pixel configuration. The customised electronics
system [10] uses the NINO32 [11] and HPTDC [12] chipsets, developed
for fast timing applications of the ALICE experiment. Proton–pion
selection is achieved independent of TORCH using a pair of upstream
Cherenkov counters, and two borosilicate finger counters (T1 and T2),
separated by a Ì11 m flight path, provide a time reference.

The pattern of measured MCP-PMT hits for 5 GeV/c pions is shown in
Fig. 4 (a). Here clustering has been applied over simultaneous MCP-PMT
column hits to obtain the centroid position of each photon. The beam
impinges approximately 14 cm below the plate centre-line and close
to the plate side, a position which has been chosen to give a cleanly
resolved pattern. The Cherenkov cones which are internally reflected
in the quartz radiator result in hyperbola-like patterns at the MCP-PMT
plane; reflections off module sides result in a folding of this pattern.
Chromatic dispersion spreads the lines into bands. Since the quartz is
read out by only a single MCP-PMT, the full pattern is only sampled,
which accounts for the observed discontinuities.

For the timing measurement, a simultaneous correction is made for
time-walk and integral non-linearities of the NINO/HPTDC electronics
using a data-driven method [8]. For each single 4-wide pixel row,
the measured MCP time-stamp for each cluster is plotted relative to
the downstream borosilicate station (T2) versus the measured 64-wide
column position. An example data distribution is shown in Fig. 5 (a)
showing good agreement when compared to simulation. The distribu-
tion of residuals between the measured and simulated times of arrival
is shown in Fig. 5 (b). Core distributions have resolutions (sigmas) of
approximately 100–125 ps (which is photon energy and MCP-PMT row
dependent). The tails are due to imperfect calibration and backscat-
tering from the MCP top surface. The timing resolution of the timing

Fig. 5. (a) The time-of-arrival of single Cherenkov photons from a 5 GeV/c pion
beam, relative to the T2 beam time-reference station, as a function of detected 64-
wide column pixel number. The overlaid lines represent the simulated patterns for light
reflected only off the front and back faces of the radiator plate (purple), light undergoing
one (red), two (orange) and three (yellow) reflections off the side faces. The top left
distributions correspond to multiple reflections from the bottom horizontal face. (b) The
residuals between observed and simulated Cherenkov photon arrival times for pixel row 4
(November 2017 data). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

reference is Ì50 ps and, subtracted in quadrature, gives Ì85–115 ps
time resolution of the TORCH demonstrator, approaching the target
resolution of 70 ps per photon. Future improvements are possible such
as incorporating charge to width calibrations of the front-end electronics
and reducing the current limitation imposed by the 100 ps time binning
of the HPTDC.

4. Development of half-length TORCH prototype

A prototype of a half-length TORCH module, 125 ù 66 ù 1 cm3

(length, width and thickness), is currently under construction. The
module will be equipped with ten MCP-PMTs (Ì5000 channels). The
radiator plate and focussing block were both procured from Nikon,
Japan. As an incremental step, the small-scale TORCH demonstrator
was equipped with a single 64 ù 8 pixel MCP-PMT and upgraded
electronics and tested in a 5 GeV/c pion beam in June 2018. The
pattern of measured MCP-PMT hits is shown in Fig. 4 (b). Results are
currently being analysed, and calibrations and timing measurements are
in progress. The full-scale module is planned for test-beam running in
October/November 2018.

5. TORCH for the LHCb Upgrade II

The RICH system currently provides PID for the LHCb experi-
ment [13], where discrimination of pions, kaons and protons is essential
for CP violationmeasurements, exotic spectroscopy and particle tagging.
However, LHCb has no positive kaon or proton identification below
Ì10 GeV/c. Therefore the proposal is to install TORCH immediately
upstream of the RICH 2 detector, where it would be located Ì9.5 m
from the proton–proton interaction region [2]. Here the total area of

3
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reference is Ì50 ps and, subtracted in quadrature, gives Ì85–115 ps
time resolution of the TORCH demonstrator, approaching the target
resolution of 70 ps per photon. Future improvements are possible such
as incorporating charge to width calibrations of the front-end electronics
and reducing the current limitation imposed by the 100 ps time binning
of the HPTDC.

4. Development of half-length TORCH prototype

A prototype of a half-length TORCH module, 125 ù 66 ù 1 cm3

(length, width and thickness), is currently under construction. The
module will be equipped with ten MCP-PMTs (Ì5000 channels). The
radiator plate and focussing block were both procured from Nikon,
Japan. As an incremental step, the small-scale TORCH demonstrator
was equipped with a single 64 ù 8 pixel MCP-PMT and upgraded
electronics and tested in a 5 GeV/c pion beam in June 2018. The
pattern of measured MCP-PMT hits is shown in Fig. 4 (b). Results are
currently being analysed, and calibrations and timing measurements are
in progress. The full-scale module is planned for test-beam running in
October/November 2018.

5. TORCH for the LHCb Upgrade II

The RICH system currently provides PID for the LHCb experi-
ment [13], where discrimination of pions, kaons and protons is essential
for CP violationmeasurements, exotic spectroscopy and particle tagging.
However, LHCb has no positive kaon or proton identification below
Ì10 GeV/c. Therefore the proposal is to install TORCH immediately
upstream of the RICH 2 detector, where it would be located Ì9.5 m
from the proton–proton interaction region [2]. Here the total area of
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T   RCH Prototypes 
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Half-scale prototype
• Half-scale demonstrator module developed: 

➡ Equipped with 2 MCP-PMTs  
(each with 64 x 8 pixels). 

➡ Larger scale optical components (from Nikon). 

proto-TORCH

Christoph Frei, 30.11.2018 - 31

In Vertical Position!

There are some similarities

A rather stressful 
handling operation66cm 1.

25
m MCP-PMT

NINO  
board

HPTDC 
board

Focussing  
block

Radiator  
plate

Focussing 
block

Radiator 
plate

proto-TORCH

Christoph Frei, 30.11.2018 - 31

In Vertical Position!

There are some similarities

A rather stressful 
handling operation

Proto-TORCH

66cm x 125cm x 1cm 
Quartz plate

- Proto-TORCH is a half-height, full-width prototype
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Half-scale prototype
• Half-scale demonstrator module developed: 

➡ Equipped with 2 MCP-PMTs  
(each with 64 x 8 pixels). 

➡ Larger scale optical components (from Nikon). 
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Calculating t0
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After removing outliers

s(t0) = 49 ps
√534

Example from PV of same event- Time of flight also requires initial time 

- Could come from timing information of accelerator, 
but need to account for length of bunches 

- It would be possible to calculate t0 from other tracks in 
event 

- Reverse reconstruction logic, assuming all are pions 
(remove outliers) 

- Could achieve few ps resolution
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T   RCH PID algorithm 

- Compare particle hypothesis using a likelihood calculation  

- Performed globally for all tracks in an event

 22 21

PID algorithm
• Use a similar approach to the RICH detectors and compare 

hypotheses directly using a likelihood calculation.  

!

!

!

!

• Photon arrival time can be determined from: 

logLh =
X

hits

logP (~xhit, thit, h)

td = t0 +
rtrack
�c

+
r�
vg

detected time

production time  
(assumed known)

track path  
length to TORCH

Determine PDF for given  
hypothesis by “ray-tracing” 
!
Currently use a “local” per-track 
algorithm and assume the 
background is uniformly distributed. 

photon path length  
in the radiator

group velocity

momentum and  
mass hypothesis
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T   RCH PID performance
- The PID performance has been simulated for Upgrade II conditions  

- Multiple events are combined to achieve the required luminosity  

- Performance degrades slightly but still has significant separation power 

- Further studies ongoing
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Upgrade II conditions
• Evaluate performance merging seven events together. 

➡ Need to emulate the front-end in order to get a realistic estimate of the 
performance (see later). 

• Analysis using local PID and flat background model:

momentum [GeV/c]

ef
fic

ie
nc

y

momentum [GeV/c]

ef
fic

ie
nc

y
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L = 2⇥ 1034 cm�2s�1
<latexit sha1_base64="NOlvre0jTlaTubC/Xo2mYUNzfA0="></latexit>

Preliminary Preliminary 


