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Time Of internally Reflected 
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TORCH in the LHCb detector
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TORCH

• Aims at identifying particles of low momentum (2-10 GeV/c) 
• The detector exploits the time-of-flight difference between p/K/ 
• Possible installation during the CERN Long Shutdown 3 (~2024) 

⇡

TORCH

Proton-Proton  
interaction point
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How does TORCH work?

Particle

Cherenkov	
Photon

Radiator	
Plate

• A particle passing through the quartz 
plate emits Cherenkov light. 

• The Cherenkov photons are trapped in 
the plate and travel up through total 
internal reflection. 

• The full TORCH detector will consist of 18 
quartz modules (~30 m2 total).  

• What happens when the Cherenkov photons 
reach the periphery of the radiator plate? 

25
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660	mm

=	beam	pipe
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How does TORCH work?

Photon	
Detector

Focal	
Plane

!" = 0.85 rads

!" = 0.45 rads

!"

!)

Particle

Focusing	
Block

Photon

• Focusing block maps the 
photons onto the focal plane.  

• The angle       determines the 
position on the focal plane.  

• A precise determination of the 
arrival time and position of the 
Cherenkov photons allows for 
precision time-of-flight 
measurements in LHCb. 
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• Photons are detected on Micro-Channel Plate 
Photon Multiplier Tubes (MCP PMTs). 

• The MCP PMTs have been developed 
specifically for the TORCH detector to have:  
- high granularity (8x64 pixels) 
- extended lifetime  
- resistance to LHC conditions 
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How does TORCH work?

Detector window

Photocathode

Microchannel plate

Microchannel plate

Anode

Charge 
avalanche

Schematic view of  
a MCP PMT

60	mm

60
	m

m



π
K

p

~35ps

Time-of-flight difference between kaons and pions at 10 GeV/c 
over a 10 m flight path is ~35ps. 

A single photon time resolution  
of 70 ps with an estimated 30  
detected photons per track  
gives a ~15 ps time resolution  
per track. 
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How does TORCH work?

�TOF

Isolated track  
particle identification  

performance
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6

Beam position

66 cm

2.
5 

m

No side reflections 
One side reflection 
Two side reflections

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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1 cm

• Angle     is converted into precise position on  
the MCPs by the focusing block. 

• Photons arriving on the MCP create bands. 

✓z

How does TORCH work?
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Ongoing R&D

proto-TORCH

Christoph Frei, 30.11.2018 - 31

In Vertical Position!

There are some similarities

A rather stressful 
handling operation

MiniTORCH 
12 x 35 x 1 cm  
quartz plate 
Max. 2 MCPs

ProtoTORCH 
66 x 125 x 1 cm 
quartz plate 
Max. 10 MCPs

Recent Testbeam campaigns 
at CERN PS in a 5GeV/c proton  
and pion beam: 

November ’17: 
MiniTORCH with one 4x64 MCP 

June ’18: 
MiniTORCH with one 8x64 MCP 

November ’18: 
ProtoTORCH with two 8x64 MCPs 
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Ongoing R&D - testbeam setup
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Mini- 
TORCH

Timing 
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AIDA 
Telescope

Cherenkov 
Counter 

C2

Beam
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Beamtest results - November 2017
One 4x64 MCP in Mini-TORCH 
Analysis of the test beam data almost complete. 

• Hitmap of the MCP shows the expected pattern  
- only half the pattern visible since only 1/2  
   MCPs was read out.  

MCP
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Figure 4: The patterns of hits measured in the TORCH demonstrator with
5 GeV/c pions. (a) 64 ⇥ 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 ⇥ 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).

tilted backwards by 5� with respect to the horizontal incidence96

of the beam.97

We report here preliminary results from the November 201798

campaign, where the demonstrator is read out with a single99

Phase 3 MCP-PMT in the 64 ⇥ 4 pixel configuration. The100

customised electronics system [10] uses the NINO32 [11] and101

HPTDC [12] chipsets, developed for fast timing applications of102

the ALICE experiment. Proton-pion selection is achieved inde-103

pendent of TORCH using a pair of upstream Cherenkov coun-104

ters, and two borosilicate finger counters (T1 and T2) separated105

by a ⇠11 m flight path provide a time reference.106

The pattern of measured MCP-PMT hits for 5 GeV/c pions is107

shown in Fig.4 (a). Here clustering has been applied over simul-108

taneous MCP-PMT column hits to obtain the centroid position109

of each photon. The beam impinges approximately 14 cm be-110

low the plate centre-line and close to the plate side, a position111

which has been chosen to give a cleanly resolved pattern. The112

Cherenkov cones which are internally reflected in the quartz ra-113

diator result in hyperbola-like patterns at the MCP-PMT plane;114

reflections o↵ module sides result in a folding of this pattern.115

Chromatic dispersion spreads the lines into bands. Since the116

quartz is read out by only a single MCP-PMT, the full pattern is117

only sampled, which accounts for the observed discontinuities.118

For the timing measurement, a simultaneous correction119

is made for time-walk and integral non-linearities of the120

NINO/HPTDC electronics using a data-driven method [8]. For121

each single 4-wide pixel row, the measured MCP time-stamp122
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Figure 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 de-
tected 64-wide column pixel number. The overlaid lines represent the simulated
patterns for light reflected only o↵ the front and back faces of the radiator plate
(purple, masked by red in the lower right distribution), and light undergoing
one (red), two (orange) and three (yellow) reflections o↵ the side faces. The top
left distributions correspond to multiple reflections from the bottom horizon-
tal face. (b) The residuals between observed and simulated Cherenkov photon
arrival times for pixel row 4 (November 2017 data).

for each cluster is plotted relative to the downstream borosil-123

icate station (T2) versus the measured 64-wide column posi-124

tion. An example data distribution is shown in Fig. 5 (a) show-125

ing good agreement when compared to simulation. The distri-126

bution of residuals between the measured and simulated times127

of arrival is shown in Fig. 5 (b). Core distributions have resolu-128

tions (sigmas) of approximately 100 - 125 ps (which is photon129

energy and MCP-PMT row dependent). The tails are due to130

imperfect calibration and backscattering from the MCP top sur-131

face. The timing resolution of the timing reference is ⇠50 ps132

and, subtracted in quadrature, gives ⇠85 - 115 ps time resolu-133

tion of the TORCH demonstrator, approaching the target reso-134

lution of 70 ps per photon. Future improvements are possible135

such as incorporating charge to width calibrations of the front-136

end electronics and reducing the current limitation imposed by137

the 100 ps time binning of the HPTDC.138

4. Development of half-length TORCH prototype139

A prototype of a half-length TORCH module, 125 ⇥ 66 ⇥140

1 cm3 (length, width and thickness), is currently under con-141

struction. The module will be equipped with ten MCP-PMTs142

(⇠5000 channels). The radiator plate and focussing block were143

both procured from Nikon, Japan. As an incremental step, the144

small-scale TORCH demonstrator was equipped with a single145
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No side reflections 
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Beamtest results - November 2017

Time resolution is 
determined per column.  
Beam focused on the edge 
of the quartz plate. 
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Figure 4: The patterns of hits measured in the TORCH demonstrator with
5 GeV/c pions. (a) 64 ⇥ 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 ⇥ 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).

tilted backwards by 5� with respect to the horizontal incidence96

of the beam.97

We report here preliminary results from the November 201798

campaign, where the demonstrator is read out with a single99

Phase 3 MCP-PMT in the 64 ⇥ 4 pixel configuration. The100

customised electronics system [10] uses the NINO32 [11] and101

HPTDC [12] chipsets, developed for fast timing applications of102

the ALICE experiment. Proton-pion selection is achieved inde-103

pendent of TORCH using a pair of upstream Cherenkov coun-104

ters, and two borosilicate finger counters (T1 and T2) separated105

by a ⇠11 m flight path provide a time reference.106

The pattern of measured MCP-PMT hits for 5 GeV/c pions is107

shown in Fig.4 (a). Here clustering has been applied over simul-108

taneous MCP-PMT column hits to obtain the centroid position109

of each photon. The beam impinges approximately 14 cm be-110

low the plate centre-line and close to the plate side, a position111

which has been chosen to give a cleanly resolved pattern. The112

Cherenkov cones which are internally reflected in the quartz ra-113

diator result in hyperbola-like patterns at the MCP-PMT plane;114

reflections o↵ module sides result in a folding of this pattern.115

Chromatic dispersion spreads the lines into bands. Since the116

quartz is read out by only a single MCP-PMT, the full pattern is117

only sampled, which accounts for the observed discontinuities.118

For the timing measurement, a simultaneous correction119

is made for time-walk and integral non-linearities of the120

NINO/HPTDC electronics using a data-driven method [8]. For121

each single 4-wide pixel row, the measured MCP time-stamp122
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Figure 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 de-
tected 64-wide column pixel number. The overlaid lines represent the simulated
patterns for light reflected only o↵ the front and back faces of the radiator plate
(purple, masked by red in the lower right distribution), and light undergoing
one (red), two (orange) and three (yellow) reflections o↵ the side faces. The top
left distributions correspond to multiple reflections from the bottom horizon-
tal face. (b) The residuals between observed and simulated Cherenkov photon
arrival times for pixel row 4 (November 2017 data).

for each cluster is plotted relative to the downstream borosil-123

icate station (T2) versus the measured 64-wide column posi-124

tion. An example data distribution is shown in Fig. 5 (a) show-125

ing good agreement when compared to simulation. The distri-126

bution of residuals between the measured and simulated times127

of arrival is shown in Fig. 5 (b). Core distributions have resolu-128

tions (sigmas) of approximately 100 - 125 ps (which is photon129

energy and MCP-PMT row dependent). The tails are due to130

imperfect calibration and backscattering from the MCP top sur-131

face. The timing resolution of the timing reference is ⇠50 ps132

and, subtracted in quadrature, gives ⇠85 - 115 ps time resolu-133

tion of the TORCH demonstrator, approaching the target reso-134

lution of 70 ps per photon. Future improvements are possible135

such as incorporating charge to width calibrations of the front-136

end electronics and reducing the current limitation imposed by137

the 100 ps time binning of the HPTDC.138

4. Development of half-length TORCH prototype139

A prototype of a half-length TORCH module, 125 ⇥ 66 ⇥140

1 cm3 (length, width and thickness), is currently under con-141

struction. The module will be equipped with ten MCP-PMTs142

(⇠5000 channels). The radiator plate and focussing block were143

both procured from Nikon, Japan. As an incremental step, the144

small-scale TORCH demonstrator was equipped with a single145
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= - - →
120.8±0.6 ps 15.6±0.1 ps 42±3 ps

Time projection (for 1 column) Time resolution (for 1 reflection)

x Beam

No side reflections 
One side reflection 
Two side reflections 
Bottom reflections 
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Beamtest results - November 2017

Aim: Check whether the number of photons observed per particle 
passing through the detector in data agrees with simulation. 

• Geant4 simulation of  
Mini-TORCH:  
10000 kaons fired through  
the side of the quartz plate 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Beamtest results - November 2017

Data 
Simulation 

Data: ~6-7 
Sim:   ~11

• Simulation accounts for many  
sources of inefficiency, e.g.  
MCP efficiencies, mirror reflectivity, 
quartz surface roughness effects.  

• Clear discrepancy seen - currently under investigation. 
Most likely culprit: simulation does not yet accurately model the 
electronics used in data taking. 

Photons per Event
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Preliminary beamtest results - November 2018
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• Proto-TORCH with two 8x64 MCPs 
• Completely new prototype 
• Patterns observed as expected 
• Left MCP runs at lower gain and lower QE

66 cm
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Conclusion
I hope I’ve managed to convince you that TORCH  
is a very interesting and exciting R&D project! 

• Mini-TORCH era is over!  
Analysis almost done with a paper  
being written as we speak. 

• Achieved the first results with  
Proto-TORCH recently - a big step  
for the collaboration! 

• Next stage: aim to instrument  
Proto-TORCH with 10 MCPs  
and full readout electronics.  
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Thank you for  
your attention! 

Questions?
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BACKUP
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How does TORCH work?

6

Beam position

No side reflections 
One side reflection 
Two side reflections

• More side reflections means L increases 
• This changes the angle     such that a new  

band is created on the MCPs through the  
focusing block 

✓z
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TORCH Timeline

13/6/18
Upgrade-II physics case                               

Guy Wilkinson 9

The timeline and points of comparison

• Document focuses on HL-LHC era.

• Note our Upgrade I spans current LHC (Run 3) and HL-LHC (Run 4).

• Recall also the intention to make modest detector improvements and lay 
foundations for Upgrade II during LS3, hence we sometimes refer to 
the detector that will take data in Run 4 as Upgrade 1b.

• Belle II is scheduled to finish data taking prior to start of HL-LHC.

For all these reasons (and more), we present comparisons between:
Now…..End of Upgrade Ia  (23 fb-1)…..End of Upgrade II (300 fb-1)

Possible  
installation

TORCH in  
operation
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Photon Counting - Jun’18 Data
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Photon Counting

Jun’18
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Using all 8 columns of the MCP, we get the following preliminary 
results: 
• Reminder: the QE of the June beamtest tube degraded 

significantly over the course of the beamtest. 
• This does not include clustering in the simulation output. 
• Obvious discrepancy between data and simulation. 

Data: ~3
Sim: ~7

Jun 2018

• Jun’18 data 
• Discrepancy is still higher since 

the clustering algorithm has not  
yet been applied to the simulation  
here. 

But there are many other factors that are not fully 
understood… 
• Glue transmission & ageing 
• Reflection losses 
• Reflectivity of mirror 
• QE uniformity 
• Gain uniformity
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Photon Counting - clustering on simulation
• A clustering algorithm is ran over the hits to identify photons as 

a group of hits on the MCP that are close together in space and 
time. 

• How often would you expect two photons to be clustered 
together as one?
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Photon Counting - clustering on simulation
• A clustering algorithm is ran over the hits to identify photons as 

a group of hits on the MCP that are close together in space and 
time. 

• How often would you expect two photons to be clustered 
together as one? 

This happens for roughly 
two photons per event. 
Not negligible!
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Photon Counting from Clustered Simulation where PosX < 0Photon Counting from Clustered Simulation where PosX < 0
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Photon Counting - loss factors

Surface	roughness: ~10%
Rayleigh	scattering:							 small
Glue:	 small
Quantum	efficiency:	 ~80%
Mirror	reflectivity: ~10%
Collection	efficiency:	 35%�
(Open	Area	Ratio)
NINO	thresholds/Gain:	 under	investigation
Geometric	efficiency:	 ~12%�
Active	Area:	 (53/60)
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TORCH Testbeam
• Testbeams performed using Pion/proton beam.  

• Species determined using two Cherenkov counters. 

TORCH	Testbeam Summary	Meeting	– 29/06/18 Thomas.hancock@physics.ox.ac.uk

ToF with	beam	energy
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13
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• Cherenkov	decision	shows	good	efficiency	for	all	energies

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

No	Cherenkov	Signal
Cherenkov	Signal



TORCH Readout Electronics
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TORCH MCP-PMTs
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TORCH physics performance
• Expected PID performance studied using a stand-alone TORCH 

simulation. 
• Tracks from inclusive-b LHCb simulations are used to simulate 

TORCH response
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• Integration of TORCH into LHCb framework is being worked on. 


