
TORCH

Jonas Rademacker (University of Bristol) on behalf of the TORCH collaboration.

1
13

Summary
• TORCH is a large scale time-of-flight detector aiming to provide 

particle identification (K - π separation) in the range 2-10 GeV/c 
over a flight-distance of 10 m. 

• R&D programme has developed a MCP-PMT detector with a 
long-lifetime, large active area and fine granularity.  

• Performance of a prototype detector in beam tests at the CERN 
PS is very encouraging, we expect to reach the design sensitivity 
of                         .  

• Half-scale demonstrator module under development for a beam 
test in October. 
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm

25
0 

cm

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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T   RCH TORCH in LHCb

 4

- 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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Sensor spread 150 ps, nu=11.4, Gauss v54r5
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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 3

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

66 cm

25
0 

cm

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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T   RCH TORCH in LHCb

 4

- 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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Sensor spread 150 ps, nu=11.4, Gauss v54r5
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
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Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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 3

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

66 cm

25
0 

cm

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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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0.66m
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate
6.25 ns gate
600 ps gate

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm

25
0 

cm

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 –

✓c
<latexit sha1_base64="u3z3Ikg+jnDUybOMwqVLOYgRBaY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FtKJvttF262YTdiVBC/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJlIY8rxvp7C2vrG5Vdwu7ezu7R+UD4+aJk41xwaPZazbITMohcIGCZLYTjSyKJTYCse3M7/1hNqIWD3QJMEgYkMlBoIzstJjl0ZIrJfxaa9c8areHO4q8XNSgRz1Xvmr2495GqEiLpkxHd9LKMiYJsElTkvd1GDC+JgNsWOpYhGaIJtfPHXPrNJ3B7G2pcidq78nMhYZM4lC2xkxGpllbyb+53VSGlwHmVBJSqj4YtEglS7F7ux9ty80cpITSxjXwt7q8hHTjJMNqWRD8JdfXiXNi6rvVf37y0rtJo+jCCdwCufgwxXU4A7q0AAOCp7hFd4c47w4787HorXg5DPH8AfO5w/iDpEK</latexit><latexit sha1_base64="u3z3Ikg+jnDUybOMwqVLOYgRBaY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FtKJvttF262YTdiVBC/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJlIY8rxvp7C2vrG5Vdwu7ezu7R+UD4+aJk41xwaPZazbITMohcIGCZLYTjSyKJTYCse3M7/1hNqIWD3QJMEgYkMlBoIzstJjl0ZIrJfxaa9c8areHO4q8XNSgRz1Xvmr2495GqEiLpkxHd9LKMiYJsElTkvd1GDC+JgNsWOpYhGaIJtfPHXPrNJ3B7G2pcidq78nMhYZM4lC2xkxGpllbyb+53VSGlwHmVBJSqj4YtEglS7F7ux9ty80cpITSxjXwt7q8hHTjJMNqWRD8JdfXiXNi6rvVf37y0rtJo+jCCdwCufgwxXU4A7q0AAOCp7hFd4c47w4787HorXg5DPH8AfO5w/iDpEK</latexit><latexit sha1_base64="u3z3Ikg+jnDUybOMwqVLOYgRBaY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FtKJvttF262YTdiVBC/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJlIY8rxvp7C2vrG5Vdwu7ezu7R+UD4+aJk41xwaPZazbITMohcIGCZLYTjSyKJTYCse3M7/1hNqIWD3QJMEgYkMlBoIzstJjl0ZIrJfxaa9c8areHO4q8XNSgRz1Xvmr2495GqEiLpkxHd9LKMiYJsElTkvd1GDC+JgNsWOpYhGaIJtfPHXPrNJ3B7G2pcidq78nMhYZM4lC2xkxGpllbyb+53VSGlwHmVBJSqj4YtEglS7F7ux9ty80cpITSxjXwt7q8hHTjJMNqWRD8JdfXiXNi6rvVf37y0rtJo+jCCdwCufgwxXU4A7q0AAOCp7hFd4c47w4787HorXg5DPH8AfO5w/iDpEK</latexit><latexit sha1_base64="u3z3Ikg+jnDUybOMwqVLOYgRBaY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF+4FtKJvttF262YTdiVBC/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJlIY8rxvp7C2vrG5Vdwu7ezu7R+UD4+aJk41xwaPZazbITMohcIGCZLYTjSyKJTYCse3M7/1hNqIWD3QJMEgYkMlBoIzstJjl0ZIrJfxaa9c8areHO4q8XNSgRz1Xvmr2495GqEiLpkxHd9LKMiYJsElTkvd1GDC+JgNsWOpYhGaIJtfPHXPrNJ3B7G2pcidq78nMhYZM4lC2xkxGpllbyb+53VSGlwHmVBJSqj4YtEglS7F7ux9ty80cpITSxjXwt7q8hHTjJMNqWRD8JdfXiXNi6rvVf37y0rtJo+jCCdwCufgwxXU4A7q0AAOCp7hFd4c47w4787HorXg5DPH8AfO5w/iDpEK</latexit>

MCP

✓z
<latexit sha1_base64="San1ZFEPn/4qUNWEBbZ4e4aflWc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF24ptKJvttF262YTdiVBD/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJlIY8rxvp7Cyura+UdwsbW3v7O6V9w+aJk41xwaPZazvQ2ZQCoUNEiTxPtHIolBiKxxdT/3WI2ojYnVH4wSDiA2U6AvOyEoPHRoisW72NOmWK17Vm8FdJn5OKpCj3i1/dXoxTyNUxCUzpu17CQUZ0yS4xEmpkxpMGB+xAbYtVSxCE2SziyfuiVV6bj/WthS5M/X3RMYiY8ZRaDsjRkOz6E3F/7x2Sv3LIBMqSQkVny/qp9Kl2J2+7/aERk5ybAnjWthbXT5kmnGyIZVsCP7iy8ukeVb1vap/e16pXeVxFOEIjuEUfLiAGtxAHRrAQcEzvMKbY5wX5935mLcWnHzmEP7A+fwBBRCRIQ==</latexit><latexit sha1_base64="San1ZFEPn/4qUNWEBbZ4e4aflWc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF24ptKJvttF262YTdiVBD/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJlIY8rxvp7Cyura+UdwsbW3v7O6V9w+aJk41xwaPZazvQ2ZQCoUNEiTxPtHIolBiKxxdT/3WI2ojYnVH4wSDiA2U6AvOyEoPHRoisW72NOmWK17Vm8FdJn5OKpCj3i1/dXoxTyNUxCUzpu17CQUZ0yS4xEmpkxpMGB+xAbYtVSxCE2SziyfuiVV6bj/WthS5M/X3RMYiY8ZRaDsjRkOz6E3F/7x2Sv3LIBMqSQkVny/qp9Kl2J2+7/aERk5ybAnjWthbXT5kmnGyIZVsCP7iy8ukeVb1vap/e16pXeVxFOEIjuEUfLiAGtxAHRrAQcEzvMKbY5wX5935mLcWnHzmEP7A+fwBBRCRIQ==</latexit><latexit sha1_base64="San1ZFEPn/4qUNWEBbZ4e4aflWc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF24ptKJvttF262YTdiVBD/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJlIY8rxvp7Cyura+UdwsbW3v7O6V9w+aJk41xwaPZazvQ2ZQCoUNEiTxPtHIolBiKxxdT/3WI2ojYnVH4wSDiA2U6AvOyEoPHRoisW72NOmWK17Vm8FdJn5OKpCj3i1/dXoxTyNUxCUzpu17CQUZ0yS4xEmpkxpMGB+xAbYtVSxCE2SziyfuiVV6bj/WthS5M/X3RMYiY8ZRaDsjRkOz6E3F/7x2Sv3LIBMqSQkVny/qp9Kl2J2+7/aERk5ybAnjWthbXT5kmnGyIZVsCP7iy8ukeVb1vap/e16pXeVxFOEIjuEUfLiAGtxAHRrAQcEzvMKbY5wX5935mLcWnHzmEP7A+fwBBRCRIQ==</latexit><latexit sha1_base64="San1ZFEPn/4qUNWEBbZ4e4aflWc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxWMF24ptKJvttF262YTdiVBD/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJlIY8rxvp7Cyura+UdwsbW3v7O6V9w+aJk41xwaPZazvQ2ZQCoUNEiTxPtHIolBiKxxdT/3WI2ojYnVH4wSDiA2U6AvOyEoPHRoisW72NOmWK17Vm8FdJn5OKpCj3i1/dXoxTyNUxCUzpu17CQUZ0yS4xEmpkxpMGB+xAbYtVSxCE2SziyfuiVV6bj/WthS5M/X3RMYiY8ZRaDsjRkOz6E3F/7x2Sv3LIBMqSQkVny/qp9Kl2J2+7/aERk5ybAnjWthbXT5kmnGyIZVsCP7iy8ukeVb1vap/e16pXeVxFOEIjuEUfLiAGtxAHRrAQcEzvMKbY5wX5935mLcWnHzmEP7A+fwBBRCRIQ==</latexit>

✓z = 0.45 rad
<latexit sha1_base64="DkA6oeEYwqp+3DHOxQ1CfVSlDyA=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwIGFGInoRgl48RjALZELo6VSSJj0L3TViHObkxV/x4kERr36DN//GznLQxAcFj/eqqKrnRVJotO1vK7OwuLS8kl3Nra1vbG7lt3dqOowVhyoPZagaHtMgRQBVFCihESlgvieh7g2uRn79DpQWYXCLwwhaPusFois4QyO18/su9gFZO3lI6QW1i6VT99hFuMdEsU7azhfsoj0GnSfOlBTIFJV2/svthDz2IUAumdZNx46wlTCFgktIc26sIWJ8wHrQNDRgPuhWMn4jpYdG6dBuqEwFSMfq74mE+VoPfc90+gz7etYbif95zRi7561EBFGMEPDJom4sKYZ0lAntCAUc5dAQxpUwt1LeZ4pxNMnlTAjO7MvzpHZSdOyic1MqlC+ncWTJHjkgR8QhZ6RMrkmFVAknj+SZvJI368l6sd6tj0lrxprO7JI/sD5/AP20mCw=</latexit><latexit sha1_base64="DkA6oeEYwqp+3DHOxQ1CfVSlDyA=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwIGFGInoRgl48RjALZELo6VSSJj0L3TViHObkxV/x4kERr36DN//GznLQxAcFj/eqqKrnRVJotO1vK7OwuLS8kl3Nra1vbG7lt3dqOowVhyoPZagaHtMgRQBVFCihESlgvieh7g2uRn79DpQWYXCLwwhaPusFois4QyO18/su9gFZO3lI6QW1i6VT99hFuMdEsU7azhfsoj0GnSfOlBTIFJV2/svthDz2IUAumdZNx46wlTCFgktIc26sIWJ8wHrQNDRgPuhWMn4jpYdG6dBuqEwFSMfq74mE+VoPfc90+gz7etYbif95zRi7561EBFGMEPDJom4sKYZ0lAntCAUc5dAQxpUwt1LeZ4pxNMnlTAjO7MvzpHZSdOyic1MqlC+ncWTJHjkgR8QhZ6RMrkmFVAknj+SZvJI368l6sd6tj0lrxprO7JI/sD5/AP20mCw=</latexit><latexit sha1_base64="DkA6oeEYwqp+3DHOxQ1CfVSlDyA=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwIGFGInoRgl48RjALZELo6VSSJj0L3TViHObkxV/x4kERr36DN//GznLQxAcFj/eqqKrnRVJotO1vK7OwuLS8kl3Nra1vbG7lt3dqOowVhyoPZagaHtMgRQBVFCihESlgvieh7g2uRn79DpQWYXCLwwhaPusFois4QyO18/su9gFZO3lI6QW1i6VT99hFuMdEsU7azhfsoj0GnSfOlBTIFJV2/svthDz2IUAumdZNx46wlTCFgktIc26sIWJ8wHrQNDRgPuhWMn4jpYdG6dBuqEwFSMfq74mE+VoPfc90+gz7etYbif95zRi7561EBFGMEPDJom4sKYZ0lAntCAUc5dAQxpUwt1LeZ4pxNMnlTAjO7MvzpHZSdOyic1MqlC+ncWTJHjkgR8QhZ6RMrkmFVAknj+SZvJI368l6sd6tj0lrxprO7JI/sD5/AP20mCw=</latexit><latexit sha1_base64="DkA6oeEYwqp+3DHOxQ1CfVSlDyA=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwIGFGInoRgl48RjALZELo6VSSJj0L3TViHObkxV/x4kERr36DN//GznLQxAcFj/eqqKrnRVJotO1vK7OwuLS8kl3Nra1vbG7lt3dqOowVhyoPZagaHtMgRQBVFCihESlgvieh7g2uRn79DpQWYXCLwwhaPusFois4QyO18/su9gFZO3lI6QW1i6VT99hFuMdEsU7azhfsoj0GnSfOlBTIFJV2/svthDz2IUAumdZNx46wlTCFgktIc26sIWJ8wHrQNDRgPuhWMn4jpYdG6dBuqEwFSMfq74mE+VoPfc90+gz7etYbif95zRi7561EBFGMEPDJom4sKYZ0lAntCAUc5dAQxpUwt1LeZ4pxNMnlTAjO7MvzpHZSdOyic1MqlC+ncWTJHjkgR8QhZ6RMrkmFVAknj+SZvJI368l6sd6tj0lrxprO7JI/sD5/AP20mCw=</latexit>

✓z = 0.85 rad
<latexit sha1_base64="eEdy7uDnISMCSACeprPs16mXWMA=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwIGFGFHMRgl48RjALZELo6VSSJj0L3TViHObkxV/x4kERr36DN//GznLQxAcFj/eqqKrnRVJotO1vK7OwuLS8kl3Nra1vbG7lt3dqOowVhyoPZagaHtMgRQBVFCihESlgvieh7g2uRn79DpQWYXCLwwhaPusFois4QyO18/su9gFZO3lI6QW1i6Uz99hFuMdEsU7azhfsoj0GnSfOlBTIFJV2/svthDz2IUAumdZNx46wlTCFgktIc26sIWJ8wHrQNDRgPuhWMn4jpYdG6dBuqEwFSMfq74mE+VoPfc90+gz7etYbif95zRi7pVYigihGCPhkUTeWFEM6yoR2hAKOcmgI40qYWynvM8U4muRyJgRn9uV5UjspOnbRuTktlC+ncWTJHjkgR8Qh56RMrkmFVAknj+SZvJI368l6sd6tj0lrxprO7JI/sD5/AAQHmDA=</latexit><latexit sha1_base64="eEdy7uDnISMCSACeprPs16mXWMA=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwIGFGFHMRgl48RjALZELo6VSSJj0L3TViHObkxV/x4kERr36DN//GznLQxAcFj/eqqKrnRVJotO1vK7OwuLS8kl3Nra1vbG7lt3dqOowVhyoPZagaHtMgRQBVFCihESlgvieh7g2uRn79DpQWYXCLwwhaPusFois4QyO18/su9gFZO3lI6QW1i6Uz99hFuMdEsU7azhfsoj0GnSfOlBTIFJV2/svthDz2IUAumdZNx46wlTCFgktIc26sIWJ8wHrQNDRgPuhWMn4jpYdG6dBuqEwFSMfq74mE+VoPfc90+gz7etYbif95zRi7pVYigihGCPhkUTeWFEM6yoR2hAKOcmgI40qYWynvM8U4muRyJgRn9uV5UjspOnbRuTktlC+ncWTJHjkgR8Qh56RMrkmFVAknj+SZvJI368l6sd6tj0lrxprO7JI/sD5/AAQHmDA=</latexit><latexit sha1_base64="eEdy7uDnISMCSACeprPs16mXWMA=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwIGFGFHMRgl48RjALZELo6VSSJj0L3TViHObkxV/x4kERr36DN//GznLQxAcFj/eqqKrnRVJotO1vK7OwuLS8kl3Nra1vbG7lt3dqOowVhyoPZagaHtMgRQBVFCihESlgvieh7g2uRn79DpQWYXCLwwhaPusFois4QyO18/su9gFZO3lI6QW1i6Uz99hFuMdEsU7azhfsoj0GnSfOlBTIFJV2/svthDz2IUAumdZNx46wlTCFgktIc26sIWJ8wHrQNDRgPuhWMn4jpYdG6dBuqEwFSMfq74mE+VoPfc90+gz7etYbif95zRi7pVYigihGCPhkUTeWFEM6yoR2hAKOcmgI40qYWynvM8U4muRyJgRn9uV5UjspOnbRuTktlC+ncWTJHjkgR8Qh56RMrkmFVAknj+SZvJI368l6sd6tj0lrxprO7JI/sD5/AAQHmDA=</latexit><latexit sha1_base64="eEdy7uDnISMCSACeprPs16mXWMA=">AAACBnicbVDJSgNBEO2JW4xb1KMIjUHwIGFGFHMRgl48RjALZELo6VSSJj0L3TViHObkxV/x4kERr36DN//GznLQxAcFj/eqqKrnRVJotO1vK7OwuLS8kl3Nra1vbG7lt3dqOowVhyoPZagaHtMgRQBVFCihESlgvieh7g2uRn79DpQWYXCLwwhaPusFois4QyO18/su9gFZO3lI6QW1i6Uz99hFuMdEsU7azhfsoj0GnSfOlBTIFJV2/svthDz2IUAumdZNx46wlTCFgktIc26sIWJ8wHrQNDRgPuhWMn4jpYdG6dBuqEwFSMfq74mE+VoPfc90+gz7etYbif95zRi7pVYigihGCPhkUTeWFEM6yoR2hAKOcmgI40qYWynvM8U4muRyJgRn9uV5UjspOnbRuTktlC+ncWTJHjkgR8Qh56RMrkmFVAknj+SZvJI368l6sd6tj0lrxprO7JI/sD5/AAQHmDA=</latexit>

1 cm

TORCH: Time of Internally Reflected CHerenkov light

y

z

y’

Tom Hadavizadeh

T   RCH TORCH in LHCb

 4

- 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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.

93

2

2.5m

0.66m



TORCH @ LHCb upgrade II                                          Jonas Rademacker on behalf of the TORCH collaboration                                              ICHEP Bologna 2022

TORCH (Time Of internally Reflected CHerenkov light) principle

90 95 100
Kaon ID Efficiency / %

1

10

Pi
on

 M
is

ID
 E

ffi
ci

en
cy

 / 
%

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate
6.25 ns gate
600 ps gate

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm

25
0 

cm

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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate
6.25 ns gate
600 ps gate

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm

25
0 

cm

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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate
6.25 ns gate
600 ps gate

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm

25
0 

cm
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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate
6.25 ns gate
600 ps gate

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm

25
0 

cm

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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Fig. 1 Side view of the LHCb spectrometer, with the two RICH detectors indicated

describes the performance of the RICH system and also its
alignment and calibration using data. Many LHCb results
have already fully exploited the RICH capabilities [2–5].

The paper is structured as follows: the requirements for
particle identification are discussed in Sect. 1, and a brief
description of the RICH detectors is given in Sect. 2. The
alignment and calibration of the detectors are described in
Sect. 3. Section 4 gives an overview of the software used in
the RICH reconstruction, particle identification and detector
performance, followed in Sect. 5 by the conclusions.

1.1 Requirements for particle identification

The primary role of the RICH system is the identification of
charged hadrons (π , K, p).

One of the major requirements for charged hadron identi-
fication in a flavour-physics experiment is for the reduction
of combinatorial background. Many of the interesting de-
cay modes of b- and c-flavoured hadrons involve hadronic
multibody final states. At hadron colliders like the LHC, the
most abundant produced charged particle is the pion. The
heavy flavour decays of interest typically contain a number
of kaons, pions and protons. It is therefore important in re-
constructing the invariant mass of the decaying particle to
be able to select the charged hadrons of interest in order to
reduce the combinatorial background.

The second major use of the particle identification in-
formation is to distinguish final states of otherwise identi-
cal topology. An example is the two-body hadronic decays,
B → h+h−, where h indicates a charged hadron [6]. In this
case there are many contributions, as illustrated in Fig. 2, in-
cluding B0 → π+π−, B0

s → K+K−, and other decay modes

of the B0, B0
s and "b. A signal extracted using only kine-

matic and vertex-related cuts is a sum over all of the decay
modes of this type (Fig. 2 left), each of which will generally
have a different CP asymmetry. For a precise study of CP-
violating effects, it is crucial to separate the various compo-
nents. This is achieved by exploiting the high efficiency of
the RICH particle identification (Fig. 2 right).

Another application of charged hadron identification is
for an efficient flavour tagging [7]. When studying CP
asymmetries or particle-antiparticle oscillations, knowledge
of the production state of the heavy-flavoured particles
is required. This can be achieved by tagging the parti-
cle/antiparticle state of the accompanying hadron. Heavy-
flavoured particles are predominantly produced in pairs. One
of the most powerful means of tagging the production state
is by identifying charged kaons produced in the b → c → s

cascade decay of the associated particle. Such tagged kaons
(as well as kaons from the b fragmentation when a B0

s is
created), have a soft momentum distribution, with a mean of
about 10 GeV/c. Particle identification down to a few GeV/c
can therefore significantly increase the tagging power of the
experiment.

The typical momentum of the decay products in two-
body b decays is about 50 GeV/c. The requirement of main-
taining a high efficiency for the reconstruction of these de-
cays leads to the need for particle identification up to at least
100 GeV/c. The lower momentum limit of about 2 GeV/c
follows from the need to identify decay products from high
multiplicity B decays and also from the fact that particles
below this momentum will not pass through the dipole mag-
netic field (4 Tm) of the LHCb spectrometer.
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hypothesis, it is removed in the next iterations. These modi-
fications to the likelihood minimisation dramatically reduce
the CPU resources required.

The background contribution to the event likelihood
is determined prior to the likelihood algorithm described
above. This is done by comparing the expected signal in
each HPD, due to the reconstructed tracks and their assigned
mass hypothesis, to the observed signal. Any excess is used
to determine the background contribution for each HPD and
is included in the likelihood calculation.

The background estimation and likelihood minimisation
algorithms can be run multiple times for each event. In prac-
tice it is found that only two iterations of the algorithms
are needed to get convergence. The final results of the parti-
cle identification are differences in the log-likelihood values
! log L, which give for each track the change in the over-
all event log-likelihood when that track is changed from the
pion hypothesis to each of the electron, muon, kaon and pro-
ton hypotheses. These values are then used to identify parti-
cle types.

5.2 Performance with isolated tracks

A reconstructed Cherenkov ring will generally overlap with
several others. Solitary rings from isolated tracks provide a
useful test of the RICH performance, since the reconstructed
Cherenkov angle can be uniquely predicted. A track is de-
fined as isolated when its Cherenkov ring does not overlap
with any other ring from the same radiator.

Figure 14 shows the Cherenkov angle as a function of
particle momentum using information from the C4F10 radi-
ator for isolated tracks selected in data (∼2 % of all tracks).
As expected, the events are distributed into distinct bands
according to their mass. Whilst the RICH detectors are pri-
marily used for hadron identification, it is worth noting that
a distinct muon band can also be observed.

Fig. 14 Reconstructed Cherenkov angle as a function of track momen-
tum in the C4F10 radiator

5.3 PID calibration samples

In order to determine the PID performance on data, high
statistics samples of genuine K±,π±, p and p̄ tracks are
needed. The selection of such control samples must be in-
dependent of PID information, which would otherwise bias
the result. The strategy employed is to reconstruct, through
purely kinematic selections independent of RICH informa-
tion, exclusive decays of particles copiously produced and
reconstructed at LHCb.

The following decays, and their charge conjugates, are
identified: K0

S →π+π−, #→pπ−, D∗+ → D0(K−π+)π+.
This ensemble of final states provides a complete set of
charged particle types needed to comprehensively assess the
RICH detectors hadron PID performance. As demonstrated
in Fig. 15, the K0

S, #, and D∗ selections have extremely high
purity.

While high purity samples of the control modes can be
gathered through purely kinematic requirements alone, the
residual backgrounds present within each must still be ac-
counted for. To distinguish background from signal, a likeli-
hood technique, called s P lot [30], is used, where the invari-
ant mass of the composite particle K0

S,#, D0 is used as the
discriminating variable.

The power of the RICH PID can be appreciated by con-
sidering the ! log L distributions for each track type from
the control samples. Figures 16(a–c) show the correspond-
ing distributions in the 2D plane of ! log L(K − π) versus
! log L(p −π). Each particle type is seen within a quadrant
of the two dimensional ! log L space, and demonstrates the
powerful discrimination of the RICH.

5.4 PID performance

Utilizing the log-likelihood values obtained from the con-
trol channels, one is able to study the discrimination achiev-
able between any pair of track types by imposing require-
ments on their differences, such as ! log(K − π). Figure 17
demonstrates the kaon efficiency (kaons identified as kaons)
and pion misidentification (pions misidentified as kaons), as
a function of particle momentum, obtained from imposing
two different requirements on this distribution. Requiring
that the likelihood for each track with the kaon mass hy-
pothesis be larger than that with the pion hypothesis, i.e.
! log L(K − π) > 0, and averaging over the momentum
range 2–100 GeV/c, the kaon efficiency and pion misidenti-
fication fraction are found to be ∼95 % and ∼10 %, respec-
tively. The alternative PID requirement of ! log L(K−π) >

5 illustrates that the misidentification rate can be signifi-
cantly reduced to ∼3 % for a kaon efficiency of ∼85 %. Fig-
ure 18 shows the corresponding efficiencies and misidentifi-
cation fractions in simulation. In addition to K/π separation,
both p/π and p/K separation are equally vital for a large

TORCH RICH 1
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Fig. 1 Side view of the LHCb spectrometer, with the two RICH detectors indicated

describes the performance of the RICH system and also its
alignment and calibration using data. Many LHCb results
have already fully exploited the RICH capabilities [2–5].

The paper is structured as follows: the requirements for
particle identification are discussed in Sect. 1, and a brief
description of the RICH detectors is given in Sect. 2. The
alignment and calibration of the detectors are described in
Sect. 3. Section 4 gives an overview of the software used in
the RICH reconstruction, particle identification and detector
performance, followed in Sect. 5 by the conclusions.

1.1 Requirements for particle identification

The primary role of the RICH system is the identification of
charged hadrons (π , K, p).

One of the major requirements for charged hadron identi-
fication in a flavour-physics experiment is for the reduction
of combinatorial background. Many of the interesting de-
cay modes of b- and c-flavoured hadrons involve hadronic
multibody final states. At hadron colliders like the LHC, the
most abundant produced charged particle is the pion. The
heavy flavour decays of interest typically contain a number
of kaons, pions and protons. It is therefore important in re-
constructing the invariant mass of the decaying particle to
be able to select the charged hadrons of interest in order to
reduce the combinatorial background.

The second major use of the particle identification in-
formation is to distinguish final states of otherwise identi-
cal topology. An example is the two-body hadronic decays,
B → h+h−, where h indicates a charged hadron [6]. In this
case there are many contributions, as illustrated in Fig. 2, in-
cluding B0 → π+π−, B0

s → K+K−, and other decay modes

of the B0, B0
s and "b. A signal extracted using only kine-

matic and vertex-related cuts is a sum over all of the decay
modes of this type (Fig. 2 left), each of which will generally
have a different CP asymmetry. For a precise study of CP-
violating effects, it is crucial to separate the various compo-
nents. This is achieved by exploiting the high efficiency of
the RICH particle identification (Fig. 2 right).

Another application of charged hadron identification is
for an efficient flavour tagging [7]. When studying CP
asymmetries or particle-antiparticle oscillations, knowledge
of the production state of the heavy-flavoured particles
is required. This can be achieved by tagging the parti-
cle/antiparticle state of the accompanying hadron. Heavy-
flavoured particles are predominantly produced in pairs. One
of the most powerful means of tagging the production state
is by identifying charged kaons produced in the b → c → s

cascade decay of the associated particle. Such tagged kaons
(as well as kaons from the b fragmentation when a B0

s is
created), have a soft momentum distribution, with a mean of
about 10 GeV/c. Particle identification down to a few GeV/c
can therefore significantly increase the tagging power of the
experiment.

The typical momentum of the decay products in two-
body b decays is about 50 GeV/c. The requirement of main-
taining a high efficiency for the reconstruction of these de-
cays leads to the need for particle identification up to at least
100 GeV/c. The lower momentum limit of about 2 GeV/c
follows from the need to identify decay products from high
multiplicity B decays and also from the fact that particles
below this momentum will not pass through the dipole mag-
netic field (4 Tm) of the LHCb spectrometer.
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hypothesis, it is removed in the next iterations. These modi-
fications to the likelihood minimisation dramatically reduce
the CPU resources required.

The background contribution to the event likelihood
is determined prior to the likelihood algorithm described
above. This is done by comparing the expected signal in
each HPD, due to the reconstructed tracks and their assigned
mass hypothesis, to the observed signal. Any excess is used
to determine the background contribution for each HPD and
is included in the likelihood calculation.

The background estimation and likelihood minimisation
algorithms can be run multiple times for each event. In prac-
tice it is found that only two iterations of the algorithms
are needed to get convergence. The final results of the parti-
cle identification are differences in the log-likelihood values
! log L, which give for each track the change in the over-
all event log-likelihood when that track is changed from the
pion hypothesis to each of the electron, muon, kaon and pro-
ton hypotheses. These values are then used to identify parti-
cle types.

5.2 Performance with isolated tracks

A reconstructed Cherenkov ring will generally overlap with
several others. Solitary rings from isolated tracks provide a
useful test of the RICH performance, since the reconstructed
Cherenkov angle can be uniquely predicted. A track is de-
fined as isolated when its Cherenkov ring does not overlap
with any other ring from the same radiator.

Figure 14 shows the Cherenkov angle as a function of
particle momentum using information from the C4F10 radi-
ator for isolated tracks selected in data (∼2 % of all tracks).
As expected, the events are distributed into distinct bands
according to their mass. Whilst the RICH detectors are pri-
marily used for hadron identification, it is worth noting that
a distinct muon band can also be observed.

Fig. 14 Reconstructed Cherenkov angle as a function of track momen-
tum in the C4F10 radiator

5.3 PID calibration samples

In order to determine the PID performance on data, high
statistics samples of genuine K±,π±, p and p̄ tracks are
needed. The selection of such control samples must be in-
dependent of PID information, which would otherwise bias
the result. The strategy employed is to reconstruct, through
purely kinematic selections independent of RICH informa-
tion, exclusive decays of particles copiously produced and
reconstructed at LHCb.

The following decays, and their charge conjugates, are
identified: K0

S →π+π−, #→pπ−, D∗+ → D0(K−π+)π+.
This ensemble of final states provides a complete set of
charged particle types needed to comprehensively assess the
RICH detectors hadron PID performance. As demonstrated
in Fig. 15, the K0

S, #, and D∗ selections have extremely high
purity.

While high purity samples of the control modes can be
gathered through purely kinematic requirements alone, the
residual backgrounds present within each must still be ac-
counted for. To distinguish background from signal, a likeli-
hood technique, called s P lot [30], is used, where the invari-
ant mass of the composite particle K0

S,#, D0 is used as the
discriminating variable.

The power of the RICH PID can be appreciated by con-
sidering the ! log L distributions for each track type from
the control samples. Figures 16(a–c) show the correspond-
ing distributions in the 2D plane of ! log L(K − π) versus
! log L(p −π). Each particle type is seen within a quadrant
of the two dimensional ! log L space, and demonstrates the
powerful discrimination of the RICH.

5.4 PID performance

Utilizing the log-likelihood values obtained from the con-
trol channels, one is able to study the discrimination achiev-
able between any pair of track types by imposing require-
ments on their differences, such as ! log(K − π). Figure 17
demonstrates the kaon efficiency (kaons identified as kaons)
and pion misidentification (pions misidentified as kaons), as
a function of particle momentum, obtained from imposing
two different requirements on this distribution. Requiring
that the likelihood for each track with the kaon mass hy-
pothesis be larger than that with the pion hypothesis, i.e.
! log L(K − π) > 0, and averaging over the momentum
range 2–100 GeV/c, the kaon efficiency and pion misidenti-
fication fraction are found to be ∼95 % and ∼10 %, respec-
tively. The alternative PID requirement of ! log L(K−π) >

5 illustrates that the misidentification rate can be signifi-
cantly reduced to ∼3 % for a kaon efficiency of ∼85 %. Fig-
ure 18 shows the corresponding efficiencies and misidentifi-
cation fractions in simulation. In addition to K/π separation,
both p/π and p/K separation are equally vital for a large
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• Large area time of flight detector 
designed to provide PID in the  
2-10 GeV/c momentum range.  

➡ Considered for upgrade II of 
the LHCb detector.  

• Exploit prompt production of 
Cherenkov light to determine time 
of flight.  

• For K - π separation over 10m,    
need to aim for a resolution of                             
      (                        )
    .
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Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm
25

0 
cm

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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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TORCH brings positive Kaon ID below 10GeV, positive 
proton ID below 20GeV

TORCH

See Jianchun Wang’s talk on LHCb UG II last Thursday, and Frédéric Blanc’s plenary talk on LHCb on Monday
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Fig. 1 Side view of the LHCb spectrometer, with the two RICH detectors indicated

describes the performance of the RICH system and also its
alignment and calibration using data. Many LHCb results
have already fully exploited the RICH capabilities [2–5].

The paper is structured as follows: the requirements for
particle identification are discussed in Sect. 1, and a brief
description of the RICH detectors is given in Sect. 2. The
alignment and calibration of the detectors are described in
Sect. 3. Section 4 gives an overview of the software used in
the RICH reconstruction, particle identification and detector
performance, followed in Sect. 5 by the conclusions.

1.1 Requirements for particle identification

The primary role of the RICH system is the identification of
charged hadrons (π , K, p).

One of the major requirements for charged hadron identi-
fication in a flavour-physics experiment is for the reduction
of combinatorial background. Many of the interesting de-
cay modes of b- and c-flavoured hadrons involve hadronic
multibody final states. At hadron colliders like the LHC, the
most abundant produced charged particle is the pion. The
heavy flavour decays of interest typically contain a number
of kaons, pions and protons. It is therefore important in re-
constructing the invariant mass of the decaying particle to
be able to select the charged hadrons of interest in order to
reduce the combinatorial background.

The second major use of the particle identification in-
formation is to distinguish final states of otherwise identi-
cal topology. An example is the two-body hadronic decays,
B → h+h−, where h indicates a charged hadron [6]. In this
case there are many contributions, as illustrated in Fig. 2, in-
cluding B0 → π+π−, B0

s → K+K−, and other decay modes

of the B0, B0
s and "b. A signal extracted using only kine-

matic and vertex-related cuts is a sum over all of the decay
modes of this type (Fig. 2 left), each of which will generally
have a different CP asymmetry. For a precise study of CP-
violating effects, it is crucial to separate the various compo-
nents. This is achieved by exploiting the high efficiency of
the RICH particle identification (Fig. 2 right).

Another application of charged hadron identification is
for an efficient flavour tagging [7]. When studying CP
asymmetries or particle-antiparticle oscillations, knowledge
of the production state of the heavy-flavoured particles
is required. This can be achieved by tagging the parti-
cle/antiparticle state of the accompanying hadron. Heavy-
flavoured particles are predominantly produced in pairs. One
of the most powerful means of tagging the production state
is by identifying charged kaons produced in the b → c → s

cascade decay of the associated particle. Such tagged kaons
(as well as kaons from the b fragmentation when a B0

s is
created), have a soft momentum distribution, with a mean of
about 10 GeV/c. Particle identification down to a few GeV/c
can therefore significantly increase the tagging power of the
experiment.

The typical momentum of the decay products in two-
body b decays is about 50 GeV/c. The requirement of main-
taining a high efficiency for the reconstruction of these de-
cays leads to the need for particle identification up to at least
100 GeV/c. The lower momentum limit of about 2 GeV/c
follows from the need to identify decay products from high
multiplicity B decays and also from the fact that particles
below this momentum will not pass through the dipole mag-
netic field (4 Tm) of the LHCb spectrometer.
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hypothesis, it is removed in the next iterations. These modi-
fications to the likelihood minimisation dramatically reduce
the CPU resources required.

The background contribution to the event likelihood
is determined prior to the likelihood algorithm described
above. This is done by comparing the expected signal in
each HPD, due to the reconstructed tracks and their assigned
mass hypothesis, to the observed signal. Any excess is used
to determine the background contribution for each HPD and
is included in the likelihood calculation.

The background estimation and likelihood minimisation
algorithms can be run multiple times for each event. In prac-
tice it is found that only two iterations of the algorithms
are needed to get convergence. The final results of the parti-
cle identification are differences in the log-likelihood values
! log L, which give for each track the change in the over-
all event log-likelihood when that track is changed from the
pion hypothesis to each of the electron, muon, kaon and pro-
ton hypotheses. These values are then used to identify parti-
cle types.

5.2 Performance with isolated tracks

A reconstructed Cherenkov ring will generally overlap with
several others. Solitary rings from isolated tracks provide a
useful test of the RICH performance, since the reconstructed
Cherenkov angle can be uniquely predicted. A track is de-
fined as isolated when its Cherenkov ring does not overlap
with any other ring from the same radiator.

Figure 14 shows the Cherenkov angle as a function of
particle momentum using information from the C4F10 radi-
ator for isolated tracks selected in data (∼2 % of all tracks).
As expected, the events are distributed into distinct bands
according to their mass. Whilst the RICH detectors are pri-
marily used for hadron identification, it is worth noting that
a distinct muon band can also be observed.

Fig. 14 Reconstructed Cherenkov angle as a function of track momen-
tum in the C4F10 radiator

5.3 PID calibration samples

In order to determine the PID performance on data, high
statistics samples of genuine K±,π±, p and p̄ tracks are
needed. The selection of such control samples must be in-
dependent of PID information, which would otherwise bias
the result. The strategy employed is to reconstruct, through
purely kinematic selections independent of RICH informa-
tion, exclusive decays of particles copiously produced and
reconstructed at LHCb.

The following decays, and their charge conjugates, are
identified: K0

S →π+π−, #→pπ−, D∗+ → D0(K−π+)π+.
This ensemble of final states provides a complete set of
charged particle types needed to comprehensively assess the
RICH detectors hadron PID performance. As demonstrated
in Fig. 15, the K0

S, #, and D∗ selections have extremely high
purity.

While high purity samples of the control modes can be
gathered through purely kinematic requirements alone, the
residual backgrounds present within each must still be ac-
counted for. To distinguish background from signal, a likeli-
hood technique, called s P lot [30], is used, where the invari-
ant mass of the composite particle K0

S,#, D0 is used as the
discriminating variable.

The power of the RICH PID can be appreciated by con-
sidering the ! log L distributions for each track type from
the control samples. Figures 16(a–c) show the correspond-
ing distributions in the 2D plane of ! log L(K − π) versus
! log L(p −π). Each particle type is seen within a quadrant
of the two dimensional ! log L space, and demonstrates the
powerful discrimination of the RICH.

5.4 PID performance

Utilizing the log-likelihood values obtained from the con-
trol channels, one is able to study the discrimination achiev-
able between any pair of track types by imposing require-
ments on their differences, such as ! log(K − π). Figure 17
demonstrates the kaon efficiency (kaons identified as kaons)
and pion misidentification (pions misidentified as kaons), as
a function of particle momentum, obtained from imposing
two different requirements on this distribution. Requiring
that the likelihood for each track with the kaon mass hy-
pothesis be larger than that with the pion hypothesis, i.e.
! log L(K − π) > 0, and averaging over the momentum
range 2–100 GeV/c, the kaon efficiency and pion misidenti-
fication fraction are found to be ∼95 % and ∼10 %, respec-
tively. The alternative PID requirement of ! log L(K−π) >

5 illustrates that the misidentification rate can be signifi-
cantly reduced to ∼3 % for a kaon efficiency of ∼85 %. Fig-
ure 18 shows the corresponding efficiencies and misidentifi-
cation fractions in simulation. In addition to K/π separation,
both p/π and p/K separation are equally vital for a large
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15ps time resolution needed to achieve K-𝜋 separation up to 
10GeV and K-p separation up to 20 GeV. 

Achieved through 70ps per photon, with ~30 photons per track.

RICH 1

2

• Large area time of flight detector 
designed to provide PID in the  
2-10 GeV/c momentum range.  

➡ Considered for upgrade II of 
the LHCb detector.  

• Exploit prompt production of 
Cherenkov light to determine time 
of flight.  

• For K - π separation over 10m,    
need to aim for a resolution of                             
      (                        )
    .
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate
6.25 ns gate
600 ps gate

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm
25

0 
cm

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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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TORCH brings positive Kaon ID below 10GeV, positive 
proton ID below 20GeV

TORCH

See Jianchun Wang’s talk on LHCb UG II last Thursday, and Frédéric Blanc’s plenary talk on LHCb on Monday
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The image on the detector plane from a single track (w/o pixelisation)
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate
6.25 ns gate
600 ps gate

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm

25
0 

cm

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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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The image on the detector plane from a single track (w/o pixelisation)
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
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Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.

Tom Hadavizadeh

T   RCH What is TORCH?

 3

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

66 cm

25
0 

cm

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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 4

- 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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Including the time component
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Photo detector geometry

7

TORCH prototype performance — Michal Kreps

Photodetectors

4

Photons detected by square microchannel plate PMTs 
R&D programme with a commercial partner (PHOTEK, UK) to 
develop tubes with a long lifetime and high granularity  
Active area of 53x53 mm2 in 60x60 mm2 housing 
64x64 pixels per tube with 8 grouped together in one direction for 
TORCH 
Effective resolution in focusing direction improved by charge sharing

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

 7

First results from a prototype TORCH detector
Workshop on Picosecond Photon Sensors

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

Photon Detectors for TORCH
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T   RCH

VCI – 20th February 2019 Thomas.hancock@physics.ox.ac.uk
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128x8 effective* pixel layout driven by need to resolve wavelength components

*) achieved with 64x8 physical readout pads, interpolated using charge sharing
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The MCP-PMT
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Reconstructed position

photon

photo electron

19 Rutherford Appleton Laboratory Seminar              21 May 2014                    N. Harnew 
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Prototype developed by our 
industrial partner, Photek

JINST 10 (2015) 05, C05003

TORCH MCP-PMT development
• The Cherenkov photons are focused onto Micro-Channel Plate PMTs
• These have been developed by industrial partner Photek UK in a 3-phase

development programme
• Each detector has a granularity of 64 x 64 pixels over a 53 x 53 mm2 active

area. A readout PCB is connected via Anisotropic Conductive Film
• Charge sharing and channel grouping is used to achieve an e↵ective granularity

of 128 x 8 pixels, which is required for the 1 mrad precision
• The MCPs have ALD coating and are designed to withstand an integrated

charge of 5 C/cm2

• 10 MCP-PMTs delivered from Photek are under test
• Readout PCB for testbeam studies: 64 x 8 pixels

Jenny Smallwood TORCH: a Time of Flight detector 25/05/2021 28• 64 x 8 readout pads 
• Required 128x8 resolution achieved through 

charge sharing. 

https://www.photek.com/
https://inspirehep.net/literature/1367467
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Readout electronics

9

Current: Custom design inspired by 
ALICE TOF, based on NINO (NIM 

A533:183-187(2004), and HPTDC 
(IEEE58:202(2011)).
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ASICs [5] on the HPTDC board for both arrival time and TOT, the latter giving a pulse width
for time-walk corrections, used in offline processing to improve the timing resolution. A readout
board collects digitised data from four HPTDC boards and formats them into Ethernet packets to
be sent to a DAQ PC. The readout board also decodes configure-and-control commands from the
DAQ PC and forwards them to the corresponding NINO and HPTDC boards. The readout board
uses Ethernet MAC protocol for simple and efficient data transmission.

Figure 3. Dataflow diagram: signals are processed through NINO and HPTDC chips, then transmitted to a
DAQ PC beyond the readout board.

2.3 Electronics design

A modular electronics system providing up to 256 channels per system in a 4-board × 64-channel
arrangement has been reported previously [6]. The more recent MCP-PMT detector has an
8 × 64 layout, hence the electronics system has been scaled up, and also fits the new mechanical
and optical footprint of Proto-TORCH. Figure 4 shows a photograph of the scaled-up system. As
indicated in the photograph, the MCP-PMT is connected to a NINO board through one of the
four connectors mounted on its side. A single NINO board consists of four 32-channel chips, in
total 128 channels, and the board is connected to two 64-channel HPTDC boards. Typically, four
HPTDC boards are connected to a single readout board through a backplane.

Several challenges were faced in designing the NINO and HPTDC boards. Firstly, the mechani-
cal layout requires long signal tracks on the NINO board, which is prone to noise pick-up. Therefore,
the length of the analogue PCB traces carrying the signal between MCP and NINO are kept to
their minimum length. After the TOT conversion in the NINO chip, the signals are in LVDS form,
which are significantly less sensitive to common-mode noise. An analogue ground plane is located
under the analogue-signal traces providing shielding and a return current path in order to reduce
noise pickup and emission. Secondly, in order to characterise the variation of channel-to-channel

– 3 –

Future: developing new system based on picoTDC
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Figure 4. A photograph of the TORCH electronics boards.

arrival time, the propagation delays in the PCBs are extracted from the entry pins on the MCP
connector to the HPTDC input pin. The delays are later compensated for in analysis to minimise
the offsets introduced by the electronics. Finally, the HPTDC timing resolution is sensitive to
power supply ripple; <1 mV peak-ripple power supplies were used to give good performance.

The readout board uses a single Gigabit Ethernet link for data transmission in both directions.
The readout board also has a HDMI connector to communicate with an AIDA Trigger Logic Unit
(TLU) [7] for synchronisation with other devices. Each 8 × 64-channel MCP needs four NINO
boards, eight HPTDC boards, two readout boards joined together by a backplane and read out by
two 1 Gbps Ethernet links. During operation, the DAQ PC first initialises the system by configuring
the HPTDCs and setting thresholds for the NINOs. Once data-taking starts, the HPTDC measures
the photon arrival time and TOT when a trigger signal has been received. The output data from the
HPTDCs are buffered in an on-board FPGA and serialised into 8 lanes before being transferred to
the readout board. The readout board receives the 8 lanes of serialised data from each of the four
HPTDC boards and formats them into fixed-length Ethernet packets.

As previously discussed, the readout system is interfaced to an AIDA TLU, which distributes
clock, as well as trigger and enable signals to all readout boards. The readout boards can also raise
a busy signal to the TLU if a maximum trigger rate has been reached. These TLU communication
signals are in differential form and transmitted in an HDMI cable, which provides adequate quality
and shielding, and at the same time low cost.

3 Test-beam

In 2018, a test-beam campaign [8] was carried out with Proto-TORCH using a pair of MCP-PMTs
that were instrumented with the electronics reported in this paper. Figure 5 (left) shows the
distribution of photon arrival times as a function of pixel position on the MCP-PMTs. The best
achieved time resolution is 89.1 ± 1.3 ps per single photon; for comparison, the intrinsic time
resolution, measured by injecting two consecutive electrical pulses from a pulse generator into the
electronics system, is 41.5 ps, [9]. Multiple reflections from a single particle hit can been seen from

– 4 –

JINST 10 (2015) 02, C02028 
JINST 17 (2022) 05, C05015

Ongoing: calibration of readout electronics

https://doi.org/10.1016/j.nima.2004.07.024
https://doi.org/10.1016/j.nima.2004.07.024
https://cds.cern.ch/record/1399874/files/05688208.pdf
https://inspirehep.net/literature/1345305
https://inspirehep.net/literature/2082376
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Lab tests of phase III prototype tubes
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QE Lab test

Thomas Jones 
Tom.P.Jones@warwick.ac.uk

15

➢ Quantum Efficiency measured on all MCP-PMTs at 
CERN

➢ QE measured at several positions across MCP 
active area

➢ Peak QE  ~ 15 - 20% across phase III tubes at blue 
light wavelength

Timing resolution

13

➢ Shine a collimated pulsed laser onto a single pixel of 
the MCP

➢ Operate HPTDC chip in 100ps time-bin mode

➢ Operate MCP at optimal electron gain of ~ 1Me
➢ Gain determined from analysis of oscilloscope 

data

➢ Select signals with constant time over threshold to 
exclude time-walk effects 

➢ Measured intrinsic MCP + RO electronics resolution:
➢ 90.0 ± 3 ps for 100 ps
➢ 47.5 ± 0.7 ps for 25 ps

(https://doi.org/10.1016/j.nima.2022.166950)

➢ Shows that TORCH goal for MCP-PMT + readout 
electronics is achievable

Backscattering

90.0 ± 3 ps (operation of electronics in default mode) 
47.5 ± 0.7 ps (operation of HPTDC in special 25ps 
mode); comparable to expectation of 50 ps 

Peak QE consistently around15-20% in blue/
UV region. Up to 26% has been achieved in 
earlier prototypes. Expect that performance 
to be recovered in production tubes.

Quantum Efficiency
Time resolution including readout electronics

NIM A 1038 (2022) 166950

https://inspirehep.net/literature/2058474


TORCH @ LHCb upgrade II                                          Jonas Rademacker on behalf of the TORCH collaboration                                              ICHEP Bologna 2022

ProtoTORCH in testbeam

Figure 4.11: (Left) A photograph of the TORCH prototype module. (Centre) the time projection
of a single MCP-PMT column as a function of the hit pixel number, with the photon trajectories
labelled as shown in the diagram on the right.

Figure 4.12: (Left) The distribution of the number of photons, measured and simulation event
totals normalized, at beam position 17.5 cm from the MCP-PMT plane. (Right) The measured
timing resolution versus number of measured photons. A normalized 1/

p
N distribution is shown

for illustration.

structures which locally support the quartz and focusing block for each module, and
optically isolate them. Each module will be equipped with 11 MCP-PMTs and associated
electronics, also supported from the aluminium superstructure.

• Photodetector

Operation of TORCH at Upgrade II luminosities will require a finer granularity of MCP-
PMT in the central modules to ensure that average occupancies remain everywhere below
15%, determined from simulation as described below. Whilst the pixellization of the
TORCH MCP-PMT is 8 ⇥ 64 over a 53 ⇥ 53 mm2 area (8 ⇥ 128 e↵ective granularity with
charge sharing), it is necessary to increase the granularity for the central three modules by
changing the channel grouping to 32 ⇥ 64 (i.e 32 ⇥ 128 e↵ective granularity), 16 ⇥ 64 for
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MCP A and MCP B) were instrumented, positioned on the left-hand edge when viewing Proto-
TORCH from its front face.

The test beam infrastructure makes use of two time reference stations constructed from thin
borosilicate bars in which Cherenkov light is detected by a single channel MCP-PMT. These were
positioned 10 m upstream and 1 m downstream of Proto-TORCH. In addition, a pair of Cherenkov
counters provided an independent source of PID for the beam, which was composed of approxi-
mately 46:54 pion:protons at a momentum of 8 GeV/c. A pixel telescope from EUDET/AIDA [8]
was used to measure the beam profile.

Data were taken with the beam incident at specific positions on the plate, with the aim of
measuring the single-photon time resolution and the photon yields. These positions are numbered
such that positions 1, 3, 4 and 5 are positioned 5mm inset into the plate on the side closest to the
MCP-PMTs, with vertical distance of 175 mm, 489 mm, 802 mm and 1115 mm from the top of
the plate respectively. Position 6 is located in the centre of the plate horizontally, and at a vertical
distance of 1115 mm.

A hit-map of photons detected by the MCP-PMTs is shown in Fig. 2, where the beam was
incident at position 6 on the plate. The pattern shows the projection of the Cherenkov rings on to
the MCP-PMT plane, which are observed as curved bands, and which are folded due to reflections
of photons from the sides of the plate. The width of the bands is a result of chromatic dispersion.
The quantum e�ciency of both MCP-PMTs was measured independently and was found to be
significantly lower for MCP A, which explains the reduced count rate seen in the left half of Fig.
2.

Figure 2: A hit-map showing photons detected by the two MCP-PMTs. Bands show the di↵erent
photon paths travelled. Pixels outlined in red are the locations of the time-reference injections.
Pixels in white are not read out due to inactive wire bonds.

3 Time Resolution

The single-photon time resolution of Proto-TORCH is measured from the spread in photon ar-
rival times for a particular photon path. Figure 3a shows a time-projection plot for a sin-
gle horizontal pixel (low granularity). The overlaid lines represent the predicted arrival times
and match the photon paths shown schematically in Fig. 3b. The measured time resolution,
�measured, is found by fitting a Crystal Ball function to the distribution of the photon arrival
time in each vertical pixel. The intrinsic TORCH time resolution, �TORCH, is then given by
�2
TORCH = �2

measured � �2
time ref � �2

beam, where �time ref is the resolution due to the time reference
input to Proto-TORCH which provides the start time, and �beam is the contribution due to the
finite size of the beam through the radiator plate.

Figure 4a shows the TORCH time resolution in each horizontal pixel of MCP B for a range
of beam entry positions. The 70ps target is attained across pixels for beam entry positions close
to the MCP-PMTs. It is possible to study the contributions to this resolution by parametrising
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The single-photon time resolution of Proto-TORCH is measured from the spread in photon ar-
rival times for a particular photon path. Figure 3a shows a time-projection plot for a sin-
gle horizontal pixel (low granularity). The overlaid lines represent the predicted arrival times
and match the photon paths shown schematically in Fig. 3b. The measured time resolution,
�measured, is found by fitting a Crystal Ball function to the distribution of the photon arrival
time in each vertical pixel. The intrinsic TORCH time resolution, �TORCH, is then given by
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TORCH = �2

measured � �2
time ref � �2

beam, where �time ref is the resolution due to the time reference
input to Proto-TORCH which provides the start time, and �beam is the contribution due to the
finite size of the beam through the radiator plate.

Figure 4a shows the TORCH time resolution in each horizontal pixel of MCP B for a range
of beam entry positions. The 70ps target is attained across pixels for beam entry positions close
to the MCP-PMTs. It is possible to study the contributions to this resolution by parametrising
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Figure 3: (a) The distribution of photon arrival times as a function of the vertical (high granular-
ity) pixel number for photons arriving on a specific column in MCP B. The overlaid lines show the
predicted times of arrival. Six distinct bands can be seen which correspond to the photon paths
shown in (b).

�2
TORCH with three terms, �2

TORCH = �2
MCP + �2

prop(tp) + �2
RO(Nhits), where �MCP is a constant

associated with the resolution of the MCP-PMTs, �prop is a term dependent on the propagation
time, tp, of the photons within the plate, and �RO is associated with the resolution of the readout
electronics and is dependent on the number of hits registered per detected photon in the MCP-
PMTs, Nhits. The measured values from a 2D fit (shown in Fig. 4b) are compared to the target
values in Table 1. Improvements to the measured values are expected with further calibrations,
including a measurement of the correlation between the charge deposited and the NINO signal
width (needed for improved positioning via charge sharing).

Figure 4: (a) The TORCH single-photon time resolution as measured across columns in MCP B,
and dependent on beam entry positions (1 (red); 3 (green); 4 (blue); 5 (purple)). The full (dotted)
lines indicate results from pions (protons). (b) The TORCH single-photon time resolution as a
function of photon propagation time within the plate and the number of hits per cluster in the
MCP-PMTs.

4 Photon Counting

The desired track time resolution targets a single-photon resolution of 70ps and the detection of
around 30 photons per track. A measurement of the number of detected photon clusters is made
for photons that travel directly to the MCP-PMTs (with either no or one near-side reflection)

4
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NHits

ps
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⇠ (3.75± 0.8⇥ x) ps
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σ2
TORCH = σ2

const + σ2
prop(t) + σ2

RO(Nhits)

Propagation time 
dependent effects

Cluster size and 
readout

MCP

σconst = 33.0 ± 7.1 ps
σprop(t) = (7.8 ± 0.7) × t[ns] ps

σRO(Nhits) = 100.5 ± 5.7
Nhits

ps

σconst ≈ 33 ps
σprop(t) ≈ (3.75 ± 0.8) × t[ns] ps

σRO(Nhits) ≈ 60
Nhits

ps

Measured Expected

Resolution expected to improve with better electronics calibration

Contributions to time resolution
�2
TORCH = �2

const + �prop(tp)
2 + �RO(Nhits)

2

e.g. MCP
e↵ects dependent on propagation time (tp)

electronics and readout resolution,
dependent on number of hits per photon

cluster (Nhits)

Protons

Contribution Measured values from data (ps) Target values from simulation (ps)
�const 31.0± 7.6 ⇠ 33
�prop(tp) (7.6± 0.5)⇥ tp ⇠ (3.75± 0.8)⇥ tp

�RO(Nhits)
95.0±6.0p

NHits

⇠ 60p
NHits

Jenny Smallwood TORCH: a Time of Flight detector 25/05/2021 21

<latexit sha1_base64="QoFg3QE6Mr+aFhyG98CuMrPKD8Y="></latexit>

�const = 31.76± 7.6 ps ⇠ 33ps

�prop = (7.6± 0.5) · 10�3 · tp ⇠ 4 · 10�3 · tp

�RO =
95± 6p

Nhits/cluster
⇠ 60p

Nhits/cluster
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�const = 31.76± 7.6 ps ⇠ 33ps
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⇠ 60p
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Time resolution per photon in testbeam

14

Figure 3: (a) The distribution of photon arrival times as a function of the vertical (high granular-
ity) pixel number for photons arriving on a specific column in MCP B. The overlaid lines show the
predicted times of arrival. Six distinct bands can be seen which correspond to the photon paths
shown in (b).

�2
TORCH with three terms, �2

TORCH = �2
MCP + �2

prop(tp) + �2
RO(Nhits), where �MCP is a constant

associated with the resolution of the MCP-PMTs, �prop is a term dependent on the propagation
time, tp, of the photons within the plate, and �RO is associated with the resolution of the readout
electronics and is dependent on the number of hits registered per detected photon in the MCP-
PMTs, Nhits. The measured values from a 2D fit (shown in Fig. 4b) are compared to the target
values in Table 1. Improvements to the measured values are expected with further calibrations,
including a measurement of the correlation between the charge deposited and the NINO signal
width (needed for improved positioning via charge sharing).

Figure 4: (a) The TORCH single-photon time resolution as measured across columns in MCP B,
and dependent on beam entry positions (1 (red); 3 (green); 4 (blue); 5 (purple)). The full (dotted)
lines indicate results from pions (protons). (b) The TORCH single-photon time resolution as a
function of photon propagation time within the plate and the number of hits per cluster in the
MCP-PMTs.

4 Photon Counting

The desired track time resolution targets a single-photon resolution of 70ps and the detection of
around 30 photons per track. A measurement of the number of detected photon clusters is made
for photons that travel directly to the MCP-PMTs (with either no or one near-side reflection)

4
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Position 5Position 4

Position 1 Position 3

Data Sim Ratio
Position 1 2.77 2.75 0.99
Position 3 1.53 1.54 1.01
Position 4 1.00 1.07 1.07
Position 5 0.74 0.81 1.09

Data 
Simulation

Photon counting

9

Compare number of clusters in data and simulation for various beam 
positions 
The amount of light produced in the radiator well understood
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Position 5Position 4

Position 1 Position 3

Data Sim Ratio
Position 1 2.77 2.75 0.99
Position 3 1.53 1.54 1.01
Position 4 1.00 1.07 1.07
Position 5 0.74 0.81 1.09

Data 
Simulation

135th Workshop on LHCb Upgrade II               31 March 2020                        N. Harnew

Time resolution studies
� Plot residual distributions of single-photon time resolution for 

first order reflections versus  MCP column number 
� A simultaneous fit determines the spread in the time of arrival 

at each pixel 

2

3

4

Protons

Pions

� Preliminary analysis shows we see some degradation of 
time resolution with height in the radiator, as expected

� Nevertheless, the time resolution  is approaching or 
matches the design goal of 70 ps

17.5 cm

111 cm

Position 1 Position 2

Position 3 Position 4

Data Sim Ratio
Position 1 2.77 2.75 0.99
Position 2 1.53 1.54 1.01
Position 3 1.00 1.07 1.07
Position 4 0.74 0.81 1.09

Mean number of photons
Only 2 out of 11 MCP-PMTs, 

one with low quantum efficiency

Measure Expect

TORCH prototype performance — Michal Kreps

Qualifying resolution

11

Can parametrise resolution in 2D

Tom Hadavizadeh

Quantifying resolution
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- By fitting the time resolutions in 2D we can parameterise the resolution with 
different components

e.g. MCP 
Propagation time (x) 
dependent effects Electronics and 

readout resolution

�2
TORCH = �2

const + �prop(x)
2 + �RO(NHits)

2
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�const = 33.0± 7.1 ps
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�const = 32.2± 6.8 ps
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�prop(x) = 7.8± 0.7 ps⇥ x
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�RO(NHits) =
100.5± 5.7 psp

NHits
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Pions Protons(x in ns) “Ideal”
⇠ 33 ps
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σ2
TORCH = σ2

const + σ2
prop(t) + σ2

RO(Nhits)

Propagation time 
dependent effects

Cluster size and 
readout

MCP

σconst = 33.0 ± 7.1 ps
σprop(t) = (7.8 ± 0.7) × t[ns] ps

σRO(Nhits) = 100.5 ± 5.7
Nhits

ps

σconst ≈ 33 ps
σprop(t) ≈ (3.75 ± 0.8) × t[ns] ps

σRO(Nhits) ≈ 60
Nhits

ps

Measured Expected

Resolution expected to improve with better electronics calibration

Contributions to time resolution
�2
TORCH = �2

const + �prop(tp)
2 + �RO(Nhits)

2

e.g. MCP
e↵ects dependent on propagation time (tp)

electronics and readout resolution,
dependent on number of hits per photon

cluster (Nhits)

Protons

Contribution Measured values from data (ps) Target values from simulation (ps)
�const 31.0± 7.6 ⇠ 33
�prop(tp) (7.6± 0.5)⇥ tp ⇠ (3.75± 0.8)⇥ tp

�RO(Nhits)
95.0±6.0p

NHits

⇠ 60p
NHits
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Figure 3: (a) The distribution of photon arrival times as a function of the vertical (high granular-
ity) pixel number for photons arriving on a specific column in MCP B. The overlaid lines show the
predicted times of arrival. Six distinct bands can be seen which correspond to the photon paths
shown in (b).

�2
TORCH with three terms, �2

TORCH = �2
MCP + �2

prop(tp) + �2
RO(Nhits), where �MCP is a constant

associated with the resolution of the MCP-PMTs, �prop is a term dependent on the propagation
time, tp, of the photons within the plate, and �RO is associated with the resolution of the readout
electronics and is dependent on the number of hits registered per detected photon in the MCP-
PMTs, Nhits. The measured values from a 2D fit (shown in Fig. 4b) are compared to the target
values in Table 1. Improvements to the measured values are expected with further calibrations,
including a measurement of the correlation between the charge deposited and the NINO signal
width (needed for improved positioning via charge sharing).

Figure 4: (a) The TORCH single-photon time resolution as measured across columns in MCP B,
and dependent on beam entry positions (1 (red); 3 (green); 4 (blue); 5 (purple)). The full (dotted)
lines indicate results from pions (protons). (b) The TORCH single-photon time resolution as a
function of photon propagation time within the plate and the number of hits per cluster in the
MCP-PMTs.

4 Photon Counting

The desired track time resolution targets a single-photon resolution of 70ps and the detection of
around 30 photons per track. A measurement of the number of detected photon clusters is made
for photons that travel directly to the MCP-PMTs (with either no or one near-side reflection)

4
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Photon counting
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Compare number of clusters in data and simulation for various beam 
positions 
The amount of light produced in the radiator well understood
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Time resolution studies
� Plot residual distributions of single-photon time resolution for 

first order reflections versus  MCP column number 
� A simultaneous fit determines the spread in the time of arrival 

at each pixel 

2

3

4

Protons

Pions

� Preliminary analysis shows we see some degradation of 
time resolution with height in the radiator, as expected

� Nevertheless, the time resolution  is approaching or 
matches the design goal of 70 ps

17.5 cm

111 cm

Position 1 Position 2

Position 3 Position 4

Data Sim Ratio
Position 1 2.77 2.75 0.99
Position 2 1.53 1.54 1.01
Position 3 1.00 1.07 1.07
Position 4 0.74 0.81 1.09

Mean number of photons
Only 2 out of 11 MCP-PMTs, 

one with low quantum efficiency

Measure Expect
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Qualifying resolution

11

Can parametrise resolution in 2D
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- By fitting the time resolutions in 2D we can parameterise the resolution with 
different components
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Propagation time 
dependent effects

Cluster size and 
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MCP

σconst = 33.0 ± 7.1 ps
σprop(t) = (7.8 ± 0.7) × t[ns] ps

σRO(Nhits) = 100.5 ± 5.7
Nhits

ps

σconst ≈ 33 ps
σprop(t) ≈ (3.75 ± 0.8) × t[ns] ps

σRO(Nhits) ≈ 60
Nhits

ps

Measured Expected

Resolution expected to improve with better electronics calibration

Contributions to time resolution
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e.g. MCP
e↵ects dependent on propagation time (tp)

electronics and readout resolution,
dependent on number of hits per photon

cluster (Nhits)

Protons

Contribution Measured values from data (ps) Target values from simulation (ps)
�const 31.0± 7.6 ⇠ 33
�prop(tp) (7.6± 0.5)⇥ tp ⇠ (3.75± 0.8)⇥ tp

�RO(Nhits)
95.0±6.0p

NHits

⇠ 60p
NHits
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Under investigation. Alignment?
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Figure 3: (a) The distribution of photon arrival times as a function of the vertical (high granular-
ity) pixel number for photons arriving on a specific column in MCP B. The overlaid lines show the
predicted times of arrival. Six distinct bands can be seen which correspond to the photon paths
shown in (b).

�2
TORCH with three terms, �2

TORCH = �2
MCP + �2

prop(tp) + �2
RO(Nhits), where �MCP is a constant

associated with the resolution of the MCP-PMTs, �prop is a term dependent on the propagation
time, tp, of the photons within the plate, and �RO is associated with the resolution of the readout
electronics and is dependent on the number of hits registered per detected photon in the MCP-
PMTs, Nhits. The measured values from a 2D fit (shown in Fig. 4b) are compared to the target
values in Table 1. Improvements to the measured values are expected with further calibrations,
including a measurement of the correlation between the charge deposited and the NINO signal
width (needed for improved positioning via charge sharing).

Figure 4: (a) The TORCH single-photon time resolution as measured across columns in MCP B,
and dependent on beam entry positions (1 (red); 3 (green); 4 (blue); 5 (purple)). The full (dotted)
lines indicate results from pions (protons). (b) The TORCH single-photon time resolution as a
function of photon propagation time within the plate and the number of hits per cluster in the
MCP-PMTs.

4 Photon Counting

The desired track time resolution targets a single-photon resolution of 70ps and the detection of
around 30 photons per track. A measurement of the number of detected photon clusters is made
for photons that travel directly to the MCP-PMTs (with either no or one near-side reflection)
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Photon counting
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Compare number of clusters in data and simulation for various beam 
positions 
The amount of light produced in the radiator well understood
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Time resolution studies
� Plot residual distributions of single-photon time resolution for 

first order reflections versus  MCP column number 
� A simultaneous fit determines the spread in the time of arrival 

at each pixel 

2

3

4

Protons

Pions

� Preliminary analysis shows we see some degradation of 
time resolution with height in the radiator, as expected

� Nevertheless, the time resolution  is approaching or 
matches the design goal of 70 ps
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Mean number of photons
Only 2 out of 11 MCP-PMTs, 

one with low quantum efficiency

Measure Expect
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Can parametrise resolution in 2D
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- By fitting the time resolutions in 2D we can parameterise the resolution with 
different components

e.g. MCP 
Propagation time (x) 
dependent effects Electronics and 

readout resolution
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�const = 32.2± 6.8 ps
<latexit sha1_base64="ZT9FO+VdQ4Zj6queIPoJtS3b5ro=">AAACGHicbVA9SwNBEN2LXzF+RS1tFoNgIeddFLURgjaWEUwi5ELY22ySJbt7x+6cGI77GTb+FRsLRWzT+W/cfBQafTDweG+GmXlhLLgBz/tycguLS8sr+dXC2vrG5lZxe6duokRTVqORiPR9SAwTXLEacBDsPtaMyFCwRji4HvuNB6YNj9QdDGPWkqSneJdTAlZqF48Dw3uStNMA2COkNFIGsgxf4pOyW8ZBLPGZexEcTd3YZO1iyXO9CfBf4s9ICc1QbRdHQSeiiWQKqCDGNH0vhlZKNHAqWFYIEsNiQgekx5qWKiKZaaWTxzJ8YJUO7kbalgI8UX9OpEQaM5Sh7ZQE+mbeG4v/ec0EuhetlKs4AabodFE3ERgiPE4Jd7hmFMTQEkI1t7di2ieaULBZFmwI/vzLf0m97Ponbvn2tFS5msWRR3toHx0iH52jCrpBVVRDFD2hF/SG3p1n59X5cD6nrTlnNrOLfsEZfQN6vZ9k</latexit>

�prop(x) = 7.8± 0.7 ps⇥ x
<latexit sha1_base64="oOK7zk1yZKce3OJiZO72HLDZ8Ls=">AAACIXicbVBNS8NAEN34WetX1KOXxSIoSEiq0F6EohePFawKTSmb7bYu7ibL7kRaQv6KF/+KFw+K9Cb+GbdtDn49GHi8N8PMvEgJbsD3P5y5+YXFpeXSSnl1bX1j093avjZJqilr0UQk+jYihgkesxZwEOxWaUZkJNhNdH8+8W8emDY8ia9gpFhHkkHM+5wSsFLXrYeGDyTpZiGwIWRKJyrPD4aH+BTXvDoOlcS+VwuPCtvkIXDJDB523Yrv+VPgvyQoSAUVaHbdcdhLaCpZDFQQY9qBr6CTEQ2cCpaXw9QwReg9GbC2pTGxazrZ9MMc71ulh/uJthUDnqrfJzIijRnJyHZKAnfmtzcR//PaKfTrnYzHKgUW09mifiowJHgSF+5xzSiIkSWEam5vxfSOaELBhlq2IQS/X/5LrqtecOxVL08qjbMijhLaRXvoAAWohhroAjVRC1H0iJ7RK3pznpwX590Zz1rnnGJmB/2A8/kFam+jCA==</latexit>

�RO(NHits) =
100.5± 5.7 psp

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

Pions Protons(x in ns) “Ideal”
⇠ 33 ps

<latexit sha1_base64="Jn4ljrUBOT9dN13D2zhR+RGXxNQ=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCBylJK+ix6MVjBfsBTSib7aZdutmE3Ym0hP4VLx4U8eof8ea/cdvmoK0PBh7vzTAzL0gE1+A431ZhY3Nre6e4W9rbPzg8so/LbR2nirIWjUWsugHRTHDJWsBBsG6iGIkCwTrB+G7ud56Y0jyWjzBNmB+RoeQhpwSM1LfLnuYRrte9Sw/YBLJEz/p2xak6C+B14uakgnI0+/aXN4hpGjEJVBCte66TgJ8RBZwKNit5qWYJoWMyZD1DJYmY9rPF7TN8bpQBDmNlSgJeqL8nMhJpPY0C0xkRGOlVby7+5/VSCG/8jMskBSbpclGYCgwxngeBB1wxCmJqCKGKm1sxHRFFKJi4SiYEd/XlddKuVd16tfZwVWnc5nEU0Sk6QxfIRdeoge5RE7UQRRP0jF7RmzWzXqx362PZWrDymRP0B9bnD3QElBI=</latexit>

⇠ 60p
NHits

ps
<latexit sha1_base64="Tv/a4REFCUtQgcIUqYPr9AYnCWE=">AAACGXicbVDLSsNAFJ34rPUVdekmWAQXUpIq6rLopiupYB/QhDCZTtqhk4czN2IZ8htu/BU3LhRxqSv/xuljoa0HLpw5517m3hOknEmw7W9jYXFpeWW1sFZc39jc2jZ3dpsyyQShDZLwRLQDLClnMW0AA07bqaA4CjhtBYOrkd+6p0KyJL6FYUq9CPdiFjKCQUu+abuSRW4oMFFndq5ceSdAXfvKBfoAqsZA5hru8eSdytw3S3bZHsOaJ86UlNAUdd/8dLsJySIaA+FYyo5jp+ApLIARTvOim0maYjLAPdrRNMYRlZ4aX5Zbh1rpWmEidMVgjdXfEwpHUg6jQHdGGPpy1huJ/3mdDMILT7E4zYDGZPJRmHELEmsUk9VlghLgQ00wEUzvapE+1jGBDrOoQ3BmT54nzUrZOSlXbk5L1ctpHAW0jw7QEXLQOaqiGqqjBiLoET2jV/RmPBkvxrvxMWldMKYze+gPjK8feDiieg==</latexit>

⇠ 100.5± 5.7p
NHits

ps
<latexit sha1_base64="Z2IVElr+bLu4cL/2KZOt8xbyPvU="></latexit>

⇠ 96.9± 6.2p
NHits

ps
<latexit sha1_base64="e/f46q1M+c/nqpQFiIvw3k0Dh/U="></latexit>

⇠ (7.8± 0.7⇥ x) ps
<latexit sha1_base64="DszM/n9/7Sl8s37WQPilAEV/fG8=">AAACD3icbVDLSgNBEJyNrxhfqx69DAYlgiy7UUiOQS8eI5gHZEOYnUySITO7y0yvJCz5Ay/+ihcPinj16s2/cfI4aLSgoajqprsriAXX4LpfVmZldW19I7uZ29re2d2z9w/qOkoUZTUaiUg1A6KZ4CGrAQfBmrFiRAaCNYLh9dRv3DOleRTewThmbUn6Ie9xSsBIHfvU11ziQskp+7HErlPCPnDJNB7hM//cBzaCNNaTjp13HXcG/Jd4C5JHC1Q79qffjWgiWQhUEK1bnhtDOyUKOBVskvMTzWJCh6TPWoaGxOxsp7N/JvjEKF3ci5SpEPBM/TmREqn1WAamUxIY6GVvKv7ntRLoldspD+MEWEjni3qJwBDhaTi4yxWjIMaGEKq4uRXTAVGEgokwZ0Lwll/+S+pFx7twireX+crVIo4sOkLHqIA8VEIVdIOqqIYoekBP6AW9Wo/Ws/Vmvc9bM9Zi5hD9gvXxDccdmqY=</latexit>

⇠ (7.7± 0.4⇥ x) ps
<latexit sha1_base64="1t7SIicaEyWKIDb1MJUIkLKuV+o=">AAACD3icbVDLSgNBEJyNrxhfqx69DAYlgiy7MRCPQS8eI5gHZEOYnUySITO7y0yvJCz5Ay/+ihcPinj16s2/cfI4aLSgoajqprsriAXX4LpfVmZldW19I7uZ29re2d2z9w/qOkoUZTUaiUg1A6KZ4CGrAQfBmrFiRAaCNYLh9dRv3DOleRTewThmbUn6Ie9xSsBIHfvU11ziQtkp+7HErlPCPnDJNB7hM//cBzaCNNaTjp13HXcG/Jd4C5JHC1Q79qffjWgiWQhUEK1bnhtDOyUKOBVskvMTzWJCh6TPWoaGxOxsp7N/JvjEKF3ci5SpEPBM/TmREqn1WAamUxIY6GVvKv7ntRLoXbZTHsYJsJDOF/USgSHC03BwlytGQYwNIVRxcyumA6IIBRNhzoTgLb/8l9SLjnfhFG9L+crVIo4sOkLHqIA8VEYVdIOqqIYoekBP6AW9Wo/Ws/Vmvc9bM9Zi5hD9gvXxDcCumqI=</latexit>

⇠ (3.75± 0.8⇥ x) ps
<latexit sha1_base64="Daly/pDb88BxC0v33Dvy7tLEZ6g=">AAACEHicbVDLSgNBEJyNrxhfUY9eBoMYQZbdREmOQS8eI5gHZEOYnUySITO7y0yvJCz5BC/+ihcPinj16M2/cfI4aLSgoajqprvLjwTX4DhfVmpldW19I72Z2dre2d3L7h/UdRgrymo0FKFq+kQzwQNWAw6CNSPFiPQFa/jD66nfuGdK8zC4g3HE2pL0A97jlICROtlTT3OJ80W7dOlFEjt2GXvAJdN4hM+8cw/YCJJITzrZnGM7M+C/xF2QHFqg2sl+et2QxpIFQAXRuuU6EbQTooBTwSYZL9YsInRI+qxlaEDMznYye2iCT4zSxb1QmQoAz9SfEwmRWo+lbzolgYFe9qbif14rhl65nfAgioEFdL6oFwsMIZ6mg7tcMQpibAihiptbMR0QRSiYDDMmBHf55b+kXrDdol24vchVrhZxpNEROkZ55KISqqAbVEU1RNEDekIv6NV6tJ6tN+t93pqyFjOH6Besj28+wJrh</latexit>

σ2
TORCH = σ2

const + σ2
prop(t) + σ2

RO(Nhits)

Propagation time 
dependent effects

Cluster size and 
readout

MCP

σconst = 33.0 ± 7.1 ps
σprop(t) = (7.8 ± 0.7) × t[ns] ps

σRO(Nhits) = 100.5 ± 5.7
Nhits

ps

σconst ≈ 33 ps
σprop(t) ≈ (3.75 ± 0.8) × t[ns] ps

σRO(Nhits) ≈ 60
Nhits

ps

Measured Expected

Resolution expected to improve with better electronics calibration

Contributions to time resolution
�2
TORCH = �2

const + �prop(tp)
2 + �RO(Nhits)

2

e.g. MCP
e↵ects dependent on propagation time (tp)

electronics and readout resolution,
dependent on number of hits per photon

cluster (Nhits)

Protons

Contribution Measured values from data (ps) Target values from simulation (ps)
�const 31.0± 7.6 ⇠ 33
�prop(tp) (7.6± 0.5)⇥ tp ⇠ (3.75± 0.8)⇥ tp

�RO(Nhits)
95.0±6.0p

NHits

⇠ 60p
NHits
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<latexit sha1_base64="QoFg3QE6Mr+aFhyG98CuMrPKD8Y="></latexit>

�const = 31.76± 7.6 ps ⇠ 33ps

�prop = (7.6± 0.5) · 10�3 · tp ⇠ 4 · 10�3 · tp

�RO =
95± 6p

Nhits/cluster
⇠ 60p

Nhits/cluster

<latexit sha1_base64="QoFg3QE6Mr+aFhyG98CuMrPKD8Y="></latexit>

�const = 31.76± 7.6 ps ⇠ 33ps

�prop = (7.6± 0.5) · 10�3 · tp ⇠ 4 · 10�3 · tp

�RO =
95± 6p

Nhits/cluster
⇠ 60p

Nhits/cluster

Great!

Under investigation. Alignment?
Expect improvement with calibration (ongoing 
right now, with newly commissioned system)

arXiv:2111.04627 (2021)

https://inspirehep.net/literature/1963843


TORCH @ LHCb upgrade II                                          Jonas Rademacker on behalf of the TORCH collaboration                                              ICHEP Bologna 2022

Time resolution per photon in testbeam

14

Figure 3: (a) The distribution of photon arrival times as a function of the vertical (high granular-
ity) pixel number for photons arriving on a specific column in MCP B. The overlaid lines show the
predicted times of arrival. Six distinct bands can be seen which correspond to the photon paths
shown in (b).

�2
TORCH with three terms, �2

TORCH = �2
MCP + �2

prop(tp) + �2
RO(Nhits), where �MCP is a constant

associated with the resolution of the MCP-PMTs, �prop is a term dependent on the propagation
time, tp, of the photons within the plate, and �RO is associated with the resolution of the readout
electronics and is dependent on the number of hits registered per detected photon in the MCP-
PMTs, Nhits. The measured values from a 2D fit (shown in Fig. 4b) are compared to the target
values in Table 1. Improvements to the measured values are expected with further calibrations,
including a measurement of the correlation between the charge deposited and the NINO signal
width (needed for improved positioning via charge sharing).

Figure 4: (a) The TORCH single-photon time resolution as measured across columns in MCP B,
and dependent on beam entry positions (1 (red); 3 (green); 4 (blue); 5 (purple)). The full (dotted)
lines indicate results from pions (protons). (b) The TORCH single-photon time resolution as a
function of photon propagation time within the plate and the number of hits per cluster in the
MCP-PMTs.

4 Photon Counting

The desired track time resolution targets a single-photon resolution of 70ps and the detection of
around 30 photons per track. A measurement of the number of detected photon clusters is made
for photons that travel directly to the MCP-PMTs (with either no or one near-side reflection)

4
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Position 5Position 4

Position 1 Position 3

Data Sim Ratio
Position 1 2.77 2.75 0.99
Position 3 1.53 1.54 1.01
Position 4 1.00 1.07 1.07
Position 5 0.74 0.81 1.09

Data 
Simulation

Photon counting

9

Compare number of clusters in data and simulation for various beam 
positions 
The amount of light produced in the radiator well understood

Tom Hadavizadeh
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Position 5Position 4

Position 1 Position 3

Data Sim Ratio
Position 1 2.77 2.75 0.99
Position 3 1.53 1.54 1.01
Position 4 1.00 1.07 1.07
Position 5 0.74 0.81 1.09

Data 
Simulation

135th Workshop on LHCb Upgrade II               31 March 2020                        N. Harnew

Time resolution studies
� Plot residual distributions of single-photon time resolution for 

first order reflections versus  MCP column number 
� A simultaneous fit determines the spread in the time of arrival 

at each pixel 

2

3

4

Protons

Pions

� Preliminary analysis shows we see some degradation of 
time resolution with height in the radiator, as expected

� Nevertheless, the time resolution  is approaching or 
matches the design goal of 70 ps

17.5 cm

111 cm

Position 1 Position 2

Position 3 Position 4

Data Sim Ratio
Position 1 2.77 2.75 0.99
Position 2 1.53 1.54 1.01
Position 3 1.00 1.07 1.07
Position 4 0.74 0.81 1.09

Mean number of photons
Only 2 out of 11 MCP-PMTs, 

one with low quantum efficiency

Measure Expect

TORCH prototype performance — Michal Kreps

Qualifying resolution

11

Can parametrise resolution in 2D

Tom Hadavizadeh

Quantifying resolution
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- By fitting the time resolutions in 2D we can parameterise the resolution with 
different components

e.g. MCP 
Propagation time (x) 
dependent effects Electronics and 

readout resolution

�2
TORCH = �2

const + �prop(x)
2 + �RO(NHits)

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

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

�const = 32.2± 6.8 ps
<latexit sha1_base64="ZT9FO+VdQ4Zj6queIPoJtS3b5ro=">AAACGHicbVA9SwNBEN2LXzF+RS1tFoNgIeddFLURgjaWEUwi5ELY22ySJbt7x+6cGI77GTb+FRsLRWzT+W/cfBQafTDweG+GmXlhLLgBz/tycguLS8sr+dXC2vrG5lZxe6duokRTVqORiPR9SAwTXLEacBDsPtaMyFCwRji4HvuNB6YNj9QdDGPWkqSneJdTAlZqF48Dw3uStNMA2COkNFIGsgxf4pOyW8ZBLPGZexEcTd3YZO1iyXO9CfBf4s9ICc1QbRdHQSeiiWQKqCDGNH0vhlZKNHAqWFYIEsNiQgekx5qWKiKZaaWTxzJ8YJUO7kbalgI8UX9OpEQaM5Sh7ZQE+mbeG4v/ec0EuhetlKs4AabodFE3ERgiPE4Jd7hmFMTQEkI1t7di2ieaULBZFmwI/vzLf0m97Ponbvn2tFS5msWRR3toHx0iH52jCrpBVVRDFD2hF/SG3p1n59X5cD6nrTlnNrOLfsEZfQN6vZ9k</latexit>

�prop(x) = 7.8± 0.7 ps⇥ x
<latexit sha1_base64="oOK7zk1yZKce3OJiZO72HLDZ8Ls=">AAACIXicbVBNS8NAEN34WetX1KOXxSIoSEiq0F6EohePFawKTSmb7bYu7ibL7kRaQv6KF/+KFw+K9Cb+GbdtDn49GHi8N8PMvEgJbsD3P5y5+YXFpeXSSnl1bX1j093avjZJqilr0UQk+jYihgkesxZwEOxWaUZkJNhNdH8+8W8emDY8ia9gpFhHkkHM+5wSsFLXrYeGDyTpZiGwIWRKJyrPD4aH+BTXvDoOlcS+VwuPCtvkIXDJDB523Yrv+VPgvyQoSAUVaHbdcdhLaCpZDFQQY9qBr6CTEQ2cCpaXw9QwReg9GbC2pTGxazrZ9MMc71ulh/uJthUDnqrfJzIijRnJyHZKAnfmtzcR//PaKfTrnYzHKgUW09mifiowJHgSF+5xzSiIkSWEam5vxfSOaELBhlq2IQS/X/5LrqtecOxVL08qjbMijhLaRXvoAAWohhroAjVRC1H0iJ7RK3pznpwX590Zz1rnnGJmB/2A8/kFam+jCA==</latexit>

�RO(NHits) =
100.5± 5.7 psp

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

Pions Protons(x in ns) “Ideal”
⇠ 33 ps

<latexit sha1_base64="Jn4ljrUBOT9dN13D2zhR+RGXxNQ=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCBylJK+ix6MVjBfsBTSib7aZdutmE3Ym0hP4VLx4U8eof8ea/cdvmoK0PBh7vzTAzL0gE1+A431ZhY3Nre6e4W9rbPzg8so/LbR2nirIWjUWsugHRTHDJWsBBsG6iGIkCwTrB+G7ud56Y0jyWjzBNmB+RoeQhpwSM1LfLnuYRrte9Sw/YBLJEz/p2xak6C+B14uakgnI0+/aXN4hpGjEJVBCte66TgJ8RBZwKNit5qWYJoWMyZD1DJYmY9rPF7TN8bpQBDmNlSgJeqL8nMhJpPY0C0xkRGOlVby7+5/VSCG/8jMskBSbpclGYCgwxngeBB1wxCmJqCKGKm1sxHRFFKJi4SiYEd/XlddKuVd16tfZwVWnc5nEU0Sk6QxfIRdeoge5RE7UQRRP0jF7RmzWzXqx362PZWrDymRP0B9bnD3QElBI=</latexit>

⇠ 60p
NHits
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<latexit sha1_base64="Tv/a4REFCUtQgcIUqYPr9AYnCWE=">AAACGXicbVDLSsNAFJ34rPUVdekmWAQXUpIq6rLopiupYB/QhDCZTtqhk4czN2IZ8htu/BU3LhRxqSv/xuljoa0HLpw5517m3hOknEmw7W9jYXFpeWW1sFZc39jc2jZ3dpsyyQShDZLwRLQDLClnMW0AA07bqaA4CjhtBYOrkd+6p0KyJL6FYUq9CPdiFjKCQUu+abuSRW4oMFFndq5ceSdAXfvKBfoAqsZA5hru8eSdytw3S3bZHsOaJ86UlNAUdd/8dLsJySIaA+FYyo5jp+ApLIARTvOim0maYjLAPdrRNMYRlZ4aX5Zbh1rpWmEidMVgjdXfEwpHUg6jQHdGGPpy1huJ/3mdDMILT7E4zYDGZPJRmHELEmsUk9VlghLgQ00wEUzvapE+1jGBDrOoQ3BmT54nzUrZOSlXbk5L1ctpHAW0jw7QEXLQOaqiGqqjBiLoET2jV/RmPBkvxrvxMWldMKYze+gPjK8feDiieg==</latexit>

⇠ 100.5± 5.7p
NHits

ps
<latexit sha1_base64="Z2IVElr+bLu4cL/2KZOt8xbyPvU="></latexit>

⇠ 96.9± 6.2p
NHits

ps
<latexit sha1_base64="e/f46q1M+c/nqpQFiIvw3k0Dh/U="></latexit>

⇠ (7.8± 0.7⇥ x) ps
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σ2
TORCH = σ2

const + σ2
prop(t) + σ2

RO(Nhits)

Propagation time 
dependent effects

Cluster size and 
readout

MCP

σconst = 33.0 ± 7.1 ps
σprop(t) = (7.8 ± 0.7) × t[ns] ps

σRO(Nhits) = 100.5 ± 5.7
Nhits

ps

σconst ≈ 33 ps
σprop(t) ≈ (3.75 ± 0.8) × t[ns] ps

σRO(Nhits) ≈ 60
Nhits

ps

Measured Expected

Resolution expected to improve with better electronics calibration

Contributions to time resolution
�2
TORCH = �2

const + �prop(tp)
2 + �RO(Nhits)

2

e.g. MCP
e↵ects dependent on propagation time (tp)

electronics and readout resolution,
dependent on number of hits per photon

cluster (Nhits)

Protons

Contribution Measured values from data (ps) Target values from simulation (ps)
�const 31.0± 7.6 ⇠ 33
�prop(tp) (7.6± 0.5)⇥ tp ⇠ (3.75± 0.8)⇥ tp

�RO(Nhits)
95.0±6.0p

NHits

⇠ 60p
NHits

Jenny Smallwood TORCH: a Time of Flight detector 25/05/2021 21
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�const = 31.76± 7.6 ps ⇠ 33ps

�prop = (7.6± 0.5) · 10�3 · tp ⇠ 4 · 10�3 · tp

�RO =
95± 6p

Nhits/cluster
⇠ 60p

Nhits/cluster
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�const = 31.76± 7.6 ps ⇠ 33ps

�prop = (7.6± 0.5) · 10�3 · tp ⇠ 4 · 10�3 · tp

�RO =
95± 6p

Nhits/cluster
⇠ 60p

Nhits/cluster

Design goal of 70ps/photon is within reach.

Great!

Under investigation. Alignment?
Expect improvement with calibration (ongoing 
right now, with newly commissioned system)

arXiv:2111.04627 (2021)

https://inspirehep.net/literature/1963843
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Event ReconstructionCode optimisation

• Further improvements are possible, e.g. taking advantage of SIMD processing.  

‣ This will likely require a complete rewrite of the code base as there 
are design issues that prevent some compiler optimisation.  

9

I/OLikelihood calculation,  and  estimationθ ϕ Eγ

~1s per event

15

New analytic reconstruction is O(100) time faster than the previous one… but we 
need even better performance for LHCb UG II conditions.  

The algorithm offers a lot of un-explored room for parallelisation. Investigating 
porting it to GPUs, and novel hardware architectures such as Graphcore’s IPUs.

LHCb-PUB-2022-007, LHCb-PUB-2022-004.

https://cds.cern.ch/record/2801095
http://cds.cern.ch/record/2801039
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Simulated TORCH performance for LHCb Upgrade II
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Figure 4.14: The TORCH e�ciency (left) to positively identify kaons in bins of momentum and
the probability that pions are misidentified as kaons and (right) the same plots for kaons and
protons. The curves are for reconstructed tracks, for two di↵erent delta-log-likelihood cuts, in
Upgrade II conditions.

Figure 4.15: The average and maximum occupancies as a function of module number with
MCP-PMT granularities shown, for the peak luminosity of Upgrade II.

readout resolution (MCP-PMT plus electronics) is reduced from 55 ps to 70 ps in the simulation.
Whilst there is a slight degradation observed, we still maintain a good ⇡/K/p separation [196].

The TORCH detector will be further optimized through simulation, to demonstrate the
data readout rates, reconstruction codes and computational speeds for HL-LHC operation. As
outlined above, the reconstructions method does not time individual tracks but rather makes
a likelihood comparison between di↵erent hypotheses based on hit probabilities. Hence this
becomes a similar problem to that of the RICH detectors including an additional dimension in
time. Whilst in principle the calculation can be computationally expensive due to the number of
hit/track combinations involved, experience from RICH reconstruction has shown that big speed
improvements are possible. The algorithm in its current form is also well suited to parallelisation.

4.3.6 Preliminary cost estimates

The TORCH costings are given in Tab. 4.4. The quartz radiator plate (⇥ 36) and focusing
block (⇥ 18) costs are best estimates based on the previous procurement of one prototype plate
and block, and polished quartz procurement costs in larger quantities from other experiments.
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LHCb-PUB-2022-006, LHCb-PUB-2022-007

https://cds.cern.ch/record/2801094
https://cds.cern.ch/record/2801095
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What physics does it buy us?

Figure 4.10: The Dalitz plot distribution of ⇤0

b ! J pK� decays selected with the nominal
LHCb PID requirements (left) and with the additional PID provided by TORCH (right).

4.3.2 TORCH physics case

The case for low-momentum PID has been studied, and the TORCH PID performance from the
full LHCb simulation is used to quantify the physics benefits. These are evaluated in several
benchmark channels of interest and are described in a support document [185]. Naturally modes
with low-momentum kaons and protons benefit the most.

Low-momentum PID

TORCH will provide increased signal e�ciencies and reduced particle mis-ID backgrounds.
Exotic hadron spectroscopy, including pentaquark modes such as ⇤0

b ! J/ pK�, show
increased yields by ⇠25�30% due to the presence of positive kaon and proton low-
momentum identification from the TORCH. As demonstrated in Fig. 4.10, TORCH PID
also provides much improved uniformity over the Dalitz-plot structures of this, and many
other multi-body decays. In addition TORCH PID suppresses backgrounds, which is
very valuable for reducing systematic uncertainties. Backgrounds to decay modes for
CP -violation measurements, for example B�

! D(K⇡⇡⇡)K�, a key channel for the
CKM-angle � determination, are also significantly reduced.

Flavour tagging

Time-dependent CP -violation measurements require an initial-state flavour tag, for which
soft kaons, either ‘opposite side’ or ‘same side’ in the case of B0

s studies, provide a powerful
signature. Here TORCH can provide a 25 to 50% improvement in the tagging e�ciency.
This has the potential to impact a wide range of analyses, increasing the e↵ective sample
sizes for CP -violation measurements.

Other timing applications (e.g. track and vertex association etc.)

High-precision timing can be used to associate individual tracks with the primary-interaction
vertex from which they originated, di↵erentiating their source from multiple vertices present
in high pile-up conditions. This is of particular importance in flavour tagging and in
suppressing backgrounds in many analyses. A key example is that of K0

S mesons or ⇤
baryons from heavy-flavour decays that themselves decay downstream of the VELO and so
require timing information from other detectors in order to be correctly associated to their
parent hadron. These aspects will be further developed, noting that fast timing layers have
been a crucial aspect for tracking and vertexing for ATLAS and CMS at the HL-LHC, and
LHCb can expect similar benefits from TORCH.
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Efficiency across Dalitz plot for 
 (simulation)Λb → J/ψKp

Without 
TORCH

With 
TORCH

• Amplitude analyses of multi body decays like , and
 critical, and tend to yield low-momentum 

particles, where TORCH shines its light. 

• Baryons are exciting: CPV in baryons? Exotics hadrons (e.g. 
pentaquarks), and many more. TORCH critical to identifying the 
protons that result. 

• TORCH substantially improves flavour tagging with soft kaons - 
especially important for BS. 

• More ideas: Deuteron, search for heavy charge particles (like R-
hadrons), … 

• But it’s not only PID: TORCH timing could help “disentangle” the very 
busy events in LHCb upgrade II.

Λb → J/ψKp
B0 → DDKπ → 3K3π

LHCB-TDR-023

https://cds.cern.ch/record/2776420?ln=en
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• TORCH is a new, large area time of flight detector with a resolution of ~15ps. 

• Concept proven in testbeam and laboratory; impact studied in detailed 
simulation. 

• In LHCb upgrade II, TORCH will extend LHCb’s particle ID capabilities; with 
potentially additional benefits from TORCH’s precision timing in event 
reconstruction. 

• Future R&D programme: pico-TDC-based electronics, improved (faster) 
pattern recognition, mechanical and other aspects of its integration into 
LHCb UG II. 

• Already this autumn: first fully instrumented prototype.
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x𝖽𝖾𝗍

dγ

Conclusions

Figure 4.11: (Left) A photograph of the TORCH prototype module. (Centre) the time projection
of a single MCP-PMT column as a function of the hit pixel number, with the photon trajectories
labelled as shown in the diagram on the right.

Figure 4.12: (Left) The distribution of the number of photons, measured and simulation event
totals normalized, at beam position 17.5 cm from the MCP-PMT plane. (Right) The measured
timing resolution versus number of measured photons. A normalized 1/

p
N distribution is shown

for illustration.

structures which locally support the quartz and focusing block for each module, and
optically isolate them. Each module will be equipped with 11 MCP-PMTs and associated
electronics, also supported from the aluminium superstructure.

• Photodetector

Operation of TORCH at Upgrade II luminosities will require a finer granularity of MCP-
PMT in the central modules to ensure that average occupancies remain everywhere below
15%, determined from simulation as described below. Whilst the pixellization of the
TORCH MCP-PMT is 8 ⇥ 64 over a 53 ⇥ 53 mm2 area (8 ⇥ 128 e↵ective granularity with
charge sharing), it is necessary to increase the granularity for the central three modules by
changing the channel grouping to 32 ⇥ 64 (i.e 32 ⇥ 128 e↵ective granularity), 16 ⇥ 64 for
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θC

ϕ
Event Reconstruction

20

P(E, ϕ) ∝ ε(E, ϕ)
α

2πℏc
sin2 θC

P(xdet, ydet, tdet) =
1

2πσt

e
− (t𝖽𝖾𝗍 − t(β, E, ϕ))2

2σ2t P(E, ϕ)
∂(E, ϕ)

∂(x𝖽𝖾𝗍, y𝖽𝖾𝗍)

x𝖽𝖾𝗍

2.5m

0.66m

d𝗍𝗋𝗄

dγ

For every track and reflection hypothesis (left, right, left 
and right, etc), a hit on the detector plane corresponds to 
one photon path from which we know  and the path 
length. From  we get the wavelength/energy and thus 

the velocity of the photon.

θC, ϕ
θC

φ

LHCb-PUB-2022-004

http://cds.cern.ch/record/2801039
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What physics does it buy us

Figure 4.10: The Dalitz plot distribution of ⇤0

b ! J pK� decays selected with the nominal
LHCb PID requirements (left) and with the additional PID provided by TORCH (right).

4.3.2 TORCH physics case

The case for low-momentum PID has been studied, and the TORCH PID performance from the
full LHCb simulation is used to quantify the physics benefits. These are evaluated in several
benchmark channels of interest and are described in a support document [185]. Naturally modes
with low-momentum kaons and protons benefit the most.

Low-momentum PID

TORCH will provide increased signal e�ciencies and reduced particle mis-ID backgrounds.
Exotic hadron spectroscopy, including pentaquark modes such as ⇤0

b ! J/ pK�, show
increased yields by ⇠25�30% due to the presence of positive kaon and proton low-
momentum identification from the TORCH. As demonstrated in Fig. 4.10, TORCH PID
also provides much improved uniformity over the Dalitz-plot structures of this, and many
other multi-body decays. In addition TORCH PID suppresses backgrounds, which is
very valuable for reducing systematic uncertainties. Backgrounds to decay modes for
CP -violation measurements, for example B�

! D(K⇡⇡⇡)K�, a key channel for the
CKM-angle � determination, are also significantly reduced.

Flavour tagging

Time-dependent CP -violation measurements require an initial-state flavour tag, for which
soft kaons, either ‘opposite side’ or ‘same side’ in the case of B0

s studies, provide a powerful
signature. Here TORCH can provide a 25 to 50% improvement in the tagging e�ciency.
This has the potential to impact a wide range of analyses, increasing the e↵ective sample
sizes for CP -violation measurements.

Other timing applications (e.g. track and vertex association etc.)

High-precision timing can be used to associate individual tracks with the primary-interaction
vertex from which they originated, di↵erentiating their source from multiple vertices present
in high pile-up conditions. This is of particular importance in flavour tagging and in
suppressing backgrounds in many analyses. A key example is that of K0

S mesons or ⇤
baryons from heavy-flavour decays that themselves decay downstream of the VELO and so
require timing information from other detectors in order to be correctly associated to their
parent hadron. These aspects will be further developed, noting that fast timing layers have
been a crucial aspect for tracking and vertexing for ATLAS and CMS at the HL-LHC, and
LHCb can expect similar benefits from TORCH.
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… mention the below other things such as importance of baryon 
programme in general, and maybe the deuteron idea
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Reconstruction and simulation notes (in preparation)

• TORCH simulation, LHCb-PUB-2022-005 

• TORCH particle identification performance, LHCb-PUB-2022-006,  

• TORCH reconstruction and particle identification algorithm, LHCb-
PUB-2022-007. 

• TORCH reconstruction, LHCb-PUB-2022-004.

22

https://cds.cern.ch/record/2801093
https://cds.cern.ch/record/2801094
https://cds.cern.ch/record/2801095
https://cds.cern.ch/record/2801095
http://cds.cern.ch/record/2801039
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Figure 4.14: The TORCH e�ciency (left) to positively identify kaons in bins of momentum and
the probability that pions are misidentified as kaons and (right) the same plots for kaons and
protons. The curves are for reconstructed tracks, for two di↵erent delta-log-likelihood cuts, in
Upgrade II conditions.

Figure 4.15: The average and maximum occupancies as a function of module number with
MCP-PMT granularities shown, for the peak luminosity of Upgrade II.

readout resolution (MCP-PMT plus electronics) is reduced from 55 ps to 70 ps in the simulation.
Whilst there is a slight degradation observed, we still maintain a good ⇡/K/p separation [196].

The TORCH detector will be further optimized through simulation, to demonstrate the
data readout rates, reconstruction codes and computational speeds for HL-LHC operation. As
outlined above, the reconstructions method does not time individual tracks but rather makes
a likelihood comparison between di↵erent hypotheses based on hit probabilities. Hence this
becomes a similar problem to that of the RICH detectors including an additional dimension in
time. Whilst in principle the calculation can be computationally expensive due to the number of
hit/track combinations involved, experience from RICH reconstruction has shown that big speed
improvements are possible. The algorithm in its current form is also well suited to parallelisation.

4.3.6 Preliminary cost estimates

The TORCH costings are given in Tab. 4.4. The quartz radiator plate (⇥ 36) and focusing
block (⇥ 18) costs are best estimates based on the previous procurement of one prototype plate
and block, and polished quartz procurement costs in larger quantities from other experiments.
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Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.

Tom Hadavizadeh

T   RCH What is TORCH?

 3

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

66 cm

25
0 

cm
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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate
6.25 ns gate
600 ps gate

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm

25
0 

cm

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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate
6.25 ns gate
600 ps gate

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm

25
0 

cm

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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Tom Hadavizadeh

T   RCH TORCH in LHCb

 4

- 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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Sensor spread 150 ps, nu=11.4, Gauss v54r5
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.

Tom Hadavizadeh

T   RCH What is TORCH?

 3

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

66 cm

25
0 

cm
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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate
6.25 ns gate
600 ps gate

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm

25
0 

cm

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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate
6.25 ns gate
600 ps gate

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm

25
0 

cm

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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 4

- 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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Reconstruction & fit

What How often

focusing block 1 per photon

full photon trace
1 per photon × track × 
reflection-hypothesis 

(~25 refl hypos for each 
photon-track combo)

PDF numerator 1 per photon × track × particle 
hypothesis

PDF integration 1 per track per particle 
hypothesis
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LHCb RICH particle ID
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Fig. 1 Side view of the LHCb spectrometer, with the two RICH detectors indicated

describes the performance of the RICH system and also its
alignment and calibration using data. Many LHCb results
have already fully exploited the RICH capabilities [2–5].

The paper is structured as follows: the requirements for
particle identification are discussed in Sect. 1, and a brief
description of the RICH detectors is given in Sect. 2. The
alignment and calibration of the detectors are described in
Sect. 3. Section 4 gives an overview of the software used in
the RICH reconstruction, particle identification and detector
performance, followed in Sect. 5 by the conclusions.

1.1 Requirements for particle identification

The primary role of the RICH system is the identification of
charged hadrons (π , K, p).

One of the major requirements for charged hadron identi-
fication in a flavour-physics experiment is for the reduction
of combinatorial background. Many of the interesting de-
cay modes of b- and c-flavoured hadrons involve hadronic
multibody final states. At hadron colliders like the LHC, the
most abundant produced charged particle is the pion. The
heavy flavour decays of interest typically contain a number
of kaons, pions and protons. It is therefore important in re-
constructing the invariant mass of the decaying particle to
be able to select the charged hadrons of interest in order to
reduce the combinatorial background.

The second major use of the particle identification in-
formation is to distinguish final states of otherwise identi-
cal topology. An example is the two-body hadronic decays,
B → h+h−, where h indicates a charged hadron [6]. In this
case there are many contributions, as illustrated in Fig. 2, in-
cluding B0 → π+π−, B0

s → K+K−, and other decay modes

of the B0, B0
s and "b. A signal extracted using only kine-

matic and vertex-related cuts is a sum over all of the decay
modes of this type (Fig. 2 left), each of which will generally
have a different CP asymmetry. For a precise study of CP-
violating effects, it is crucial to separate the various compo-
nents. This is achieved by exploiting the high efficiency of
the RICH particle identification (Fig. 2 right).

Another application of charged hadron identification is
for an efficient flavour tagging [7]. When studying CP
asymmetries or particle-antiparticle oscillations, knowledge
of the production state of the heavy-flavoured particles
is required. This can be achieved by tagging the parti-
cle/antiparticle state of the accompanying hadron. Heavy-
flavoured particles are predominantly produced in pairs. One
of the most powerful means of tagging the production state
is by identifying charged kaons produced in the b → c → s

cascade decay of the associated particle. Such tagged kaons
(as well as kaons from the b fragmentation when a B0

s is
created), have a soft momentum distribution, with a mean of
about 10 GeV/c. Particle identification down to a few GeV/c
can therefore significantly increase the tagging power of the
experiment.

The typical momentum of the decay products in two-
body b decays is about 50 GeV/c. The requirement of main-
taining a high efficiency for the reconstruction of these de-
cays leads to the need for particle identification up to at least
100 GeV/c. The lower momentum limit of about 2 GeV/c
follows from the need to identify decay products from high
multiplicity B decays and also from the fact that particles
below this momentum will not pass through the dipole mag-
netic field (4 Tm) of the LHCb spectrometer.
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hypothesis, it is removed in the next iterations. These modi-
fications to the likelihood minimisation dramatically reduce
the CPU resources required.

The background contribution to the event likelihood
is determined prior to the likelihood algorithm described
above. This is done by comparing the expected signal in
each HPD, due to the reconstructed tracks and their assigned
mass hypothesis, to the observed signal. Any excess is used
to determine the background contribution for each HPD and
is included in the likelihood calculation.

The background estimation and likelihood minimisation
algorithms can be run multiple times for each event. In prac-
tice it is found that only two iterations of the algorithms
are needed to get convergence. The final results of the parti-
cle identification are differences in the log-likelihood values
! log L, which give for each track the change in the over-
all event log-likelihood when that track is changed from the
pion hypothesis to each of the electron, muon, kaon and pro-
ton hypotheses. These values are then used to identify parti-
cle types.

5.2 Performance with isolated tracks

A reconstructed Cherenkov ring will generally overlap with
several others. Solitary rings from isolated tracks provide a
useful test of the RICH performance, since the reconstructed
Cherenkov angle can be uniquely predicted. A track is de-
fined as isolated when its Cherenkov ring does not overlap
with any other ring from the same radiator.

Figure 14 shows the Cherenkov angle as a function of
particle momentum using information from the C4F10 radi-
ator for isolated tracks selected in data (∼2 % of all tracks).
As expected, the events are distributed into distinct bands
according to their mass. Whilst the RICH detectors are pri-
marily used for hadron identification, it is worth noting that
a distinct muon band can also be observed.

Fig. 14 Reconstructed Cherenkov angle as a function of track momen-
tum in the C4F10 radiator

5.3 PID calibration samples

In order to determine the PID performance on data, high
statistics samples of genuine K±,π±, p and p̄ tracks are
needed. The selection of such control samples must be in-
dependent of PID information, which would otherwise bias
the result. The strategy employed is to reconstruct, through
purely kinematic selections independent of RICH informa-
tion, exclusive decays of particles copiously produced and
reconstructed at LHCb.

The following decays, and their charge conjugates, are
identified: K0

S →π+π−, #→pπ−, D∗+ → D0(K−π+)π+.
This ensemble of final states provides a complete set of
charged particle types needed to comprehensively assess the
RICH detectors hadron PID performance. As demonstrated
in Fig. 15, the K0

S, #, and D∗ selections have extremely high
purity.

While high purity samples of the control modes can be
gathered through purely kinematic requirements alone, the
residual backgrounds present within each must still be ac-
counted for. To distinguish background from signal, a likeli-
hood technique, called s P lot [30], is used, where the invari-
ant mass of the composite particle K0

S,#, D0 is used as the
discriminating variable.

The power of the RICH PID can be appreciated by con-
sidering the ! log L distributions for each track type from
the control samples. Figures 16(a–c) show the correspond-
ing distributions in the 2D plane of ! log L(K − π) versus
! log L(p −π). Each particle type is seen within a quadrant
of the two dimensional ! log L space, and demonstrates the
powerful discrimination of the RICH.

5.4 PID performance

Utilizing the log-likelihood values obtained from the con-
trol channels, one is able to study the discrimination achiev-
able between any pair of track types by imposing require-
ments on their differences, such as ! log(K − π). Figure 17
demonstrates the kaon efficiency (kaons identified as kaons)
and pion misidentification (pions misidentified as kaons), as
a function of particle momentum, obtained from imposing
two different requirements on this distribution. Requiring
that the likelihood for each track with the kaon mass hy-
pothesis be larger than that with the pion hypothesis, i.e.
! log L(K − π) > 0, and averaging over the momentum
range 2–100 GeV/c, the kaon efficiency and pion misidenti-
fication fraction are found to be ∼95 % and ∼10 %, respec-
tively. The alternative PID requirement of ! log L(K−π) >

5 illustrates that the misidentification rate can be signifi-
cantly reduced to ∼3 % for a kaon efficiency of ∼85 %. Fig-
ure 18 shows the corresponding efficiencies and misidentifi-
cation fractions in simulation. In addition to K/π separation,
both p/π and p/K separation are equally vital for a large

RICH I
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate
6.25 ns gate
600 ps gate

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.

Tom Hadavizadeh
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 3

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

66 cm

25
0 

cm
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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate
6.25 ns gate
600 ps gate

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm

25
0 

cm

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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate
6.25 ns gate
600 ps gate

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm

25
0 

cm

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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Tom Hadavizadeh

T   RCH TORCH in LHCb

 4

- 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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Sensor spread 150 ps, nu=11.4, Gauss v54r5
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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 3

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

66 cm

25
0 

cm
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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate
6.25 ns gate
600 ps gate

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm

25
0 

cm

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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 4

- 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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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 3

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

66 cm

25
0 

cm
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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.

Tom Hadavizadeh
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 3

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

66 cm

25
0 

cm

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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.

93

29

2.5m

0.66m
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Sensor spread 150 ps, nu=11.4, Gauss v54r5
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6.25 ns gate
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm

25
0 

cm
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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate
6.25 ns gate
600 ps gate

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm

25
0 

cm

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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.

93

29

2.5m

0.66m
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate
6.25 ns gate
600 ps gate

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm

25
0 

cm
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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.

93

90 95 100
Kaon ID Efficiency / %

1

10

Pi
on

 M
is

ID
 E

ffi
ci

en
cy

 / 
%

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate
6.25 ns gate
600 ps gate

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm

25
0 

cm

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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.

93
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2.5m

0.66m
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate
6.25 ns gate
600 ps gate

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm

25
0 

cm
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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.
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Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate
6.25 ns gate
600 ps gate

Sensor spread 150 ps, nu=11.4, Gauss v54r5

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

No time gate (Run 3: spatial information only)
6.25 ns gate (Run 3: FE electronics gate)
600 ps gate (Run 4: enhancements, software gate)

Figure 4.8: Preliminary Run 4 PID performance simulated at luminosity of 2.25 ⇥ 1033 cm�2s�1

using a software time gate of variable width. The red curve for a 600 ps time gate uses a sensor
time resolution of � ⇠ 150 ps for MaPMTs, as well as the PV time from MC-information.
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- TORCH aims to provide particle identification 
at low momentum (P~2-10GeV/c for �/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-�) ~ 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

66 cm

25
0 

cm

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

Figure 4.9: Schematics of the TORCH detector design. (Left) a single TORCH module, (middle)
the focusing block, and (right) the 18-module TORCH detector proposed for LHCb.

(synthetic fused silica) to generate Cherenkov photons from charged tracks, and is divided into
18 modules, each 660 ⇥ 2500 ⇥ 10mm3. The photons propagate by total internal reflection
to the periphery of each plate, where they are focused onto an array of eleven Micro-Channel
Plate photon detectors (MCP-PMTs), each having a 53 ⇥ 53 mm2 active area. The number of
detected photons is expected to be around 30 per track, hence, to achieve a per-track resolution
of 10-15 ps, a single-photon timing resolution of 70 ps is required.

The proposal for Upgrade II is to locate TORCH in front of the RICH2 detector, 9.5m
downstream of the collision point, as shown in Fig. 1.2. A possibility also exists to install staged
modules in LS3, although located behind RICH 2.

93

29

2.5m

0.66m
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Detector efficiency
• Accept-reject photons 

based on measured 
transmission/reflection/
QE of the detector. 

• Additional losses in the 
simulation from packing 
of MCP-PMTs (53/60) 
and the geometry of the 
bar and focussing 
optics. 2 3 4 5 6
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• We then smear the photon arrival time (by 55ps) and pixelise hits 
with a 128-by-8 effective pixelisation. 
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The image on the detector plane (w/o pixelisation)

31

This image represents an 
analytic PDF (not an MC 
simulation) that describes 
the probability to obtain a 
hit on a point  on 
the detector plane at time 

 (time dimension not 
shown, here), for a given 
particle type hypothesis.

xdet, ydet

tdet

LHCb-PUB-2022-004

http://cds.cern.ch/record/2801039
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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
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TORCH prototype performance — Michal Kreps

Photodetectors

4

Photons detected by square microchannel plate PMTs 
R&D programme with a commercial partner (PHOTEK, UK) to 
develop tubes with a long lifetime and high granularity  
Active area of 53x53 mm2 in 60x60 mm2 housing 
64x64 pixels per tube with 8 grouped together in one direction for 
TORCH 
Effective resolution in focusing direction improved by charge sharing

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 
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xe

ls

53 x 53 mm2

- Each detector has a granularity of 64x64 pixels over 53x53mm2 active area (with 
11 MCP-PMTs per module when fully instrumented) 

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

- The MCPs are designed to withstand an integrated charge of 5 C/cm2

4

MCP-PMTs
• Fast timing of photons is provided by 

Microchannel plate PMTs. 

• Three phase programme of R&D with a 
commercial partner (PHOTEK, UK) to 
develop tubes with a long lifetime  
(>5 C cm-2) [JINST 10 (2015) C05003]. 

• Phase-III tube is a square tube: 
‣ 53 x 53 mm2 active area.  
‣ 64 x 8 pixels per tube, effective 

resolution improved to 128 x 8 pixels 
by exploiting charge sharing. 

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

Phase-III prototype

4

MCP-PMTs
• Fast timing of photons is provided by 

Microchannel plate PMTs. 

• Three phase programme of R&D with a 
commercial partner (PHOTEK, UK) to 
develop tubes with a long lifetime  
(>5 C cm-2) [JINST 10 (2015) C05003]. 

• Phase-III tube is a square tube: 
‣ 53 x 53 mm2 active area.  
‣ 64 x 8 pixels per tube, effective 

resolution improved to 128 x 8 pixels 
by exploiting charge sharing. 

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

Phase-III prototype

[JINST 10 (2015) C05003] 



TORCH @ LHCb upgrade II                                          Jonas Rademacker on behalf of the TORCH collaboration                                              ICHEP Bologna 2022

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

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

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 14

32

TORCH prototype performance — Michal Kreps

Photodetectors

4

Photons detected by square microchannel plate PMTs 
R&D programme with a commercial partner (PHOTEK, UK) to 
develop tubes with a long lifetime and high granularity  
Active area of 53x53 mm2 in 60x60 mm2 housing 
64x64 pixels per tube with 8 grouped together in one direction for 
TORCH 
Effective resolution in focusing direction improved by charge sharing
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Something like this on on readout?

33

TORCH readout electronics

• Custom readout electronics
developed, based on the ALICE TOF
system: NINO + HPTDC [F. Anghinolfi

et al., Nucl.Instrum.Meth.A533:183-187(2004),

M. Despeisse et al., IEEE58:202(2011)]

• NINO-32 provides
time-over-threshold information
which is used to correct time walk &
charge to width measurement.
Non-linearities of HPTDC time
digitization (100 ps bins) are also
corrected

• 128 channel NINO board developed
[R. Gao et al., JINST 10 C02028 (2015)]

• The calibrations are challenging and
work is still ongoing to optimize
them

Jenny Smallwood TORCH: a Time of Flight detector 25/05/2021 29
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Lab tests

34

TORCH prototype performance — Michal Kreps

LAB based testing

12

Use measurements in lab to help give better control of experimental 
aspects 
Illuminate single pixel of MCP-PMT with fast pulsed laser 
Full electronics connected 
Operate HPTDC in 25 ps mode compared to 100 ps in the testbeam 
For analysis, select signals of same width to control time walk effects
Measured resolution of 
49.6 ps 
Comparable to 
expectation of 50 ps
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Backscattering 
tail

Illuminate MCP-PMT with fast pulsed laser 
Full readout electronics connected. 
Measured resolution: of 49.6 ps 
Comparable to expectation of 50 ps 
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Aiming for 70ps time resolution per photon.

35

For ~30 detected photons/track, need  per photon for  σγ ≈ 70ps σtotal = 70ps/ 30 < 15ps

Needs:
Fast photo 
detectors. 

Multi-channel 
plate PMTs

TORCH MCP-PMT development
• The Cherenkov photons are focused onto Micro-Channel Plate PMTs
• These have been developed by industrial partner Photek UK in a 3-phase

development programme
• Each detector has a granularity of 64 x 64 pixels over a 53 x 53 mm2 active

area. A readout PCB is connected via Anisotropic Conductive Film
• Charge sharing and channel grouping is used to achieve an e↵ective granularity

of 128 x 8 pixels, which is required for the 1 mrad precision
• The MCPs have ALD coating and are designed to withstand an integrated

charge of 5 C/cm2

• 10 MCP-PMTs delivered from Photek are under test
• Readout PCB for testbeam studies: 64 x 8 pixels

Jenny Smallwood TORCH: a Time of Flight detector 25/05/2021 28

TORCH readout electronics

• Custom readout electronics
developed, based on the ALICE TOF
system: NINO + HPTDC [F. Anghinolfi

et al., Nucl.Instrum.Meth.A533:183-187(2004),

M. Despeisse et al., IEEE58:202(2011)]

• NINO-32 provides
time-over-threshold information
which is used to correct time walk &
charge to width measurement.
Non-linearities of HPTDC time
digitization (100 ps bins) are also
corrected

• 128 channel NINO board developed
[R. Gao et al., JINST 10 C02028 (2015)]

• The calibrations are challenging and
work is still ongoing to optimize
them
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Fast electronics: 
Custom design 

(JINST 10 C02028 (2015)) 
using NINO (NIM 

A533:183-187(2004), 
and HPTDC 

(IEEE58:202(2011)). 

Superb optical components

Proto-TORCH

Optical components from Nikon

Jenny Smallwood TORCH: a Time of Flight detector 25/05/2021 9

Proto-TORCH

Optical components from Nikon

Jenny Smallwood TORCH: a Time of Flight detector 25/05/2021 9

https://inspirehep.net/literature/1345305
https://doi.org/10.1016/j.nima.2004.07.024
https://doi.org/10.1016/j.nima.2004.07.024
https://cds.cern.ch/record/1399874/files/05688208.pdf
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Readout electronics
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TORCH readout electronics
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Current: Custom design (JINST 10 
C02028 (2015)) inspired by ALICE TOF, 

based on NINO (NIM A533:183-187(2004), 
and HPTDC (IEEE58:202(2011)). 

Future: new system based on 
picoTDC
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The image on the detector plane from a single track (w/o pixelisation)
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This image represents an analytic 
PDF (not an MC simulation). 

LHCb-PUB-2022-004

Width of lines because: 
different wavelengths 

emitted at different , 
travel with different 

propagation velocity, and 
different path length. We 

need to resolve this.

θC

http://cds.cern.ch/record/2801039
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The MCP-PMT
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photon

photo electron

Reconstructed position

• 64 x 8 readout pads 
• Required 128x8 resolution achieved through 

charge sharing. 

TORCH MCP-PMT development
• The Cherenkov photons are focused onto Micro-Channel Plate PMTs
• These have been developed by industrial partner Photek UK in a 3-phase

development programme
• Each detector has a granularity of 64 x 64 pixels over a 53 x 53 mm2 active

area. A readout PCB is connected via Anisotropic Conductive Film
• Charge sharing and channel grouping is used to achieve an e↵ective granularity

of 128 x 8 pixels, which is required for the 1 mrad precision
• The MCPs have ALD coating and are designed to withstand an integrated

charge of 5 C/cm2

• 10 MCP-PMTs delivered from Photek are under test
• Readout PCB for testbeam studies: 64 x 8 pixels

Jenny Smallwood TORCH: a Time of Flight detector 25/05/2021 28

19 Rutherford Appleton Laboratory Seminar              21 May 2014                    N. Harnew 

• Micro-channel plate (MCP) photon detectors are suitable for fast timing of 
single photon signals (~20 ps).  Tube lifetime is an issue. 

 
 

 
• Anode pad structure can in principle be  

adjusted according to resolution required,  
as long as charge footprint is small enough 

• Highest granularity commercially-available  
MCP is the 32x32 Planacon from Photonis 

• TORCH needs a linear array of photon detectors  
with adapted pixel size: 128 × 8 pixels 
Development of suitable detector with this layout is a focus of the R&D with 
industrial partners Photek (UK)  

32 × 32 channel Planacon 

Overview of MCP requirements 

Faceplate
Photocathode

Dual MCP

Anode

Gain ~ 106

photoelectron ∆V ~ 200V

∆V ~ 200V

∆V ~ 2000V

photon

Faceplate
Photocathode

Dual MCP

Anode

Gain ~ 106

photoelectron ∆V ~ 200V

∆V ~ 200V

∆V ~ 2000V

photon

~10-25 um pores 

19 Rutherford Appleton Laboratory Seminar              21 May 2014                    N. Harnew 

• Micro-channel plate (MCP) photon detectors are suitable for fast timing of 
single photon signals (~20 ps).  Tube lifetime is an issue. 

 
 

 
• Anode pad structure can in principle be  

adjusted according to resolution required,  
as long as charge footprint is small enough 

• Highest granularity commercially-available  
MCP is the 32x32 Planacon from Photonis 

• TORCH needs a linear array of photon detectors  
with adapted pixel size: 128 × 8 pixels 
Development of suitable detector with this layout is a focus of the R&D with 
industrial partners Photek (UK)  

32 × 32 channel Planacon 

Overview of MCP requirements 

Faceplate
Photocathode

Dual MCP

Anode

Gain ~ 106

photoelectron ∆V ~ 200V

∆V ~ 200V

∆V ~ 2000V

photon

Faceplate
Photocathode

Dual MCP

Anode

Gain ~ 106

photoelectron ∆V ~ 200V

∆V ~ 200V

∆V ~ 2000V

photon

~10-25 um pores 

19 Rutherford Appleton Laboratory Seminar              21 May 2014                    N. Harnew 

• Micro-channel plate (MCP) photon detectors are suitable for fast timing of 
single photon signals (~20 ps).  Tube lifetime is an issue. 

 
 

 
• Anode pad structure can in principle be  

adjusted according to resolution required,  
as long as charge footprint is small enough 

• Highest granularity commercially-available  
MCP is the 32x32 Planacon from Photonis 

• TORCH needs a linear array of photon detectors  
with adapted pixel size: 128 × 8 pixels 
Development of suitable detector with this layout is a focus of the R&D with 
industrial partners Photek (UK)  

32 × 32 channel Planacon 

Overview of MCP requirements 

Faceplate
Photocathode

Dual MCP

Anode

Gain ~ 106

photoelectron ∆V ~ 200V

∆V ~ 200V

∆V ~ 2000V

photon

Faceplate
Photocathode

Dual MCP

Anode

Gain ~ 106

photoelectron ∆V ~ 200V

∆V ~ 200V

∆V ~ 2000V

photon

~10-25 um pores 

19 Rutherford Appleton Laboratory Seminar              21 May 2014                    N. Harnew 

• Micro-channel plate (MCP) photon detectors are suitable for fast timing of 
single photon signals (~20 ps).  Tube lifetime is an issue. 

 
 

 
• Anode pad structure can in principle be  

adjusted according to resolution required,  
as long as charge footprint is small enough 

• Highest granularity commercially-available  
MCP is the 32x32 Planacon from Photonis 

• TORCH needs a linear array of photon detectors  
with adapted pixel size: 128 × 8 pixels 
Development of suitable detector with this layout is a focus of the R&D with 
industrial partners Photek (UK)  

32 × 32 channel Planacon 

Overview of MCP requirements 

Faceplate
Photocathode

Dual MCP

Anode

Gain ~ 106

photoelectron ∆V ~ 200V

∆V ~ 200V

∆V ~ 2000V

photon

Faceplate
Photocathode

Dual MCP

Anode

Gain ~ 106

photoelectron ∆V ~ 200V

∆V ~ 200V

∆V ~ 2000V

photon

~10-25 um pores 

• Dual micro channel plate (MCP) 
with 10-25 μm pores 

• Conformal coating of Al2O3 or 
MgO through Atomic Layer 
Deposition results extended 
lifetime of tube ( ).5C/cm2

Prototype developed by our 
industrial partner, Photek

JINST 10 (2015) 05, C05003

https://www.photek.com/
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Current: Custom design inspired by 
ALICE TOF, based on NINO (NIM 

A533:183-187(2004), and HPTDC 
(IEEE58:202(2011)).

TORCH readout electronics

• Custom readout electronics
developed, based on the ALICE TOF
system: NINO + HPTDC [F. Anghinolfi

et al., Nucl.Instrum.Meth.A533:183-187(2004),

M. Despeisse et al., IEEE58:202(2011)]

• NINO-32 provides
time-over-threshold information
which is used to correct time walk &
charge to width measurement.
Non-linearities of HPTDC time
digitization (100 ps bins) are also
corrected

• 128 channel NINO board developed
[R. Gao et al., JINST 10 C02028 (2015)]

• The calibrations are challenging and
work is still ongoing to optimize
them
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ASICs [5] on the HPTDC board for both arrival time and TOT, the latter giving a pulse width
for time-walk corrections, used in offline processing to improve the timing resolution. A readout
board collects digitised data from four HPTDC boards and formats them into Ethernet packets to
be sent to a DAQ PC. The readout board also decodes configure-and-control commands from the
DAQ PC and forwards them to the corresponding NINO and HPTDC boards. The readout board
uses Ethernet MAC protocol for simple and efficient data transmission.

Figure 3. Dataflow diagram: signals are processed through NINO and HPTDC chips, then transmitted to a
DAQ PC beyond the readout board.

2.3 Electronics design

A modular electronics system providing up to 256 channels per system in a 4-board × 64-channel
arrangement has been reported previously [6]. The more recent MCP-PMT detector has an
8 × 64 layout, hence the electronics system has been scaled up, and also fits the new mechanical
and optical footprint of Proto-TORCH. Figure 4 shows a photograph of the scaled-up system. As
indicated in the photograph, the MCP-PMT is connected to a NINO board through one of the
four connectors mounted on its side. A single NINO board consists of four 32-channel chips, in
total 128 channels, and the board is connected to two 64-channel HPTDC boards. Typically, four
HPTDC boards are connected to a single readout board through a backplane.

Several challenges were faced in designing the NINO and HPTDC boards. Firstly, the mechani-
cal layout requires long signal tracks on the NINO board, which is prone to noise pick-up. Therefore,
the length of the analogue PCB traces carrying the signal between MCP and NINO are kept to
their minimum length. After the TOT conversion in the NINO chip, the signals are in LVDS form,
which are significantly less sensitive to common-mode noise. An analogue ground plane is located
under the analogue-signal traces providing shielding and a return current path in order to reduce
noise pickup and emission. Secondly, in order to characterise the variation of channel-to-channel
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Future: developing new system based on picoTDC
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Figure 4. A photograph of the TORCH electronics boards.

arrival time, the propagation delays in the PCBs are extracted from the entry pins on the MCP
connector to the HPTDC input pin. The delays are later compensated for in analysis to minimise
the offsets introduced by the electronics. Finally, the HPTDC timing resolution is sensitive to
power supply ripple; <1 mV peak-ripple power supplies were used to give good performance.

The readout board uses a single Gigabit Ethernet link for data transmission in both directions.
The readout board also has a HDMI connector to communicate with an AIDA Trigger Logic Unit
(TLU) [7] for synchronisation with other devices. Each 8 × 64-channel MCP needs four NINO
boards, eight HPTDC boards, two readout boards joined together by a backplane and read out by
two 1 Gbps Ethernet links. During operation, the DAQ PC first initialises the system by configuring
the HPTDCs and setting thresholds for the NINOs. Once data-taking starts, the HPTDC measures
the photon arrival time and TOT when a trigger signal has been received. The output data from the
HPTDCs are buffered in an on-board FPGA and serialised into 8 lanes before being transferred to
the readout board. The readout board receives the 8 lanes of serialised data from each of the four
HPTDC boards and formats them into fixed-length Ethernet packets.

As previously discussed, the readout system is interfaced to an AIDA TLU, which distributes
clock, as well as trigger and enable signals to all readout boards. The readout boards can also raise
a busy signal to the TLU if a maximum trigger rate has been reached. These TLU communication
signals are in differential form and transmitted in an HDMI cable, which provides adequate quality
and shielding, and at the same time low cost.

3 Test-beam

In 2018, a test-beam campaign [8] was carried out with Proto-TORCH using a pair of MCP-PMTs
that were instrumented with the electronics reported in this paper. Figure 5 (left) shows the
distribution of photon arrival times as a function of pixel position on the MCP-PMTs. The best
achieved time resolution is 89.1 ± 1.3 ps per single photon; for comparison, the intrinsic time
resolution, measured by injecting two consecutive electrical pulses from a pulse generator into the
electronics system, is 41.5 ps, [9]. Multiple reflections from a single particle hit can been seen from

– 4 –

Newly commissioned system being used 
right now to calibrate electronics.

JINST 10 (2015) 02, C02028 
JINST 17 (2022) 05, C05015

https://doi.org/10.1016/j.nima.2004.07.024
https://doi.org/10.1016/j.nima.2004.07.024
https://cds.cern.ch/record/1399874/files/05688208.pdf
https://inspirehep.net/literature/1345305
https://inspirehep.net/literature/2082376
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Figure 3: (a) The distribution of photon arrival times as a function of the vertical (high granular-
ity) pixel number for photons arriving on a specific column in MCP B. The overlaid lines show the
predicted times of arrival. Six distinct bands can be seen which correspond to the photon paths
shown in (b).

�2
TORCH with three terms, �2

TORCH = �2
MCP + �2

prop(tp) + �2
RO(Nhits), where �MCP is a constant

associated with the resolution of the MCP-PMTs, �prop is a term dependent on the propagation
time, tp, of the photons within the plate, and �RO is associated with the resolution of the readout
electronics and is dependent on the number of hits registered per detected photon in the MCP-
PMTs, Nhits. The measured values from a 2D fit (shown in Fig. 4b) are compared to the target
values in Table 1. Improvements to the measured values are expected with further calibrations,
including a measurement of the correlation between the charge deposited and the NINO signal
width (needed for improved positioning via charge sharing).

Figure 4: (a) The TORCH single-photon time resolution as measured across columns in MCP B,
and dependent on beam entry positions (1 (red); 3 (green); 4 (blue); 5 (purple)). The full (dotted)
lines indicate results from pions (protons). (b) The TORCH single-photon time resolution as a
function of photon propagation time within the plate and the number of hits per cluster in the
MCP-PMTs.

4 Photon Counting

The desired track time resolution targets a single-photon resolution of 70ps and the detection of
around 30 photons per track. A measurement of the number of detected photon clusters is made
for photons that travel directly to the MCP-PMTs (with either no or one near-side reflection)
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Time resolution studies
� Plot residual distributions of single-photon time resolution for 

first order reflections versus  MCP column number 
� A simultaneous fit determines the spread in the time of arrival 

at each pixel 

2

3
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Protons

Pions

� Preliminary analysis shows we see some degradation of 
time resolution with height in the radiator, as expected

� Nevertheless, the time resolution  is approaching or 
matches the design goal of 70 ps
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Data Sim Ratio
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Mean number of photons
Only 2 out of 11 MCP-PMTs, 

one with low quantum efficiency
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Figure 3: (a) The distribution of photon arrival times as a function of the vertical (high granular-
ity) pixel number for photons arriving on a specific column in MCP B. The overlaid lines show the
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Mean number of photons
Only 2 out of 11 MCP-PMTs, 

one with low quantum efficiency

Design goal of 70ps/photon is within reach.
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