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10GeV and K-p separation up to 20 GeV.

Achieved through 70ps per photon, with ~30 photons per track. TORCH brings positive Kaon ID below 10GeV, positive
proton ID below 20GeV
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The image on the detector plane from a single track (w/o pixelisation)
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The image on the detector plane from a single track (w/o pixelisation)
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Including the time component

The 2-D image might
look busy, but full PDF Is
N 3 dimensions, where |t
IS actually rather sparse. -

time [ng]

Ydet [Mm]
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Photo detector geometry

128X3 effective™ pixel layout driven by need to resolve wavelength components
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*) achieved with 64x8 physical readout pads, interpolated using charge sharing
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The MCP-PMT

Photocathode. 0 V éphoton Prototyp.e developed by our
MCP input, +HV photo electron industrial partner, Photek

MCP output, +HV
Resistive layer, +

04 x 8 readout pads

Required 128x8 resolution achieved through
- charge sharing.

A

Reconstructed position JINST 10 (2015) 05, C05003
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https://www.photek.com/
https://inspirehep.net/literature/1367467

Readout electronics JINST 10 (2015) 02, C02028
JINST 17 (2022) 05, CO5015

A Y 7
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HPTDC Board
== % HPTDC
| ' ' READOUT
Current: Custom design inspired by DAQ

ALICE TOF, based on NINO (NIM N N ) ey i“
A533:183-187(2004), and HPTDC /\

(IEEE58:202(2011)). Readout ) (Storage,
Amplifier & Time Fast Timing Formatting 4x HPTDC| | Monitoring
over Threshold Measurement and Control hoards & Control

MCP

: : : , prm—s Backplane
Ongoing: calibration of readout electronics rtin, 70

Future: developing new system based on picoTDC
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L ab tests of phase lll prototype tubes

Time resolution including readout electronics

Quantum Efficiency

3500 =

Counts

16
14
12
10

3000 - Backscattering =

QE (%)

2500 F-
2000 -
1500
1000

500 F-

200 400 60 800 Ob— 1 A,
A (nm) 4600

L|||||||||||||||||||||||||||||||_-

S VBB N

| 4620 | 4640
VHR INL lead time [25ps]

Peak QE consistently around15-20% in blue/ 90.0 + 3 ps (operation of electronics in default mode)
UV region. Up to 26% has been achieved In 47.5 = 0.7 ps (operation of HPTDC in special 25ps

earlier prototypes. Expect that performance mode); comparable to expectation of 50 ps
to be recovered in production tubes. NIM A 1038 (2022) 166950
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https://inspirehep.net/literature/2058474

ProtoTORCH in testbeam arXiv:2111.04627 (2021)
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https://inspirehep.net/literature/1963843

Proto TORCH testbeam arXiv:2111.04627 (2021)
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https://inspirehep.net/literature/1963843

Proto TORCH photon counting in testbeam arXiv:2111.04627 (2021)

| 7.5 cm Mean number of photons
i Data | S|m Raﬂo

-----------------------------------------------------------------------------------------

|1 | cm Position 4 0.74 O 81 1.09

Photon yields well understood.
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https://inspirehep.net/literature/1963843

arXiv:2111.04627 (2021)

A Hit 1
Time resolution per photon in testbeam TN i §}
N Cluster
o2 = 0° (1) + 65~(Ny....) MCP
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—Xpect improvement with calibration (ongoing
right now, with newly commissioned system)

Design goal of 70ps/photon is within reach.
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Event Reconstruction

0, ¢ and E estimation  Lijkelihood calculation I/O

~1s per event

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

LHCb-PUB-2022-007, LHCb-PUB-2022-004.
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https://cds.cern.ch/record/2801095
http://cds.cern.ch/record/2801039

Simulated TORCH performance for LHCb Upgrade |
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LHCb-PUB-2022-006, LHCb-PUB-2022-007
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What physics does it buy us® | HCB-TDR-023

—fficiency across Dalitz plot tor
A, — ]/l//Kp (simulation)

Amplitude analyses of multi body decays like A, = J/wKp, and
B - DDKr — 3K3r critical, and tend to yield low-momentum

28

T BRI particles, where TORCH shines its light.
> 26 109
Without & s )
2 ' - Baryons are exciting: CPV in baryons” Exotics hadrons (e.g.
TORCH 2z = 08 " SIS 1
4 075 oentaquarks), and many more. TORCH critical to identifying the
N 07 orotons that result.
- 0.65
16 L 0.6
7 ks GV - TORCH substantially improves flavour tagging with soft kaons -
— S especially important for Bs.
i 0.95
With % : 3;25 - More ideas: Deuteron, search for heavy charge particles (like R-
TORCH % 3:35 hadrons), ...
0.7
: s = Butit's not only PID: TORCH timing could help “disentangle” the very
TS e s 6 0® ousy events in LHCb upgrade |I.

m?(Kp) [GeV?/ c!]
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https://cds.cern.ch/record/2776420?ln=en

Conclusions

TORCH is a new, large area time of flight detector with a resolution of ~15ps. ‘
“g..“&ea\

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

n LHCb upgrade Il, TORCH will extend LHCI’s particle ID capabillities; with
ootentially additional benefits from TORCH’s precision timing in event
reconstruction.

—uture R&D programme: pico-TDC-based electronics, improved (faster)

pattern recognition, mechanical and other aspects of its integration into
_HCb UG .

Already this autumn: first fully instrumented prototype.
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Event Reconstruction

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 6, ¢ and the path

length. From 6, we get the wavelength/energy and thus ™ " PSiiss

the velocity of the photon.

P(E, )  e(E, ) thc sin2 6,
ik
Pl v 1 =L | _VED)
det> Ydet> ldet) = € t (E, p) 3
\/ 270, (Xdet> Vdet)
N

L HCb-PUB-2022-004
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What physics does it buy us

... mention the below other things such as importance of baryon
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Figure 4.10: The Dalitz plot distribution of /18 — JYpK ™~ decays selected with the nominal
LHCDb PID requirements (left) and with the additional PID provided by TORCH (right).
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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, LHCD-
PUB-2022-007.

- TORCH reconstruction, LHCb-PUB-2022-004.
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Ydet /5\

Vi
1) get s, from y,,,

2) do the rest of the
reconstruction in 2D

3) add 3rd dimension
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Reconstruction & fit

What How often
=
)
B
. focusing block e 1 per photon
o | | |
X Sm—is
‘C“ | 1 per photon x track x
O reflection-hypothesis
O iull photon trace (~25 refl hypos for each
% photon-track combo)
S
3
= . 1 per photon x track x particle
PDF numerator e(E, ¢, B, )sin2 0 hypothesis
+
”_ . 1 per track per particle
PDF integration ﬂ(E b i)sin® 0 dE dep P Per P
hypothesis
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| HCb RICH particle ID
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The image on the detector plane (w/o pixelisation)

This Image represents an
analytic PDF (not an MC
simulation) that describes
the probabillity to obtain a
hit on a point Xa¢, Yger ON

the detector plane at time

l4¢ (TiMe dimension not

shown, here), for a given
particle type hypothesis.

ydet [mm]

LHCb-PUB-2022-004
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Something like this on on readout?

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), e —— N
M. Despeisse et al., IEEE58:202(2011)] V - Treerod S
® NINO-32 provides —

NINO Output : : A :.
time-over-threshold information — g
which is used to correct time walk &

charge to width measurement.

Non-linearities of HPTDC time e
digitization (100 ps bins) are also oy
corrected i
1101
® 128 channel NINO board developed £ .0  avensh
[R. Gao et al., JINST 10 C02028 (2015)] = i
® The calibrations are challenging and 95-
. . . . . alb-3)
work is still ongoing to optimize 901 m ey
c= —0.003%0.001
them 85

605 010 015 030 0625 030
Charge (pC)
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L ab tests
luminate MCP-PMT with fast pulsed laser 000 -
~ull readout electronics connected. izz:
Measured resolution: of 49.6 ps 15()0%_
Comparable to expectation of 50 ps moo;—

TORCH @ LHCb upgrade |l

Jonas Rademacker on behalf of the TORCH collaboration

Backscattering
L‘{ tail 1
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AiIming for 70ps time resolution per photon.

For ~30 detected photons/track, need o, ~ 70ps per photon for 6,,,,; = 70ps / v/ 30 < 15ps

Needs: .
Fast photo Fast electronics:  4# @i Srb optical components
- T 0 S (o] -
detectors. Custom design TR > g
. £ S 2 P
Multi-channel  (JINST 10 C02028 (2015)) AP
plate PMTs using NINO (NIM | s
) A533:183-187(2004), e
ussing
and HPTDC block

(IEEE58:202(2011)).
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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

Readout electronics

Current: Custom design (JINST 10 S e
C02028 (2015)) inspired by ALICE TOF, v/ Threshod
based on NINO (NIM A533:183-187(2004),

and HPTDC (IEEE58:202(2011)). o Oupu
Future: new system based on
piCOTDC 120 et

110

1101

Width
—
v
|

100 1

95 1

a
4 a=3314.20%+9.81
90 b= -0.62%=0.35

85

005 010 015 020 025 0.30
Charge (pC)
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The image on the detector plane from a single track (w/o pixelisation)

Width of lines because:
different wavelengths

emitted at different &,

travel with different
propagation velocity, and
different path length. We
need to resolve this.

Thi

2D

HCDb-

PU

S Image represents an analytic
- (not an MC simulation).

3-2022-004
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The MCP-PMT

photon

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

Photocathode, 0 V
MCP input, +HV ohoto electron

MCP output, +HV
Resistive layer, +

Conformal coating of Al2O3 or
MgO through Atomic Layer
Deposition results extended

fetime of tube (SC/cm?).

Prototype developed by our
industrial partner, Photek

64 x 8 readout pads
Required 128x8 resolution achieved through

' Reconstructed position  €Marge sharing. JINST 10 (2015) 05, C05003

< 7
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https://www.photek.com/
https://inspirehep.net/literature/1367467

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

NINO Board

Current: Custom design inspired by Ly [olebap veroc HPTDE Board —
ALICE TOF, based on NINO (Nim | ' Iﬁﬁiﬁgw B

A533:183-187(2004), and HPTDC
HPTDC
(IEEE58:202(2011)). o =
Ampllfler & Tim Fast Timing Formatting Zi ?-'d:Tu;C i;(c)):\aifs;in
N@le COmmiSSiOﬂed SyStem being Used overThreshoId Measurement and Control Boards &Controlg

right now to calibrate electronics.
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Future: developing new system based on picolTDC
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Time resolution per photon In testbeam
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Design goal of 70ps/photon is within reach.
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