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General introduction to TORCH ‘

m TORCH (Time Of internally Reflected CHerenkov light) is an
project to develop a large-area time-of-flight system for LHCb
Upgrade Il. o TORSH g e

RICH2 M

m 71-K TOF difference = 35 ps over a
~10 m flight path. To achieve
positive identification of kaons up to
p ~ 10 GeV/c, need to aim for

~ 10-15 ps resolution per track S T ]
=) Time of flight |
=) over 10m
. . =335
m The oo requirement dictates :
o e . . e -3 I
timing single photons to a precision = |
of 70 ps for ~30 detected photons !

5 10 15 20
momentum [GeV/ c]
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The TORCH detector ‘

A charged track produces Cherenkov
light in a plane of | cm thick quartz

Cherenkov photons travel to the
periphery of the detector by total internal
reflection and focused — their position
and arrival time is measured by Micro-

Channel Plate PMTs (MCPs)

The Cherenkov angle 0, and path length L
in the quartz are measured. The time of
arrival is used to correct for the
chromatic dispersion in the quartz and
thence the ToF.

From simulation, ~| mrad precision is
required on measurement of the angles
in both planes to achieve the required
intrinsic timing resolution
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TORCH MCP-PMT development | reem

m The Cherenkov photons are focused onto Micro-Channel Plate PMTs,
custom designed to give the | mrad precision

m These have been developed by industrial partner Photek UK in a
phased development programme

m Each detector has a granularity of 64 x 64 pixels over a 53 x 53 mm?
active area. A readout PCB is connected via Anisotropic Conductive
Film

m Charge sharing and channel grouping is used to achieve an effective
granularity of 128 x 8 pixels, to give the | mrad precision

m The MCPs have ALD coating and are designed to withstand an
integrated charge of 5 C/cm?

m |0 MCP-PMTs have been delivered from Photek




TORCH readout electronics ‘

m Customised |28-channel system (4 R. Gao et al.,
boards/MCP) developed based on JINST 10 02028
the ALICE TOF system: NINO + (2015)

HPTDC [F. Anghinolfi et al, Nucl. Instr. and
Meth. A 533, (2004) 183, M. Despeisse et dl.,
|IEEE 58 (2011) 202]

m NINO-32 provides time-over- e . ? Threshord
threshold information which is used
to correct time walk & charge to —— J L
width measurement. Non-linearities Chommel 16
of HPTDC time digitization (100 ps 120 ——
bins) are also corrected 1151
1104
5 105 s
m The calibrations are challenging and = ool e
work is still ongoing to optimize 95 -
them %] T i
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Time resolution - lab measurements

llluminate single pixel of MCP-PMT with fast pulsed laser

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

-
&as00
Measured resolution
of 49.6 ps 2500

(comparable to o
expectation of 50 ps) .

500 Backscattering

4750
VHA INL lead time [25pe]

0

LI LULLI LLLL LLLLY LU LU LU WL
i

5\

:

:
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TORCH prototypes

m TORCH prototypes have been tested in several beam tests
between 2015 and 2018

m “Mini-TORCH?” is a small scale module with
a 12 cm x 35 cm x | cm quartz plate,
instrumented with a single MCP-PMT

MCPs

Photon

S. Bhasin et al Nucl. Instr. and Meth. A 961, (2020) 163671 ;
propagation

m “Proto-TORCH?" is a half-height, full-width
LHCb module 66 cm x 125 cm x | cm,

currently instrumented with 2 MCP-PMTs .

m Beam tests were performed in CERN PS
with 5 and 8 GeV/c p/1T beams

IR LS Hadron track 66CmM
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TORCH beam test infrastructure in PS/T9

Timing station (T2) h

Timing station (T

time TORCH prototype time CO2 Cherenkov
reference reference counter

silicon pixel telescope

(
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https://telescopes.desy.de/AZALEA

A word on the pattern folding ‘

Cherenkov cone results Geant simulation
in hyperbola-like patterns ' |
at the MCP plane

Vertical arrival position (mm)

Reflections off module
sides result in folding of
this pattern

Chromatic dispersion o O

Horizontal arrival position (mm)

spreads line into band

The pattern shown above for a full TORCH
module, however this pattern is only sampled
with partially instrumented MCPs in the testbeam.

The nominal test-beam configuration is chosen to
give cleanly resolved patterns.
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“Proto-TORCH” demonstrator

m A half-sized TORCH module :125 x 66 x | cm? tested last year

m  Optical components from Nikon (radiator plate, focusing
block)

FOCussing

Radiator »
plate 'l-- T

o

Terascale Workshop 2021



Proto-TORCH hitmap

Hitmap

Vertical Pixel

Time
reference —
channels
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Reflection patterns

_ Time projection (for 1 MCP column)
Hitmap

(=]
[=1

[}
=1

IIIIEIIII

Time (ns)

11

Vertical Pixel

"lDIIII

w
‘3|I1|||

rtorizontatr
Pixel _ _-
m Project the hits in the time-of-arrival axis to verteal P
separate the different orders of side
reflections
m The overlaid lines represent reconstructed 1 em
predictions
m The spread in times for each order of v
reflection is measured to determine the
—)

single photon time resolution 33 cm 3



Events

Time resolution studies

m 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 — 140 p——————————————

= 130F Pions
= -

7.5 cm

................... S 120E /
00 F 4z : Protons

= 110f
100
90 F

TTTTTT

00 F
500 E
400
300
200
100 E

= |

RN RRALY AR LRRRE|

0 2I.5 3 35 4 60 ;_
i 1 L L L 1 L 1 L | 1 L L | L
>0 8 10 12 14
MCP column
m As expected, we see some degradation of time resolution

with height in the radiator

2

= Nevertheless, the time resolution is approaching or
matches the design goal of 70 ps 14



Resolution studies continued

m The time resolution can be parameterized into different contributions
T. Hadavizadeh et al. PoS EPS-HEP2019 (2020) 140

e —

Time resolution parameterisation: —160+
2]

| 2 2 2 2 =140
| OTORCH — Pconst + Oprop (tP) + 0RO (NHitS) k5 :zg_
t 51201

100

e.g. MCP Q% s’
Propagation time .

(tr) dependent Electronics and R

effects readout resolutio

Oconst = 93.0 £ 7.1 ps
Opropltr) = (7.8 0.7) X tpps

Ideal values from simulation

[with tpin ns]

100.5 £5.7

ps ~ (3.75 £ 0.8) X tp ps

60 b
v NHits
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Resolution studies continued ‘

r — 'ﬂ
m Plot the time resolution for increasing "
|
number of photon clusters Photon g}gg}
Cluste
= Compare to |/ Nohoton dependence '1
L MCP ]
— 140 Position 1
8 . &, E Position 2: both orders
e u Position 2: order 1
7.5 cm 5 L Position 2: order 0
.g l 0() Position 3
3 N ——— 80/ sqrt(N) )
5 80F =
a4 - ]
60— =
v - R
Qi 401 = Vs
2 20 .
C ; -
¢ 4 6
NPholons
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Photon yields vs vertical height

17.5 cn

-

m Photon yields compared to simulation (which includes MCP
quantum efficiency, collection efficiency, surface roughness etc)

m Excellent agreement with
MC — acceptance effects well
modelled

= Note: the current prototype
only has 2 out of | | MCPs

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

=  Also final module expected
to have much improved
quantum efficiency

Terascale Workshop 2021
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simulation
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E:I data
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TORCH for LHCDb

m The RICH system provides particle ID in LHCb

m But currently no positive kaon or proton ID below ~10 GeV/c
®m Proposal to install TORCH in front of RICH?2

— TORCH area 5 x 6 m2

ER Mg M5\ — 18 module system

CERN-LHCC-2017-003 TORCH  geaL

SPD/PS M3

— |1 MCPs per module

|
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Simulated performance at LHCb ‘

m TORCH has been simulated in the framework
of the Upgraded LHCb detector (GEANT4)

m The PID performance was first determined for
Upgrade IB conditions (Run 4)
L =20x 103 cm?s!

m Excellent separation expected between 1T1/K/p in
the 2 -10 GeV/c range and beyond.

RS SSEEEEE: B N R AE DS
b5 gz TORCH =, 35 g‘;g TORCH +, 3
E’ °F simulation ""'_D_"'_.__._ é °F simulation T
s 07 E e K—K ALL>0 - v O'TE «p—=p ALL>0 _+§
0.6F | k—k ALL>S .I_I./K T T 06F pop ALL>S K/ 3

0.5 E o =K ALL>0 T 0.5 E o K—p ALL>0 P E
04F ik ALL>S ek 04E ko) AlL>s E
03F e 03F 3
02F et 02F o
0.1F o e 0.1F e
= P = o alll . A B nl—#—_?_—o—-x- bo ot 1

0 5 10 15 20 0 5 10 15 20

Ter:

momentum [GeV/c] momentum [GeV/c] M 19



PID performance @ high luminosity

m The PID performance has next been simulated for Upgrade I
conditions L =15x10%cm2s"

m “Out of the box” performance shows degradation, but is quite
robust against the huge (>50-60%) occupancies for baseline
64 x 8 MCP, and there is still significant separation power

m Significant improvements expected (i.e. tuning granularity across
modules to keep average occupancies everywhere below 20%)

;-'-\- L I I - ! ! I- :‘h_l 1 I . L] .I " I
o — Preliminary - - - Preliminary -
g b e T 1 B | el el -
:..I I_:IH_— = Cn . __ = Ll.H— . T 3 +++ -

= r = - 1 = -+ e -
u 06l K-+ K ALL - T L [ . p—p ALL =0 = e
- —a— — . = —
L KK L5 e 06 ap Bl =5 o ]

L am—=E AL =D | o Keap ALL ™D -
—a - — = LR o -k - =
A nekaLes e : 0AF & k—parr-s ™ E
- - i [ i .
i —— . i B . = 7
0.2 - . o I o-_
o e I]E - i
B - L = +i+ o
- =l o o === -1 | = -1
U-I L l L I__F_"_'-\-—-.-d.: s L ] L 1
f 5 (b 15 20 0 5 10 15 20
'} l-l. " =1

momentum [Gey/c] momentum [GeVic)

Work in progress



pixel occupancy [%]

Optimization of occupancies

Work in progress

9] J S B S S S S B B S I N R R E S R R

- 3 3 3 3 v TORCH ]

40 - & i & = &% — Average occupancy _~

- — Maximum occupancy —

20f- . —

0 - l l l l l l l l l l l l l l l l l l -
1 2 3 4 5 6 7 8 9 10 I1 12 13 14 15 16 17 18

Terascale Workshop 2021

7t April 2021

module

N. Harnew 21



LHCDb physics studies

m The simulated PID performance is used to quantify the benefits of
TORCH to the LHCb experiment in various physics channels

m Modes with low-momentum kaons and protons benefit the most

2 ed

ar'(Jyp) [( eV

m TORCH will provide

¢ Increased signal efficiencies

¢ Reduced Particle mis-ID

backgrounds Y
mé K p) [[GeV/ )

Pentaquark mode
AS0—JhypK-

¢ Reduced dependence on
PID efficiencies on
momentum

af (Jyp) [GeVieY o 5

2 3 1 i

m(Kp) [GeVct)

m TORCH also brings benefit to flavour tagging algorithms
¢ ~25-50% improvement to OSKaon & SSkaon taggers

¢ Potential to impact a range of analyses
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TORCH possibilities for FCC-ee

m Some ideas of possible geometry has been discussed
See Maarten van Dijk https://indico.cern.ch/event/838435/contributions/3658402/

m Strawman barrel geometry with
|2-fold symmetry

= Assume placing TORCH
detector at the end of tracking
volume (at radius of 180 cm)

m Larger distance from PV helps,
but amount of material in front .
is also important

m One could possibly add endcap
modules
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Challenges for FCC-ee

m At FCC-ee, flight distance is of order 2m compared to
almost 10m at LHCb

m The K-1T time difference for arrival of particles to

TORCH is given by te—tx~ X fmi—m

= With p=10 GeV/c and x=1.8 m the time difference is
about 6.7 ps (cf. ~35 ps at LHCDb)

= Additional separation comes from the photon
propagation time inside radiator bar of about 7.3 ps

¢ Effect due to the small difference in Cherenkov angle

® i.e ~14 ps time difference between K & 11
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Challenges for FCC-ee continued ‘

~30 detected photons for |cm quartz (same as LHCDb)
For 30 separation, need ~4.7 ps per track time resolution
With 30 photons, need 25.6 ps per photon time resolution

Need to significantly improve angular resolution = smaller
pixels (would need 192 x 44)
¢ Compare to current LHCb prototype with 64x8

¢+ Maximum we are aware of is 96 x 96, so significant development
would be needed to double that

Best single channel MCP-PMT has about 6=10 ps

¢ 0=20-30 ps probably achievable with eg. picoTDC, but scaling to
sufficiently granular detector requires work

¢ SiPMs with high granularity and QE could be a good way forward
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Summary and outlook

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

* The time resolution of the prototype is approaching the design
goals : 70 -100 ps timing resolutions per single photon
achieved. With improvements in calibration hope to achieve
consistently the desired 70 ps. Photon yields are consistent
with expectations.

= TORCH has been simulated in the LHCb experiment. Studies

have indicated significant improvements to the LHCb physics
potential. Also possibilities for FCC-ee but needs R&D.

* Future beam tests in ~| year will involve the fully instrumented
(I'l MCP) half-height TORCH module
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attention




Spare slides from
here on
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TORCH schematic ‘

Hit 1
Photon Hit 2
Hit 3
Cluster
Time of propagation
AC—H
B\ ! R
. ‘
{, TimeofFlight t; Photons arrive at MCP

Track produced Reaches TORCH
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1.80

Principle of ToF s |
reconstruction 7ok

165 F

refractive index n

® Cherenkov angle: cos 0, = /(B n ) 160
1.55 -

" Time of propagation (ToP) in quartz : ::
t=L/v =n L/c 140 E

group ~ ''group

Measure Cherenkov angle 0. and path length L in the
quartz. Need to correct for the chromatic dispersion
of the quartz.

Can associate n,,.. for K, 7, p hypotheses from cos 6,
to get photon wavelength — use dispersion relation

for Ngroup

L = (t—tp) ¢/ ng.,,, measure arrival time at the top
of a radiator bar — then assign most likely K, mt, p
hypothesis from ToP and ToF

IP

tracking

measured
I
TORCH ¢
&
~
'Icls

L=~10 m particle flight path /
[\ -
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Lifetime measurements (Phase | tube) ‘

" Lifetime requirement 5 C/cm? : implement ALD coating.
* lllumination up to 6.16 Ccm-
* Gain drop observed, recovered by increase of HV
* Marginal loss in quantum efficiency (at 3 C/cm?) :a factor ~2
loss at 5 Ccm2. Hope is Phase 3 tubes will improve on this.

Long-term test HV increased: Results updated from :
blue LED illumination 2300 — 2450 V T. Gys et al., (RICH2016)
NIM 876 (2017) 156.
. Blue LED illumination
Overlooked HV T;/c}l\r;creased by 3400 :
drop by 5V After 6.16 C/cm? — 35 On-axis QE| + 260nm ¢ 400nm
% 30 weapee e L 560nm 4 660nm
T R /' - 3.000 E g 25 ) *le o
5 \ . and again by 5 2 20 I ®leagensl o
g 5 — T |e %
5400 ,\ \ 150V 2.800 > :".': L *
§ \/ P15 1s .,
5 Old HV supply g = ° r
g failure, replaced - 2600 3 s 10 = S
by newer model > a = "
\ © 5 T—.
200 \ ' 2.400 8 0 b A A Jhaaaal 4| o4 la ,l, . o o7 ;_‘_E
‘-ﬁ“’w”" '\wﬂw*wwf&f“ﬁ?*w@w - 2.200 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5
Integrated anode charge density [C/cm?]
0 - - - - . - L 2,000
01-Jan-15 02-Jul-15 31-Dec-15 30-Jun-16 29-Dec-16 29-Jun-17 28-Dec-17 28-Jun-18
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Time resolution : mini-TORCH

Plot residuals for reflections
Oand I’

Photon Count

Subtract contribution from
timing reference (~40 ps)

We measure resolutions of
typically |00 ps per photon

The target resolution is 70 ps
per photon: improvements are

4500
4000
3500 —
3000
2500
2000 —
1500
1000E-
500 -

0—800 —600 —400 200 0

200 400 600 800 1000

-PMT

easured Tpredicte(l (p S)

possible to achieve this :

* Improved pulse-height to
width calibration

* Limit of 100 ps binning in
HPTDC
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MCP OTORCH OTORCH
Column | Pions(ps) | Protons (ps)
1 1106 1.2 | 112.7+1.4
2 101.7+1.2 | 110.6+1.4
3 101.5+1.2 | 110.6+1.4
4 1055 +1.2 | 106.2+1.4
5 83.8+1.3 91.0+1.4
6 101.3+£1.2 | 103.4+1.2
7 90.3 1.2 87.5+1.4
8 1124 +1.1 | 102.8+1.4
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TORCH angular measurement (0,) \

= Need to measure angles of photons: their path length can then be reconstructed

m In O, typical lever arm ~2 m

— Angular resolution = | mrad x 2000 mm / V12

— Coarse segmentation (~6 mm) sufficient for the transverse direction (0,)

— ~8 pixels of a “Planacon-sized” MCP of 53x53 mm? active dimension

Detected photon

Track

o r

X

Quartz plate

Terascale Workshop 2021
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A~
i Oz
f L =h/cos 0,
|
/
Quartz plate
+—>
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TORCH angular measurement (0,) \

m  Measurement of the angle in the longitudinal direction (0,) requires a quartz (or
equivalent) focusing block to convert angle of photon into position on photon
detector

m — Cherenkov angular range = 0.4 rad
— angular resolution ~ | mrad: need = 400/ (1 x \12) ~ 128 pixels

— fine segmentation needed along this direction

15 Cylindrical

7 mirror '
A1 .'<‘—i
FLATY F l

7

Focusing

, -
10 - ,,
5 f
L ] ’
= /" L=h/cos 6,
> T Photon !
detector Representative photon ’
paths: 0.55 < 0, < 0.95 rad : 9\/
o | C Track
—"
/Quartz v
7] plate /
S APPSR NS S S S B Quartz plate
z (cm) «—>
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Position resolution

m Phase 2 tubes : tests of

charge sharing between Anode
segmentation of

pixels: requires pulse charge |-~ "
to width calibration Active area 25 x

= Point-spread function of 2i5X;T|lSm2, J2xa
MCP-PMT adjusted to share ’

. L. Castillo Garcia et al,
charge over 2-3 pixels JINST 11 C05022 (2016)

m TORCH requirement is 4500 T e T
~0.4Imm/A12 = 0.12 mm. L . - b
Improvement with charge P Lao %md' 14:55%55
division between adjacent - w0
channels — measure x4 z000f oy = 0.037 channels
better than that required in 3 |- —
optimal scenario st J t

o . il BRI V] e S IS

. 0
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Cherenkov Angle (rads)

Terascale Workshop 2021

LHCDb particle identification

m K-11 separation (I-100 GeV) is crucial for the hadronic physics of

LHCb. Currently achieved with two RICH radiators: C,F,,and CF,

(Ideal reconstruction)

LHCb [EPJC 73 (2013) 2431

F I
[ kP
¢ RICH 1 (C4F10)

: <—I{</p below threshold

10 10°
Momentum (GeV/c)

K-n separation (Ng)

100 ¢

10

TORCH

N
'
PRETETE

RICH radiator gas:
C4FIO CF;

!
“J

)
I
I
I
I
I
I
I
I
|
I
I
I
I
I
I
I
I

10

Momentum (GeV/c)

m  Currently no positive kaon ID below ~10 GeV/c nor any proton ID.

The plan is to achieve this via a ToF measurement with TORCH

— Areaof 5x6 m2atz=10m
— 18 module system (66 x 250 cm?)

— 198 MCPs (~100k readout channels)

7t April 2021
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LHCb Upgrade planning ‘

WE ARE
HERE
<] 9 {b-1 44— Goal: S0 D! —er—ee—g 44— Goal: 300 fb-1 ————pp
Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Run 6
2010 2011 2012 (2013 2014|2015 2016 2017 2018|(2019 2020 2021 2022 2023|2024 2025|2026 2027 2028 2029] 2030 2031 2032 2033|2034 | 2035 2036 2037
Upgrade I Upgrade Ib Upgrade 11
= B

<

Luminosity 4x1032 cm-2s"!

~1.1 visible
interactions/crossing
~9 fb-! collected

Terascale Workshop 2021

> <

p

Luminosity 2x103* cm2s"!
~55 visible
interactions/crossing

300 fb-' collected

Luminosity 2x1033 cm-2s"!
~5.5 visible
interactions/crossing

Up to 50 fb-! collected
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TORCH for timing photons

* An idea for application of TORCH in

LHCbD :

 TORCH would be placed in front of
LHCb calorimeter

* Use lead plate in front (1X,= 6mm) for
conversion of high energy photons

* Time tagging high energy photons can
associate event vertex

* Limited by spatial resolution of
calorimeter (replaces tracking)

 Assessed with simulation
* Time resolution is sufficient to be of
great help in resolving pile-up

* However, the PID capability will degrade
due to MCS
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