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® rationale and challenges of hadron identification at LHC
® the LHCb RICH detectors

® evolutions of the RICH system: past, current and future R&D
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The LHCb detector during Run 1 and 2
[JINST 3 (2008) S08005]

the LHCb detector covers the forward region in the 2 < n < 5 range
~ 25% of the bb pairs are produced inside the LHCb acceptance

e LHCb ran with an instantaneuos luminosity of £ =4 x 102 cm™2s7!
pile-up ~ 1

CPV, rare b-hadron decays, spectroscopy, EW, pQCD, heavy ions

HCAL
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// SPD/PS M3 =

LHCb MC
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~ 60k bb/s and ~ 1M cc/s
in acceptance at 13 TeV
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http://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

A typical b-event in LHCb during Run 1 and 2

Hundreds of photons, 7° — v+ and 7t are produced in average at the primary
vertex (PV) in the full solid angle; tens of K? and KT are produced as well
= Large combinatorial background emerging from hadronisation, initial

and final state radiation, and from the underlying event

Flavour physics at the LHC

-8

nPVs ~2
nTracks ~ 200
pt(B) ~ 5 GeV

pr(child) ~ | GeV

Ow(7TeV) = 720£03+ 6.8ub
O(13TeV) = 154.3 + 1.5 + 14.3pb
[PRL 118 (

background
F B decays with
lifetime of ~1.5 ps
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Why hadron identification?

Reduce the combinatorial et o . .
Distinguish final states of identical

background
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Input to flavour tagging (through the
detection of the b — ¢ — s decay
chain) and to the second level of

software trigger (HLT2)
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O’(mhh) ~ 20 MeV
[Phys. Lett. B 787 (2018) 124-133]


http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2018-025.html

LHCb requirements and hadron identification techniques

® p, p, K* and 7% can be distinguished by determining their mass:

p = myB = equivalent to measure their velocity 3 since the momentum is
known from the tracking system
® different mechanisms can in principle be exploited to measure 3: difference
in the time of flight, energy loss via ionisation, transition radiation and
Cherenkov radiation
® need to adopt a technique to allow precise (at a per-mille relative precision
level) flavour physics measurements, in a harsh hadronic environment with
large backgrounds, studying decays involving final state particles of
momenta up to 100 GeV
® Ring-lmaging Cherenkov (RICH) detectors with gas radiators are
suitable to measure 3 in a wide range of momenta
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https://inspirehep.net/literature/2087927

LHCb RICH detectors

® RICH1 (C4F10): 3GeV-40GeV, 25-300mrad, 2 x 3 x 1m?
® RICH2 (CF4): 30 GeV-100 GeV, 15-120 mrad, 100 m?

Magnetic

Shield Photon

Detectors
o g
~ Spherical
L Mirror 420 mrad.
_ - C4F10 Beam bi
- ‘ B  Beam pipe
] - L 4 Central tube
VELO exit window Track X Spherical mirror
Plane Flat mirror
Mirror !
Quartz plane
2 1" Magnetic shielding
1 1 1 J
0 100 200 z (cm) %

The main ingredients driving the performance are radiators, optics and
mirrors, photon detectors and electronics: any evolution of a RICH system
passes through R&D on at least one of these aspects!
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RICH performance = Cherenkov angle resolution

Aﬁ/ﬁ = Afctanfc, where Afc = Uc/\/ Nph + Ctracking,alignment,...

® o is the resolution per single photon in a ring. The main contributions to
keep under control (disk — ring) are:

® emission point error due to the unknown emission point of the Cherenkov
light: optimise the optics of the mirror system to focus the Cherenkov light

® pixel size error due to the finite size of the photon detectors: choose
photon detectors with optimal spatial granularity

® chromatic error due to the radiator dispersion (different Cherenkov angles
from the same track): appropriate choice of the radiator material to avoid
large variations of the refractive index with the Cherenkov photons energy

2

m ® photon yield (Npk) as large as possible

PP

o ® background counts as low as possible

Cherenkov Angle (mrad)

X o efficient pattern recognition keeping the
: peak occupancy under control (around 30%)

10
Momentum (GeVi/c)

I
Excellent performance in Run 1 and 2 thanks to an overall single photon
Cherenkov angle resolution oR'“"! ~ 1.7 mrad and oR'“"2 ~ 0.6 mrad
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LHCb upgrades

Observable Current LHCb Upgrade 1 Upgrade II
(up to 9fbY) | (23fb7Y) (5071 || (300fb71)
CKM tests
v (B - DK, etc.) 4° [9,10] 1.5° 1° 0.35°
¢s (BY = Jhpo) 49mrad (8] 14 mrad 10 mrad 4 mrad
[Viol/[Ves| (A9 = p=,, etc.) 6% [29,30] 3% — 1%
ad (B® - Dpty,) 36 x 1074 [34] 8§x107% 5x1074 | 2x107*
a (B — Dy pty,) 33x1074[35] |10x10™* 7x107* || 3 x107*
Charm
AAcp (D° —» KTK—,ntn) 29 x 107 [5] 17 x 107° — 3.0 x 107°
Ar (D° - KtK—,ntn™) 13x 1075 [38] |43 x 107° — 1.0x 1070
Az (D° — K9ntn™) 18 x107%[37] (6.3 x107% 4.1 x 107°|| 1.6 x 107°
Rare Decays
BB — ptp~)/B(BY — ptp~) 1% [40,41] 34% — 10%
Sup (BY = ptp~) - - - 0.2
AD (B° - K*%cte™) 010 [52] 0.060 0.043 0.016
Al (B0 - K*0¢ter) 0.10 [52] 0.060 0.043 0.016
AGY(BS = ) e sy 0.124 0.083 0.033
S4, (B2 — ¢7) 0.32 [51] 0.093 0.062 0.025
a,(A) = Av) o 53] 0.148 0.097 0.038
Lepton Universality Tests
Rg (B* = Ktete) 0.044 [12] 0.025 0.017 0.007
R+ (B® — K*0¢t4) 0.10 [61] 0.031 0.021 0.008
R(D*) (B° — D*~*w,) 0.026 [62,64] | 0.007 — 0.002
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LHCb upgrades

® in order to achieve the required statistical uncertainties, the instantaneous
luminosity (i.e. the pile-up) needs to be increased

® starting from Run 3 we have a shift of paradigm, removing the hardware

level trigger and running the LHCb experiment with a triggerless readout
system at 40 MHz

isible Shifted of 1 year due to pandemic: ~5 visible ~50 visible
interaction end of Run 3 in 2025 and interaction interaction
end of LS3 in 2028
LHCb— &—————— LHCb Upgrade |— e————LHCb Upgradelll
Ls3
- -1 LS2 S 33 HL-LHC - ~ 1 4 £=1- 34 ~ 1
Lig=10fb e et L£=2x10 AASIES — Lin~ 50 fo" Lt L£=1-2x10 LS5 —Lin~ 300 fb
Phase 2 upgrades

mllmmm 202 |2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 20 31 mmml'lm
LHCb Upgrade | LHCb Upgrade I: incremental
Installation starts improvements/prototype detectors
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Requirements for the evolution of the LHCb RICH system

Keep the excellent Run 1 and 2 performance while increasing the
instantaneous luminosity up to a pile-up of ~ 40!

Run 1,2 Run 3,4
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E £
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890500 600 400 300 & 200 460 600 800 %0500 ~600 400 300 6 200 460 630 800 B0 —t00 400200 § 200 400 0 800
x [mm] X [mm] x [mm]
RICH1 rings with 1 PV RICH1 rings with 5 PVs RICHL1 rings with 10 PVs

Introduction of timing concept more and more relevant! (rings in blue

matching search window for the input tracks)

https://doi.org/10.17863 /CAM.78867
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https://doi.org/10.17863/CAM.78867

Radiators




LHCb RICH radiators

® fluorocarbon gases were chosen because of the relatively low chromatic
dispersion

® C4F10: n=1.0014 at 400 nm, gas vessel: 2 x 3 X 1m?
® CF4: n=1.0005 at 400 nm, gas vessel: 100 m?

)

CAF10 (n-

200 300 400 500 600 700 800
Wavelength (nm)

Aerogel (n = 1.03 at 540 nm) was used for p < 10 GeV: not optimal
discrimination due to lower than expected signal to noise ratio (Rayleigh
scattering producing backgrounds), absorption of C4F1o degrading the overall
RICH1 performance = abandoned after Run 1
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Improvements related to radiators

The chromatic error depends on the convolution between the dispersion and
the photon detector quantum efficiency (QE)

Run 1 and 2 Run 3 and 4 Run 5 candidate

Chromatic Effect Chromatic Efect

Chromatic Effect
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RICH1 RICH1 _ RICH1 _
O chromatic = 0.84 mrad JﬂiaTatic = 0.52 mrad Ohromatic = 0.11 mrad
RICH2 2 RICH2  __
Oohromatic = 0.48 mrad Ochromatic = 0.34 mrad Ochromatic = 0.10 mrad
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Radiators R&D

® fluorocarbon gases have large Global Warming Potential
GWP(C4F10) = 8500 CO2, GWP(CF4) = 7000 CO»
G. Hallewell’s talk at RICH2022

® could replace CF; (n=1.0005) with CO; (n=1.0004): photon yield
(x 1 —1/n%) marginally lower, but worse chromaticity (from 0.34 to 0.53
mrad for MaPMT QE)

® intense R&D and studies at CERN to find alternatives to C4F19, matching
its refractive index and allowing operations in the LHCb environment
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https://indico.cern.ch/event/1094055/contributions/4974115/

Radiators R&D

Charged particle

® R&D on aerogel with improved
clarity to extend the coverage to
low momenta at hadron colliders

® very interesting early stages R&D
on metamaterials: layers of
dielectrics resulting in an effective
and tunable refractive index

Photonic crystal
2z (pm)

3
1
=
&
2
<
2
2
T

® possibility to tune emission angle
as well to completely rethink the
geometry of RICH detectors and
make them compact

X (um)

Nature Physics volume 14, pages 816-821
(2018)
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https://www.nature.com/articles/s41567-018-0138-4
https://www.nature.com/articles/s41567-018-0138-4

Optical system



LHCb RICH mirrors

® high reflectivity (> 90% in the wavelengths of interest) to maximise the
number of Cherenkov photons in the photon detector planes

® carbon fibre reinforced polymer substrates are used in RICH1 spherical
mirrors to minimise the material budget in the acceptance: ~ 1% X;

RICH1

Up Panel
Photon Detectors

Spherical

Mi |/
Aerogel irrors

CiFoGas |/
Volume

__J| Cosmic
Track

77*’¢. Down Panel
Photon Detectors
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Evolution of RICH1 optical system in the current Run 3 system

Focal Plane

Quartz Window

Spherical
Mirror

Flat Mirror

— Z

e curvature radius R increased of a factor ~ /2 = peak occupancy ~
halved, reduced opixel x 1/R

® emission point error from 0.61 mrad to 0.36 mrad

® extend overall gas volume of 100 mm = +14% Cherenkov photons

New mirrors, gas enclosure, quartz window
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Possible further evolutions of the optical system

Focal Plane

Quartz Window Remove

Spherical(quasi-flat)
Mirror,

Flat Mirror

® move the flat mirror in the acceptance: requires R&D on carbon fibre
flat mirrors, light-weight supports and with good resistance to
radiation

® emission point error can go down to ~ 0.1 mrad in RICH1 and from 0.32
to 0.05 mrad in RICH2

® further increase in spherical mirror curvature radius = reduced occupancy
and decreased pixel error
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Photon detectors, electronics and
DAQ



Photon detectors during Run 1 and 2

Cherenkov radiation focused on Hybrid Photon Detectors (HPDs) plane
HPDs equipped with embedded frontend electronics working at 1 MHz
readout

photoelectron accelerated by a —20kV potential towards a silicon matrix
of 1024 pixels

® band gap in Si is 3.6eV =~ 5000 e-h pairs/photoelectron

RICH detectors at LHCb

Giovanni Cavallero
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Photon detectors in Run 3

® removing the hardware level trigger in LHCb means that we have to
readout the RICH detectors at 40 MHz = replace HPDs with Hamamatsu
Multi-anode Photo-Multiplier Tubes with external readout

® R11265 and R12699 types, commercial candidates chosen given the
excellent active area (~ 80%), good spatial granularity O(10mm?), and

excellent response to detection rates up to @(100 MHz/cm?)

® impressive quantum efficiency of 40% at 300 nm in average!

offline
flat valley: fully comprehensive
modelled by fit model

10
QE Measured QEs of R-type MaPMTs E { ad-hoc model describing
QE E Kcharge loss along dynode

counts

single photon peak

double photon peak

.

R ADC

Signal + Contribution needed to
describe right side of pedestal
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Photon detection planes in Run 3
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rings in Run 3 at 13.6 TeV

1228948 1D

e Edit_View

Run 238149 - evID 1228948

RICH1

Ranm
RSRRRREREE|
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Photon detectors and electronics for further upgrades

® in order to run with a further increase in the pile-up (from 5 to 40), the
reduction of the pixel size and the introduction of the time coordinate is
necessary: fast (O(100) ps) photon detectors and fast electronics

® detection rates up to O(1 GHz/cm?), corresponding to a neutron fluence
(10y) of 6 - 10" neq cm™2

® can exploit the prompt production of Cherenkov radiation
doi:10.17863/CAM.45822

H

%0 Single LHC bunch
crossing (Run 3
simulation).

8 8

20

y-axis [mm]
y-axis [mm]

# of photons
g

200 20

a0+ .. 300"+ ..
RICH 1 for 12-15 ns RICH 1 for 12.6-12.7 ns
G s e s s s %00 300 200 100 0100 200 300 400 %00 300 200 100 0 100 200 300 400

Time [ns] x-axis [mm] x-axis [mm]
2 2 2 2
Ot = Odet + Oelec + Oclk
® need for very precise clock distribution across tens of km from LHC
machine and accurate length+-quality of data distribution optical fibres

® need for operationally feasible calibration strategies to achieve a stable
sub-ns time alignment across an area of ~ 4 m?
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doi:10.17863/CAM.45822

Candidate photon detectors for future upgrades: SiPMs

® SiPMs have several advantages:
extremely fine granularity,
resiliance to magnetic fields, high
photon detection efficiency,
green-enhanced quantum
efficiency, good timing

® but important drawbacks: dark
count rates after irradiation at
10" neg cm™2 (~ 1y = 6e 46 s of
data taking) are larger than Hamamatsu $14161-3050HS-08
expected signal rate

- Laser signal on
® could be compensated by irradiated devices

annealing and cryogenics
operations: but very challenging
from the operational point of view
and requiring R&D on a possible

1013y

10%2ng, om 2
interface between the photon 107 0oq ot
detectors environment and the gas
radiator envelope
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Candidate photon detectors for future upgrades: MCP-based

Extremely good time resolution < 100 ps, custom pixelisation tailored for
individual applications, but important drawbacks related to lifetime and rate
capability: R&D ongoing

Conventional MCPs

Large Area Picosecond PhotoDetector

Photonis Planacon XP85112

PANDA DIRCs
0 5 _)1|0

15
< T T T T T T T
S L""C"l“r" gt
T BN 400 nm MCP-HPD [JINST 13 C12005 2018]
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https://inspirehep.net/literature/1708466

Performances in a nutshell
[CERN-LHCC-2021-012]

Radiator C4F10 CF4
Detector version RICH1 RICH1 RICH1 RICH2 RICH2 RICH2
HPD MaPMT  SiPM+-optics HPD MaPMT  SiPM+-optics
Photon yield 30 60 40-30 ‘ 18 30 30-20
Single photon errors [mrad)]
Chromatic 0.84 0.52 0.11 0.48 0.34 0.10
Pixel 0.99 0.50 0.15 0.35 0.22 0.07
Emission point 0.61 0.36 0.12 0.32 0.32 0.05
Overall 1.66 0.81 0.22 ‘ 0.62 0.52 0.13
T T T T i
ot lol - LHCbRun2 B | 200 ps‘ f‘?unswmwng P é
% F . LHCbRun3 A 2 70 ps R1, 500 ps R2 ) /i
g f 1 < 100 ps
— 3.125 / N
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g T /1 E |
= / -
g / a |
- / ]
~ /] s |
/ s |
[
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http://cds.cern.ch/record/2776420/files/

Conclusions

® the LHCb RICH detectors have been upgraded to keep the excellent Run 1
and 2 performance with a five-fold increase in luminosity, a first
introduction of the timing concept and with improvements in the overall

Chrenkov angle resolution: now operational

® 3 first enhancement of the RICH system is foreseen between Run 3 and
Run 4 with fast frontend electronics F. Keizer talk at RICH2022

® R&D ongoing on optics, radiators, photon detectors, fast electronics,
mechanics to achieve the ultimate performance of a RICH detector in a
hadronic enviroment, to allow operations at the High-Lumi LHC with a
pile-up in LHCb of 40 interactions per bunch crossing

elatively long period of L. tral to the RICH evolution
(Schedule as of Jan 2022)
[2017]2018] 20192020 [ 2021 ] 2022] 2023] 2024 [ 2025 | 2026 2027 [ 2028 | 2029 2030[ 2031 [ 2032 [2033[ 2034 ] 2035 |||||||Eu‘
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SEile o @ e o o SO with smaller
52£%6 %0 o || exides =1 . FastRICH ASICs to pixels and
331 = background. provide photon SIS Sl | nproved timing.
2 g 4 Ld 1 Ld timestamps. o
= 5| ®° o oo ,={> ce e ee ce e ee .=I‘>
e o o . e o ° e o H

RICH detectors at LHCb

Giovanni Cavallero

October 27, 2022

30/30


https://indico.cern.ch/event/1094055/contributions/4931714/attachments/2508982/4311880/RICH2022-LHCb-LS3-FlorisKeizer.pdf

