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LHCD : goals and timeline
Search for signals of new physics(NP) beyond the standard model (SM) in high energy physics

« Indirect search from the decays of hadrons with b and c quarks

Large sources of flavour symmetry breaking are excluded at TeV scale, from the current measurements

Hence, we aim for a significant increase in the precision of LHCb measurements in RUN3 and future upgrades.
This requires collecting large amount of data.
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= At present LHCb has more than 1700 members from 103 institutes in 22 countries, including China
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The LHCb detector

At present:

> pp :Vs=13.6 TeV

> RICH1:
C,Fi, < ~60GeV/c
Photodetectors:

Top + Bottom

» RICH2:
CF,: <~ 100 GeV/c
Photodetectors:
Left+ Right

Venien Calorimeter

Tracking stations Muon

Locator
chamber

Forward spectrometer with 2 < n<5.

Overall acceptance ~ 102300 mrad, Momentum range : 2-100 GeV/c 4



Particle identification in LHCDb

= For particle identification (PID), LHCDb has:

 ARICH system

A set of muon chamber stations at the downstream end of LHCDb.

» This presentation focuses on the RICH system in LHCb

« Hadron PID in the 2-100 GeV/c range is a unique feature of LHCb
and continues to be an essential part of its physics programme.

JINST 19 (2024) PO5065.
Also, presentation yesterday,

on ‘LHCb calorimeter upgrade’
« A calorimeter system which consists of an electromagnetic and hadron calorimeters

« This is achieved essentially using the data from two RICH detectors named RICH1 and RICH2.
They also contribute to the identification of muons, deutrons etc.

RICH1: Aerogel 2->10 GeV/c (until 2014)
C,Fp0as <70 GeVic

RICH2: CF, gas <100 GeV/c.
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RICH system in LHCDb

Magnetic : support structure
Shield heton -
Detectors
250 ™
I - Spherical
e T Mirror
T C4F10 . .
o . 4 eam plEe
VELO exit window [ Track
Plane
Mirror
* Scintillation in CF, quenched
by adding a small amount of CO,
Nucl.Inst.Meth. A. 791 (2015) 27-31
L ! L J :
0 100 200 z (cm) 288 HPDs and magnetic shielding
RICH-1 (25-300 mrad) RICH-2 (15-120 mrad)
4m? CFy n=1.0014, up to60 GeV 100 m3 CF; n=1.0005, up to ~100 GeV

* Mirrors tilted to keep photon detectors outside the acceptance of the charged particles.
* Flat mirrors are used to limit the foot-print of the detector along the beamline.
* Spherical mirrorsin RICH1 are made of light carbon-fibre material to limit the material budget. 6



Photon detectors :

RICH In different RUNs of LHCb

* In RUN1 and RUN2, Hybrid photodiodes (HPDs) were used as photon detectors
* Theywere equipped with front-end readout working at 1 MHz rate

Arrays of HPDs
* MaPMTs connected to an external readout at 40 MHz, were installed for RUNS.

They are expected to be used also for RUNA4.
They are also being considered for RUNS for some regions of the detector plane

RICH1 in RUN3
* RUN2 - RUN3 : nominal luminosity (~4 - 20) X1022cm2s™ ¥  Quartz Window
* RICH1 was rebuilt with an improved optics for RUNS. Spherica
Flat Mirror J ________________
Details of the performance of RICH in RUN1 and RUN2 : [ A Z

RUNT1 : Eur. Phys. J. C 73 (2013) 2431
RUNZ2 : JINST 17 P07013

This presentation : Detector description is mostly focused on RUN3 and RUN4



RICH readout system in RUN3

— CLARO:

EC components = | |

Base8oard FrontEnd Boards;

MaPMTs

g F —= =

A base board to house the MaPMTs.
Front-end boards (FEBs) equipped with CLARO chips
A backboard which interfaces FEBs to a digital board

for configuration and readout. The backboard uses FPGAs.

Columns of modules assembled
from EC’s populate the detector plane

custom made 8 channel ASIC

JINST 8 C01029 (2013)
More details in backup pages

ﬁl Elementary Cell

CLARO/FEB
8 CLARO ASIC per FEB

PDMDB

Manage digital signals
processing and data
transmission.

2x 2 MaPMT i 1
e 5 8 Backboard
3 adapter to the PDMDB
’ Baseboard Mechanical structure (column)
P E—
Cherenkov —— l— FE Data
photons — PMT —— ASIC FPGA link m—p Off detector
E— —

Partially assembled structure




RICH1 Mechanics

Magnetic shielding plates Mechanical structure
attached to the shielding plates

Column of PDM

Readout boards

Easy to remove a column for maintenance operations _
Arrays of MaPMT modules (PDM) in columns 9



RICH1 Installation: Down Box (12/2021)
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RICHZ2 Mechanics

= RICH2 optical layout same as that in previous RUNs

= Two types of MaPMTs :
= Central region with R13742 , same as that for RICH1.

Pixel size 2.875 X2.875 mm

» Peripheral region R13743 with pixel size 6.06 mm X 6.06 mm

Arrays of MaPMTs .
Photos of MaPMTs on ECs 11



e Hamamatsu MaPMTs

O
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RICH photon detectors in RUN3
MultiAnode PhotoMultipliers

3100 R13742 and 450 R13743, including
spares

Super-bialkali photocathode
UV glass window
Minimum gain 1x10° at 1 KV

1:4 pixel gain spread in 1" PMTs, 1:3 pixel —

gain spread in 2” PMTs
Low dark count rate (< 2.5 kHz/cm?)

Single photon spectrum well separated
from the noise pedestal

e Higher QE of MaPMT in the green

©)

Chromatic error reduction

e Sensitive to magnetic fields

O

Shielding applied

Radiation levels: 3x10'2 1 MeV neq/cm2
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Further details in backup pages
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RICH data from RUN3

Some of the first set of Cherenkov rings from RUN3

RICH1

ﬂ Run 238149 - eviD 1228948

RICH2 in LHCb software

Gain [Me]

| 1.2 Me PDM average gain

v \ RICH commissioning:
* Thisincludes calibrating the CLARO chip gain.
 Some of the MaPMTs showed signal induced noise

RICH1 in LHCb software in a few channels. | | |
* The HV applied, was tuned to get optimal gain and noise levels

Fine tuned HV

13



RICH commissioning in RUN3

Time alignment :

* Atfirsta coarse time alignment was obtained within the 25ns that is 10°

needed for each LHC bunch crossing.

* |Inorderto reduce the background in the RICH data,
applying an effective time gate of 6.25 ns is applied.

RICH hit distributions from RUN3 data
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Time of arrival on RICH1
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From LHCb simulations

* The RICH reconstruction is running as
part of the HLT2 software.

* The RICH alignment s also performed
as part of online procedures.
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RICH data from RUN3 Occupancy in MaPMTs

RICH 1 PMT Occupancy BeamCrossing (Reuting Bits Physics] (Run = 291437)

Typical hit distribution in physics triggered events
. . _ Peak ~25% Physics
5720 hits in RICH1 . biased
3733 hits in RICH2 _ i . 1* selection
i
MNW PMT D

_ ' Physics
1 C T biased

oE LI .
A BRE 't} selectior
- " 42 wesl -
& g I st RICH?2
& tatd M)
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g _f . SV
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&,
.. s higy

Average value of L 3 %

visible :
interactions ~ 5.5 PMTID
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RICH expected performance

Typicalyields and single photon resolutions from LHCb-simulation:
Resolution components:

Resolution
(in mrad) Chromatic : From the variation of

refractive index

Chromatic 0.52 0.34 _
with wavelength
Pixel 0.36 0.32 (small PMT) Pixel : From the pixel granularity
Emission point 0.50 0.22 Emission point: From the tilt of the
spherical mirror and
th try fact
Overall (RICH alone) 0.81 0.52 (small PMT) | ~othergeometry factors
Tracking : Track angular resolution,
0.58 (all PMTS) . .
multiple scattering,
From tracking 0.1=2>1.2 0.14 2 >0.26 curvature in the
Yield 63 34 magnetic field etc.
Nominal Luminosity nominal E v
RICH1-RUN2 RICH2-RUN2 Configuration 1032 cm-2s™" # of TeV
Bunches
Overall (RICH alone) 1.60 0.65 LHCh in Run 2 4.0 2300 13 16
Yield 32 24 LHCbinRun3 20 2400 13.6 7.6

The resolution contributions from tracking depend on the track momentum e number of oo collisions ber bunch crossin
Here, for RICH2 , small MaPMT refer to R13742 type MaPMTs PP P e g



RICH resolutions In real data

From LHCb-RUN2 data using low multiplicity events:
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PID from RICH

From LHCb-RUN1 data : = |n general, there are many tracks close to one another,
and this makes it difficult to associate tracks with hits.

T 0F 220
= 4 200 = As 3 result, the PID algorithm uses a
o 180 ‘maximume-likelihood’ technique. NIMA 433 (1999) 257-261
g —1160
> =140 = This uses all combinations of tracks and
§ 120 mass hypotheses for estimating the expected signals on
o 1'%  the pixels.
5 = s —80

25 i . ':-5 : . .

i j ; % u Theseare compared with the actual signals to create

20 : i likelihood estimates and to find ‘maximum-likelihood’
15 L s i for the event.

1 1 1 a3 aal 0
10 102
Momentum (GeV/c)

Using isolated tracks from C,F,, in RICH1
Eur.Phys.J.C. (2013) 73:2431

The results are quoted for each track in terms of the
logarithm of likelihood ratios.

AlInL,_=InL(K)-InL(7r) =ALL(K-mn)

18



Efficiency

Typical PID performance from real data

From data collected in 2016 (RUN2)

> 11— 1
C 1™ 11 ] &) C i
1.4 — g - LHCb ’
- . S = Vs=13TeV b
1oF LHCb O O ALLK-m>0 3 2 i ]
- {s=13TeV 2016 ® B ALL(K-n)>5 L —e— 2016 MagUp
1:_ -O_Mx-o_-o-o-—o—_o_ _: 9 10_1 - -
:O_-.- +_._"'-.- -O-_O_'O'—o—_o_ - é E —=— 2016 MagDown E
0.8 K ->K . O _52 > B i
: - : s | :
0.6 :— "'_._ —: g I .
0.4f T =
- n - K 102 -
0.2 - ]
0 o - S «10° P T N PP B B
0 20 40 60 80 100 0.7 0.8 0.9 1
Momentum (MeVi/c) Kaon ID Efficiency
PID performance as a function of momentum PID performance averaged over the fullmomentum range.

lllustrated for two different ALL cuts The dots shown represent performances at different ALL cuts.

19



Typical PID performance from real data

From data collected in 2022 (RUN3) and RUN2

— 1 L 1 I L) L) I L) I I I I I 1 ) .
N : 1 =2 IF '
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g i R . 7 M -
— - un 32022 MagDown - Run 3 2022 MagDow
3, 150] GeV i n: gDown
B\ i N, € [5,10] p (3, 150] Ge . : N, < [5.10] p €10, 150] GeV
2 i
- -
L 8 LHCb-FIGURE-2023-019 // "
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Efficiency (K — K) Efficiency (p — p)

PID performance averaged over the fullmomentum range.
The dots shown represent performances at different ALL cuts.
Here, average number of PV pereventin RUN2 ~ 1.8,

in RUN3~5 -10
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Usefulness of RICH in physics analysis

Without RICH data With RICH data

LHCbh
& = 900 Ga¥ Data

LHCh
i = U900 Gavy Oala

Events / { 1 Mav/ic? )

4 8888 3 8 &

=
o

My (MaVic’)
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Usefulness of RICH in physics analysis JHEP 10(2012) 37

~2400 With selections using PID,
Q . .
S 2200 [ B —K'x one can see the different signals of B, B.°and A
2000 s b
0 -
= 1800 B ~xx
Z 1600 PID T Boe & 700E
2 .00F Selection 1 AR—pK ©3000f- S E B’
g 1000 - Ag—)pﬂ' Sa5000 g 5001  Bi—K'K
2 1B S S ool 8K
£ 800 - B >3- body - - 400 3
S ["”1 Comb. bk 52000 P L A-pK
O 600F e R §1500 £ 300 B A)-pr
400 ? 2 S ° 3 E___} B —3-body
21000} 22000 N /Al T 1 Comb. bkg
203 = 8 500k 8 mnfé.--i‘.;.-
49 50 5.1 5.2 53 54 55 56 5.7 58 u:f' N = n: , =
n*7 invariant mass (GeV/c?) 51 652 53 54 55 56 57 5.8 5 57 52 53 54 55 56 57 58
K'n~ invariant mass (GeV/c?) 77 invariant mass (GeV/c?)
1000 T F _ ~ 240
2 S 250 LH -+ S 4
2 oo 3 Cb _ (d) oo LHCb ¢ (e)
8 g 2000 2 160}
< 600 e C K~ g 160t —
% Sso-| P > 1200 pT
Using RUN1 data € aoof £ 100k 2 +
T b C T 80F ~—
'E 200! E E B ;-._._._._._:}.'_.-___ vy o)
0557 52 53 54 55 56 57 58 R ¥ Ny - e m %5354 58 56 57 58 59

K-K-invariant mass (GeV/c?) pK-invariant mass (GeV/c?) pm invariant mass (GeV/c?)

RICH data is used to reduce the combinatorial backgrounds and to distinguish between final states with similar

event topology. -



Future upgrades of the RICH system

Introduction of fast timing :

* Photons from the same track arrive at detector plane at the same time.

* This feature can be used to reduce backgrounds by selecting hits within an expected time window for each track.

* [llustration from RUNS3 simulations which show the time and space coordinates on RICH1 using a photon

detector with zero time jitter.

g 9005 Single LHC bunch E
%% m& crossing (Run 3 £,
_g_ simulation). g
700|
5 g
600| e
#
500
400
300
200
100
? e
" s 13 s 4 s s 40900 —300 —200 —100 O 100 200 300 400
Time [ns] X-axis [mm]

y-axis [mm]

400,
300!
200!

100

-100/
-200!

300

RICH 1 for 12.6-12.7 ns

-4 L L |
EIQUD 300 -200 -100 O 100 200 300 400

X-axis [mm]

The distinct peaks show tracks originating from different primary vertices (PV).

Applying a time window cut improves the PID capability.
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RICH upgrades in RUN4

In RUN4, the readout hardware will be upgraded such that time and space coordinates
for each hit will be recorded.

At the front-end ASIC a nanosecond-scale time gate will be applied.
In software, the time of arrival (TOA) of the photon at the detector plane can be predicted within 10 ps.
This facilitates the implementation of a ‘software time gate’ during data reconstruction.

In RUN4 the size of this time gate will be mainly determined by MaPMT time resolution.

ime 1 .
P,eﬁiﬂ-ﬂ{f‘ " dicted time 8

,J" pre ¥
e L
A a\///’ Software | :
Y .-(}C\rft/‘/ gate 1 [+ # [
A\ ! I Software
,»"/ . gate 2
.»"// o i - X
! I
| |
|

Photons track 1 Photons track 2 ___
Time
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RICH upgrades in RUN4

The time gate used at the front-end in RUN3 is 6.25 ns

Considering the MaPMTs have a time resolution of ~150 ps, the optimal software time gate would be ~600 ps.

This can result in an improvement in PID performance, assuming one knows the PV time.

In RUN4, RICH is the only detector in LHCb with
time coordinate measurement. This would require
the PV time to be determined from RICH data.

For RUN4 a readout chip named FastRICH is being developed
that can timestamp the hits within 25 ps time bins.
The upgrades to the readout hardware in RUN4 are part of the
upgrades towards RUNS5.

LHC Run 3

LHC Run 4

2029-2032

HL-LHC Run 5
>2035

Sensor
MAPMT

FE ASIC

FPGA

CLAROC Kintex 7

Sensor
MAPMT

FastRICH

Sensor
SiPM / MAPMT / MGP

FastRICH

D

D

Lty Optical link L4
GBT Versatile Link

Back-end
PCled0

C Optical link a2k
IpGBT / VL+

Back-end
PCled0 / PCled0++

3l Optical link R

IpGBT / VL+

Back-end
PCled0++

I
No time gate

[y
=]

Pion MisID Efficiency / %

— 600 ps gate (Run 4)

20

95 I I I I 100
Kaon ID Efficiency / %

ATDR is created for RICH upgrade in RUNA4.

Prototypes of the various parts of the new readout are being tested using test beams. 25



RICH upgrades in RUNS

= In RUNS, the luminosity is increased by a factor of ~ 5to 7, compared to that in RUN3

= Potential improvements in angular resolutions : _ op , 6 _
E.I % ® SiPMPDE || 15.8§
* The usage of SIPM can reduce the chromatic error s — carto x| 1225

15.2 ¢
15
14.8
14.6
14.4

and improve the yield, compared to those from MaPMTs used in RUN3 *
50

The SiPM can have reduced pixel size, for example 1 mm compared

to the 2.875 mm of MaPMTs 30 e
* However, they would need to operate at cryogenic temperatures 20F B gﬁ
to reduce the dark count rates to a good level. 10F 13.4
gI IR N N T T N T N T N S N A | 712.2
. . 00 300 400 500 600 700 800
« Other photon detectors such as MCPs are also being considered for Wavelengh - nm

achieving similar improvements.
(More details in a backup page)
Geometry changes to improve resolutions are also planned.

Examples:
* Increase the focal length

* Reduce the tilt of the spherical mirror
and make corresponding changes to the flat mirror [T :

Focal Plane

Quartz Window Remove

Spheri

Mirror,
Flat Mirror

=  R&D also planned to replace the gas radiators with more eco-friendly gases in the next decade, without
changing their performance. 2



RICH upgrades in RUNS

Example of resolutions and yields in RUNS5 from simulations:

Configuratio Overall Chromatic | Emission pt Pixel Yield
n [mrad] [mrad] [mrad] [mrad]
RICH 1
MaPMT 0.8 0.52 0.36 0.5 63
SiPM 0.40 0.11 0.36 0.15 47
SiPM+geom 0.22 0.11 0.12 0.15 34
RICH2
MaPMT 0.50 0.34 0.32 0.22 34
SiPM+geom 0.13 0.10 0.05 0.07 20-30

Realizing such resolutions would require corresponding improvements in LHCDb tracking also.
Here, usage of SiPM is considered for photons above 400 mrad, as an example.

Potential improvements in time resolutions:

 Usage of SiPMs or MCPs can reduce the software time gate that is applied
to a levelin the range of 100-300 ps.

27



Examples of PID performances expected in RUN5

o =150 ps |

=

S
o0
T ! T

* efficiency for * mislID rate 1%
&
(=)
I

0.4 - !
P -—— Run3, L=2¢33 1
~++ High, L=1.5¢34, A,=150ps 7
E Middle 1.3, L=1.3¢34, A,=150ps y
02F Middle 1.0, L=1.0¢34, A,= 150ps |-
li Low, L=1.0e34, 4,= |50ps - .

0.0 1 1 'l I i1 3 l 1 1 L 1 g 39921 1

10 100

p [GeV]

K* efficiency for 7* mislD rate 1%

o o o bt
= > % o

=
()

0.0

o =300 ps |
= .: L] L] L] L L] Ll I
—t— Runl, L=2¢33 !
= High, L=1.5¢34, A,=300ps 7
Middle 1.3, L=1.3¢34, A, =300ps y
Middle 1.0, L=1.0¢34, A, =300ps =
Low, L=1.0¢34, A, =300ps .
L 1 l L L 'l A L 2 F— l ; bl

10 100

p [GeV]

These show the PID performances as function of momentum for different combinations of resolutions.

Different scenarios being considered to balance cost and performance at different values of luminosity
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TORCH : Time-of-flight detector for RUNS

For improving PID in the low-momentum region which is below K/p threshold

in the gas radiators.

Detector concept :

* For K-pi separation over 10 m, aim for a single photon resolution of 70 ps,
which can potentially give a resolution of 15 ps per track.

33.6—

time of flight [ns]
b

 Cherenkov photons produced in a fused silica bar are propagated to a cylindrical
focusing block and then onto a detector plane. NIMA 639 (1) (2011) 173

R&D status :

* Prototypes are being developed

and tested. NIMA 1050 (2023) 168181

* At presentthe prototypes use
custom made MCP-PMTs.
JINST 10 (2015) C05003
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SUMMARY

Particle identification using the data from the RICH detectors has been an essential part
of the LHCb physics programme.

The RICH system performed reasonably well in the last 14 years. Excellent PID performance seen from data.
There was a major upgrade for RUN3. The new system has been operational for the past couple of years.
For the upgrades in RUN4 for the RICH system, a TDR was created.

For the upgrades in RUN4 and RUNS , prototypes are being tested.

30



BACKUP PAGES
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50 100 150 200 250

ADC counts

MaPMT response

MaPMTs for RICH

HAMAMATSU
TENTATIVE DATA SHEET

Dec. 2015

MULTIANCDE FHOTOMULTIFLIER TUBE

R13742

Exclusive for HPF-BS/ CERN and HPI/ INFN

MILANG (for LHCH/RICH)

Super Bialkali Photocathode (SBA), UV Window, 1 Inch Square

8 x 8 Multianode and Fast Time Response

General
FParameter Description Unit
Spectral Hesponse Hange 185 fo 650 nm
Paak Wavelength 330 nm
Photocathode Material %I-iali -
Matarial LY Glass -
Window Thickness __ 08 mim
Struciure hiatal Channel Dymode -
Dynode Mumber of S1age 12
Mumbsar of Pxels 64 (8 x 8 Matrix) -
Anade Pungl Sizg 2,88 x 2.88 mim
Effective Area N 23x 23 mm
Dimensional Qutline (W % 0 x H) 262K 262 n 174 mm
Packing Density (Eflective Area / External Size) il %%
[Waight 27 g
|Cperatng Ambéent Temperalure -30 1 450 geq C
|Starage Tempearature -B0 to +50 deg C
Maximum Ratings (Absolute Maximum Values)
Parameter Value Unit
Supply Voltage (Between Anode and Calhode) 1100 Y
Average Anode Quiput Current in Total 0.1 mié

Nucl. Inst. Meth. A 876 (2017) 206-208
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RICH Readout

CLARO : 8 channel ASIC

* 64 possible threshold settings from 30 ke- to2 M e

« 3 attenuation levels

« Power consumption only ~ 1 mW per channel

» Recovery time less than 25 ns.

* Radiation tolerant upto ~ 1 Mrad (10 k Gy) TID
(Even better results obtained from recent tests)

CLAROS8v3

» Performances of prototypes verified using
lab tests and beam tests

JINST 8 C01029 (2013)

Signal amplifier

Imiput : ; Discriminator
) : J_l_ Cutput
Dummy amplifier l?
+

.
x E %‘Thmshold Dac

« LHCb-RICH needed about 28000 chips. They were all characterised before installation
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Photon detectors for RUNS

Features of photon detectors candidates, that are considered for RUNS

MaPMT SIiPM MCP/LAPPD
Ot [pS] 150 60 30
Pixel size [mm] >2.8 >1 Custom (R&D) T
QE >35% at 350 nm | >45% at 460 nm | 20-30% at 350 nm @Q _
Dark count rate [Hz mm™] | 1 10° - 107 1 \ . 4
Typical operating voltage | 1kV <100V 1 kV arge Avea Picosecond PhotoDetector
B-field <5mT Insensitive <2T
Radiation tolerance Entrance window | Lattice defects Entrance window
Gain ageing limits lanode 100 PA N/A 10 Ccm?
= SiPMwould be required to operate in cryogenic temperatures, NIM A 922 (2019) 243-249

in order to reduce the dark count rates to an acceptable level

= MCP’s have excellent time resolution, but at present there are drawbacks related to lifetime and rate capability.

= Further R&D is planned for realizing a photon detector that meets all the requirements of LHCb upgrade?2.
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Aerogel C,F,, CF,

196 cm

32 mrad
4.4 GeV/c
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LHCb RICH radiators

R&D on novel radiators: meta materials

Cherenkov radiation

Aerogel Transmission
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Typically: A=0.94, C =0.0059 mm#* /cm
Resonance Transition Radiation :
 Has the features of conventional

 Both forward and backward radiation are
possible  Nature physics 14, 816-821 (2018)

* Possibility to create a structure with the desired refractive index
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RICH hit distributions in different RUNs

Fun 288388 - eviD 11304806 Aun 300511 « eviD 1473526

Single event in RICH1 at pile-up ~1 Single event in RICH1 at pile-up ~5

b v ‘i_.'... ?,!‘-,

L eIy
Faskanrl b .v;.\y :4‘4.;?_
N prr iy 3y g » Y

1
| LS

For RUN5, one would need a significant improvement in the angular resolutions and time resolutions.

It will involve developing novel photon detectors such as SiPM or MCP for single photon detection.
These photon detectors could be subjected to high radiation environment,

corresponding to 10"3 /cm? 1-MeV-equivalent neutron fluence. .,
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