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Charged Hadron identification with the LHCb RICH sub-detectors
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Figure 22: The e↵ect of applying hadron PID selections to suppress the dominant pion mode (a)
to measure the CKM suppressed kaon mode (b), in CP violation analyses [15].
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Figure 23: The e↵ect of applying hadron PID selections to distinguish between
B+

c ! J/ ⇡+⇡�⇡+ (a) and B+
c ! J/ pp̄⇡+ (b) decay modes [19].
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Dominant pion mode 
B± → Dπ±

CKM suppressed kaon mode 
B± → DK±
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Dominant pion mode suppressed to 
negligible levels while          

retaining 70% of kaon candidates

• Charged hadron identification (PID) is a crucial component of the LHCb experiment, in particular for flavor physics 
studies. 


• The RICH sub-detectors provide such essential PID capabilities in a wide momentum range [3,100] GeV/c, allowing 
to discriminate decays that have the same topology. 


This is fundamental to suppress leading order decay modes and efficiently select Cabibbo suppressed 
decays to perform rare decay and CP violation studies 


• Efficient combinatorial background rejection used by all LHCb analyses. 

• More details on Giovanni’s talk

∼

https://inspirehep.net/literature/2087927
https://indico.in2p3.fr/event/33627/contributions/155244/


RICH detectors performance

• For a single track, two mass hypotheses (e.g.  and ) can be separated using the measured Cherenkov angle by 
estimating the number of standard deviations  that separates them:

π K
nσ

nσ =
Δθc

Δθc,res
=

|m2
K − m2

π |
2p2Δθc,restan(θc)

• The RICH detectors performance is intrinsically driven by:

Cherenkov angle resolution :

• Emission point error

• Pixel size error 

• Chromatic uncertainty


• Detected Cherenkov photon per track 


• Contribution from tracking system (to estimate  and tracks 
trajectories)

σc

Nph

p

Δθc,res =
σc

Nph

+ Ctracking,alignment,..where

Momentum (GeV/c)Momentum (GeV/c)
210 102

50

45

40

35

30

25

20

15

K p

Ch
er
en
ko
v
An
gl
e
(m
ra
d)

µ Ƈ�

220
200
180
160
140
120
100
80
60
40
20
0

RICH detectors performance
• Mass hypotheses separated at !! = #"# −### /2'#∆)$ tan )$ for a single track

• Δ"' = $'/√'() ⊕)*+,
• RICH detectors performance intrinsically driven by

• Cherenkov angle resolution $'
• Emission point error (focussing optics and spherical mirror tilt)
• Pixel size error (spherical mirror curvature radius and pixel size)
• Chromatic uncertainty (radiator dispersion ⨂ quantum 

efficiency curve)
• Detected Cherenkov photons per track '() (and low noise)

• Contribution from tracking system for trajectory of tracks and 
momentum estimate
• In practice ~ 100 tracks per inelastic pp event: effectively 

construct a global log-likelihood between measured hits and 
expected hit patterns from tracks with different mass 
hypotheses: robust reconstruction
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Cherenkov angles in C(F)*	
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10.1140/epjc/s10052-013-2431-9

https://doi.org/10.1140/epjc/s10052-013-2431-9


The LHCb RICH Upgrade: present and past detectors
• There are two RICH detectors, both composed by a gas enclosure containing the radiator and an optical system 

composed by spherical and flat mirrors.


• The optoelectronic chain is composed by position sensitive sensors with the relative electronics, placed outside the 
LHCb detector acceptance.

RICH Upgrade (LHC Run 3)
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RICH1 

[3,40] GeV/c over 25-300 mrad

RICH2 

[15,100] GeV/c over 15-120 mrad

Hybrid Photon Detectors (HPDs) Multi-Anode Photomultipliers (MAPMTs)

1MHz readout front-end 
encapsulated with the HPDs


New Front-End (FE) Electronics, 
featuring the CLARO8 ASIC


New DAQ system

RICH during LHC Run 1-2

New optical system for RICH1 

https://iopscience.iop.org/article/10.1088/1748-0221/12/08/P08019


The LHCb RICH Upgrade

RICH Upgrade (LHC Run 3)
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Multi-Anode Photomultipliers (MAPMTs)

New Front-End (FE) Electronics, 
featuring the CLARO8 ASIC


New DAQ system

New optical system for RICH1 

• Active area of the order of 80% and spatial granularity O(10 mm ) 

• appropriate gain and quantum efficiency 


Gain higher than 10  e    

Quantum efficiency of the order of 40% at 300 nm thanks           
to the ultra bi-alkali photocathodes 


• low dark count rate (O(kHz/cm )) 

2

6 −

2

Single-photon detection at the 40 MHz LHC bunch crossing rate achieved with 
CLARO asic

To magnify the ring and spread photons over a larger area 

• Peak occupancy under 30% in order to maintain the PID performance

• After Run 1/2, LHCb experiment’s precision on key flavor physics observables were still statistically limited.

Main limitation with the upgraded luminosity: maximum allowed output rate of the first trigger stage (L0), 
implemented in hardware.

Optimal strategy: implementation of a full-software trigger that discriminates signal channels based on complete 
event reconstruction.  


New trigger strategy, higher luminosity alongside a full revision of the software and data processing

https://iopscience.iop.org/article/10.1088/1748-0221/12/08/P08019


Upgraded RICH detectors

RICH System in Run 3
The RICH detector system is working successfully during LHCb Run3

● November 2021 Æ operating RICH 2 during LHC pilot beam

● May 2022 Æ first high energy beam on 5 July

● Collecting data efficiently since

8

One side of RICH 1 in LHCb cavern

One side of 
RICH 2 in 
Meyrin

Upgraded RICH detectors start-up
• RICH detectors have been fully operational since the start of Run 3
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ICHEP 2022 LHCb highlights

Cumulative hitmaps

Single event display

RICH detectors have been fully operational 
since the start of Run 3 

Cumulative hitmaps
Single event display 
at nominal pileup
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=1.1μ

RICH 1 , =5.5μ
ICHEP 2022: 


LHCb highlights

https://agenda.infn.it/event/28874/contributions/171903/attachments/94791/130076/ICHEP2022_LHCbHighlights.pdf


Working point evaluation and Optimization
Threshold scans

● MaPMTs – CLARO chip calibration 

● HV tuning

● Ageing

9

Background Studies

● Signal Induced Noise

○ noise present only in correlation with signal and 
located in specific areas of the MaPMT

● Gain-noise optimization

JINST 16 (2021) P11030

Poster by Federica Borgato
Upgrade of the LHCb RICH detectors
and characterisation of the new opto-electronics chain

Calibration and monitoring of the photo-detection chain
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• Several calibration procedures have been followed in order to ensure the best detector performance:


Background studies:

• Signal Induced Noise: noise present only in correlation with signal and located in specific areas of the MaPMT 


Luminosity estimation: obtained monitoring the calibrated measurement of the power supply currents 


• Last dynode of the MaPMTs supplied independently to preserve gain linearity at high rates up to 100 MHz/cm  


Gain monitoring via threshold scans

2
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Figure 5: (a) The distribution of the last dynode voltage of a single PDM over the course of 2023
operations and (b) the trends of iLumiRICH for the eight PDMs in the high-occupancy region of
RICH1 during a luminosity scan. Note that an excess around 14:30 is visible, indicating that
beams were already colliding head-on. The variations in the absolute scale of these monitors is
due to the di↵erent geometrical acceptances of the PDMs.
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Figure 6: Correlation between MaPMT anode currents and the LLD voltages for RICH2 (a)
A-side and (b) C-side. The baseline values are subtracted before the linear fit is performed. The
fitted o↵set and slope values are 2.8 ± 3.3 µA and 4.43 ± 0.04 µA mV�1 for the A-side, and
7.5± 3.5 µA and 4.65± 0.05 µA mV�1 for the C-side.

instantaneous luminosity. The calibrated output voltage (VLLD) can provide luminosity to
the LHC even when the MaPMTs are o↵, e.g. during machine development periods. The
correlation between MaPMT anode currents and the LLD output is shown in Fig. 6.

One of the main advantages of the real-time monitors is their independence from the
status of the LHCb data-acquisition system. In order to find the proportionality constant
between iLumiRICH, VLLD and the instantaneous luminosity, the number of detected hits in
the RICH photon detector planes can be employed, as reported in the following sections.

4 Hit counters and modelling of the opto-electronics

chain

The luminosity is measured using proxy variables, hereafter referred to as luminosity
counters, for which the average number of visible collisions (µvis) and the visible cross-
section (�vis) are defined. For a given luminosity counter, defining " as the term factorising

8

arXiv:2503.05273 

https://iopscience.iop.org/article/10.1088/1748-0221/16/11/P11030
http://arxiv.org/abs/arXiv:2503.05273


Upgraded RICH detectors start-up
• RICH detectors have been fully operational since the start of Run 3
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ICHEP 2022 LHCb highlights

Cumulative hitmaps

Single event display

Gain equalisation
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3.3. MAPMTs gain study with ComLab data
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Figure 3.13: Integral pulse height spectra for anode 16 of RICH1 A-side, column 8, PDM 2, EC 0, PMT 0,
HV=1000 V, for CLARO configurations attenuation and offset equalt to [1,1] (top left), [1,0] (top right), [2,1]
(bottom left), [2,0] (bottom right).
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Figure 3.14: Gain dependence on anode position within the MAPMT surface for one PMT in RICH2, A-side,
column 8, PDM 3 (R-type MAPMT), HV=1000V.
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Chapter 3. Photo-detectors gain study on the LHCb RICH Upgrade I
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Figure 3.21: k -factor of RICH 1 Up column 7 PDM 2. The black lines are the k -factors relative to the 16
MAPMTs inside the PDM. The violet line is the PDM k -factor.

target gain and find out the corresponding HV value to perform a fine-tuning of the HV settings. But
in order to do so, a fit of the PDMs k -factors must be performed first.

It is known that the gain is proportional to the kn exponential power of the supply voltage, following
the equation G=A·HVkn, where k is a constant depending on the structure and material of the dynode
and n is the number of dynodes stages [89]. In order to fit the PDMs k -factors a second-degree
polynomial has been chosen since it well describes the trend of the gain as a function of the HV. Figure
3.22 shows the fit on one of the RICH 1 R-type PDM k -factor.
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Figure 3.22: k -factor of RICH1 Up column 7 PDM 2 with the second-degree polynomial fit.

The target gain was set to to 1.2 Me�; this value is chosen based on the high-occupancy region of
RICH 1, where the HV could not be increased to avoid damaging the MAPMTs. Exploiting the PDMs
k -factors it is possible to extract the fine-tuned HV settings as displayed in Figure 3.22; if the target
gain lies within ±1� of one of the k -factor points, the corresponding HV setting is selected.

The fine-tuned HV settings have been determined and have been applied to the RICH sub-detectors
at the end of the 2023 data acquisition year. Figure 3.23 displays the PDMs gain distribution across
the RICH 1 and RICH 2 photo-detection planes, showing a nice distribution around the expected 1.2
Me�. Figure 3.24 shows the final RICH 1 and RICH 2 hitmaps after fine-tuning: no regions are
counting significantly more or fewer hits than neighboring regions, indicating that the HV fine-tuning
was successful.

94

• Gain of 200k MAPMTs channels have been extracted:

analysis of the integrated charge spectrum acquired with the threshold scan datasets


• The dependance of gain on the HV setting has been studied:

possibility to choose a target gain and fine tune the HV settings to make the sensors response uniform across 
the photo-detection planes

margin to adjust HV setting in order to avoid future ageing

Gain



MAPMTs ageing monitoring
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Ageing on the MAPMTs is expected at two levels: 

• ageing of the photocathode, causing loss of quantum efficiency.

• ageing of the multiplication chain, causing a loss of gain 


Gain monitoring is thus needed to check on the ageing of the photo-sensors

Threshold scan datasets have been acquired several time across the LHC Run 3 data taking year.

The gain dependence on HV has been measured recently and compared to the same value at the end of 2023:


• A decrease of gain of 5% is observed

• Such variations are well within the relative uncertainties as expected

∼



Time alignmentTime alignment
• Prompt emission of Cherenkov radiation and focussing optics suggestive of a fine time 

gating to reduce out of time backgrounds 
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• B: background due to particles travelling 
directly to the photon detection plane

• S: Cherenkov signal
• R: background due to multiple reflections of 

Cherenkov photons in the optical system
• + incoherent background due to 

instrumental internal noise/scintillation 
photons in the radiators

Best trade-off between photon detection efficiency and 
background rejection found for a 6.25 ns time gating window: 

deployed since end of 2022

RICH1 
simulation

Predicted time

Time alignment
• Prompt emission of Cherenkov radiation and focussing optics suggestive of a fine time 

gating to reduce out of time backgrounds 
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• B: background due to particles travelling 
directly to the photon detection plane

• S: Cherenkov signal
• R: background due to multiple reflections of 

Cherenkov photons in the optical system
• + incoherent background due to 

instrumental internal noise/scintillation 
photons in the radiators

Best trade-off between photon detection efficiency and 
background rejection found for a 6.25 ns time gating window: 

deployed since end of 2022

RICH1 
simulation

Predicted time
• The RICH sub detectors time alignment is performed in two steps:


Coarse time alignment: in the 25 ns of the bunch crossing ID 

Fine time alignment: 


• apply a signal latching scheme based on gating in few ns to maximize 
detection efficiency while reducing out-of-time background 


• Identify the rising edge of the digitized signal                                           
(minimum gating is 3.125 ns)

• Optimal configuration to enhance photon detection reducing the background at 
the minimum: 6.25 ns gating window

From simulation:

B: photons hitting directly the     
photo-sensors


S: Cherenkov signal


R: photons that have been 
reflected multiple times by the 
optical system
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Occupancy in real data

• To achieve the desired performance, the detector was designed to work up to 30% occupancy


In real data: peak occupancy around 30% per physics event at nominal pile-up (5.5) as by design 
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Figure 4: Occupancy distributions for (a) RICH1 and (b) RICH2 as a function of MaPMT index
number. The magenta dashed curves correspond to physics-biased events while the blue curves
correspond to minimum-bias events.

L = ⌫int
µLHCb

�LHCb

, (4)

where µLHCb is the average number of visible collisions in LHCb, defined as events in
which at least one charged track produces hits through the full experiment acceptance.
The value �LHCb is the cross-section for these pp collisions, whose value at 13TeV has
been determined [11]. The value N� in Eq. 3 is proportional to µLHCb and therefore the
anode current serves as a proxy for the instantaneous luminosity, provided the gain is
stable as a function of rate and occupancy.

The occupancy is measured at nominal luminosity L = 2⇥ 1033 cm�2 s�1 and is shown
in Fig. 4. The detected peak occupancy for physics-biased events, defined at first order
as containing a b- or c-hadron, is approximately 30% in RICH1, with this number being
relevant for the ability to distinguish charged hadrons for data analyses. Conversely,
minimum-bias occupancy, determined by randomly selecting events corresponding to
colliding bunches, results in an occupancy of only 20% in RICH1. The unbiased events
are more relevant from the operational point of view, giving an indicator of the average
activity per colliding bunch crossing on the photon detection planes. In RICH2, the
physics-biased and minimum-bias peak occupancies are of order 10% and 6%, respectively.

Based on the considerations reported in Sec. 2, the dynode bias mode is implemented
for all the MaPMTs installed in the RICH1 detector. While maintaining a stable gain,
the powering of Dy12 also allows the exploitation of Eq. 2, namely

iLumiRICH ⌘ iA = �iPS + iDy12, (5)

as real-time instantaneous luminosity monitors. In RICH2 only PK is supplied, while the
Dy12 channel is used in monitoring mode, i.e. iDy12 = 0.

The power-supply currents are measured through the RICH HV system, employing
common-floating-ground A1538DN CAEN boards. The monitoring period is of order 10
ms corresponding to about 100 LHC orbits, hence the sensitivity is on average values
rather than instantaneous currents. The current monitoring of the channels has a typical
accuracy of ±2%±3 µA as reported by the manufacturer. Given a gain of order 1 Me and a
20% detected occupancy per event in the higher occupancy region of RICH1, a measurable

6

arXiv:2503.05273 

http://arxiv.org/abs/arXiv:2503.05273


Cherenkov angle resolution and online monitoring

Alignment and Cherenkov angle resolution
• Single photon resolution also has a contribution from 

the spatial alignment of the optical system and from 
the relative alignment with the trackers
• Hardware alignment done during the installation 
• Software alignment correcting for residual 

imperfections
• photon detectors panel alignment done a few times per 

year to find the absolute minimum
• Fine tuning corrections with mirrors alignment per run

July 18, 2024The LHCb RICH Upgrade: operations and performance               Giovanni Cavallero 11

RICH1 resolution in Run 3

RICH2 resolution in Run 3
LHCb-FIGURE-2023-007

• Single photon Cherenkov angle resolution is one of the main figure of merit to evaluate the RICH performance:


It is reconstructed via an online monitoring task selecting high momentum tracks 

It allows to perform refractive index calibrations as well (cos )	 

It is dependent on the software spatial alignment (mirrors and panels)

θc ∼ 1/nAlignment and Cherenkov angle resolution
• Single photon resolution also has a contribution from 

the spatial alignment of the optical system and from 
the relative alignment with the trackers
• Hardware alignment done during the installation 
• Software alignment correcting for residual 

imperfections
• photon detectors panel alignment done a few times per 

year to find the absolute minimum
• Fine tuning corrections with mirrors alignment per run
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RICH1 resolution in Run 3

RICH2 resolution in Run 3
LHCb-FIGURE-2023-007

• The online monitoring provides estimation for:

Single Photon Cherenkov angle resolution

post-reconstruction photon yield per track 

Experiment control system variables
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PID performance: calibration samples
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Hadron identification performance
• RICH detectors single photon resolution, number of detected photons per track, 

operational stability and calibrations impact the hadron identification performance 
used in data analyses to select the signal of interest and reject backgrounds 
• Performance determined through the studies of calibration samples selected by 

purely kinematic means: 2∗& 	→ 	2' → 5(6& 7& and Λ → 97(
• Cut on high level variables defined as 2::ℎ = ln ℎ /ln(7) in bins of momentum, 

angular acceptance and event multiplicity

July 18, 2024The LHCb RICH Upgrade: operations and performance               Giovanni Cavallero 12

• PID performance of the RICH detectors depends on the single photon resolution, number of detected photons per 
track, operational stability and calibrations. 

• Calibration samples are exploited to assess the PID performance estimating the efficiency and mis-ID efficiency by 
varying the PID cut on high level variables:


•  for pions and kaons discrimination

•  for pions and protons discrimination


• Selection on such samples is based on kinematics requirements only.


D*+ → D0( → K−π+)π+
s

Λ0 → pπ−

LHCb-FIGURE-2023-019
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https://cds.cern.ch/record/2868904


Hadron identification performance vs Run 2
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• Preliminary performance evaluated with data collected at the end of 2022
• 2023 performance even better but biased by VELO open conditions (effectively select low 

occupancy regions) LHCb-FIGURE-2023-023 
• Comparison between Run 2 performance curves and Run 3 curves in events with 

number of reconstructed primary vertices between 5 and 10 
• Demonstrates that already with the preliminary calibrations performed in 2022 the 

upgraded RICH detectors will outperform the previous versions at the average pile-up 
value of Run 3 LHCb-FIGURE-2023-019

PID performance: Run 2 vs Run 3

• The PID performance has been fully characterized in bin of momentum, pseudorapidity of the tracks and occupancy.


• In particular, comparing high-pile up events in Run 3 (pile-up 5.5) with Run 2 values (pile-up 1), it possible to 
observe that the excellent PID performance of Run 2 is retained and outperformed.


∼ ∼

LHCb-FIGURE-2023-019
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https://cds.cern.ch/record/2868904


PID performance with 2024 data
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• PID efficiency and misidentification rate as a function of the momentum: 

Loose PID selection: high signal efficiency

Tight PID selection: high background rejection

• Dependence on the number of primary vertices per event  :

lower  values imply a better PID performance

NPV
NPV
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PID selection on Run 3 data

 

Dominant mode 
B0 → K+π−

Suppressed mode 
B0 → π+π−

EPS-HEP2025                                                                                               F. Borgato                                                                                                                  15

LHCb preliminary LHCb preliminary LHCb preliminary

No PID selection 
B0 → h+h−

• The effect of the PID selection from the upgraded RICH sub-detectors can be observed in this example from the    
Run 3 LHCb analysis regarding the  decays:B0 → h+h−

https://inspirehep.net/literature/2087927


Conclusions

• The LHCb detectors have been operating smoothly since the start of Run 3.


• Accurate calibration procedures allow to fully exploit the detectors potential.


• The PID performance outperformed the one available during Run 1 and Run 2:


Unmatched PID discrimination power for the LHCb analysis

I CIR H

I     RICH



I CIR H

I     RICH
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The Photon Detector Module
Front-end digital board: 

● capture CLARO outputs

● synchronize to LHC clock

● data algorithm, format and transmission

PDMDB: motherboard with FPGAs and power distribution

●  plugins for controls and data transmission, DTM and TCM

EC+PDMDB form the logical unit called the Photon Detector Module (PDM) 

● share common LV and HV distribution

Modular design to facilitate maintenance 

23Novec circulated at 16◦C ensures MaPMT temperature at 25◦C

The Photon Detection Module

• Front-end digital board:

Capture CLARO outputs

Synchronize to LHC clock

Data algorithm, format, transmission 

• PDMDB: motherboard with FPGAs and power distribution

Plugins for control and data transmission, DTM and TCM

• Elementary Cells + PDMDB form the logical unit called 
Photon Detector Module (PDM)


Share common LV and HV distribution

EPS-HEP2025                                                                                               F. Borgato                                                                                                                  



RICH reconstruction
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RICH detector hits:

• Event decoding

• Photon hits

Tracks:

• Track radiator trajectories

• Ray traced Cherenkov cones

• Expected Cherenkov angles

• Expected Cherenkov resolutions

Cherenkov photon candidates:

• Reconstruction from photon hits and tracks

• Predicted likelihood distribution for each pixel

PID likelihood minimization:

• Computes likelihood values for each track and hypothesis

• Results of PID quoted as             

with , assuming  as baseline hypothesis
DLL(h − π) = ΔlogL(h − π)

h ∈ [π, K, p] π


