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The RICH detector

• 3 sections of Cherenkov radiator composed by 102 tiles of 
aerogel with nominal refractive index ~1.05 

• 7 planar mirrors
• 10 spherical mirrors
• 391 Multi-Anode PMTs, total of 25024 readout channel 

Clean identification of kaons with respect to pions and protons in 
the momentum range from 3 to 8 GeV/c
• time resolution better than 1 ns
• Cherenkov angle resolution 5 mrad
• pi/K rejection factor larger than 500
• p/K rejection factor larger than 100

Chrenkov emission thresholds
β > 1 / n ≈ 0.952  with n=1.05

Pπ > 0.45 GeV/c
PK > 1.5 GeV/c
Pp > 3.0 GeV/c
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Module 1 installed in sector 4 in January 2018, 
module 2 installed in sector 1 in June 2022
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Alignment 
The precise knowledge of the position of the active elements of the detector (aerogel radiators, mirrors, 
MAPMTs) with respect to the CLAS12 tracking system is a crucial requirement for reliable PID performance
• large dimensions: at least 54 alignment parameters per sector
• highly correlated parameters
• the reconstructed Cherenkov angle is the only available information
The problem has been solved by using a Bayesian optimization method based on the TuRBO algorithm

C. Pecar, CLAS Coll. meeting, 10-13 March 2026

First application to the RGK spring 2024 data set
• 300 pseudo-random initialization trials
• about 2000 total trials to reach convergence
• 30 trial per batch ran in parallel
• about 1.5h per trial on the Duke Univ. farm
• about 4 days per sector

Cherenkov angle distributions
• two reflections, various 

spherical mirrors

before alignment after alignment
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Kinematic coverage

New alignment
Full coverage

pass2 cooking

pi+

pi+

pi-

pi-
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RG-A fall 2018
torus -1



Cherenkov angle results
pi+, all aerogel tiles of layer 0
blue: no reflections
green: one reflection on the lateral mirror A2R

pi+, tile 21 of layer 1
blue: no reflections
green: two reflections, spherical mirror plus frontal 
mirror B2
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RGK spring 2024
Sector 4



Cherenkov angle results
pi+, all aerogel tiles of layer 0
blue: no reflections
green: one reflection on the lateral mirror A2R

pi+, tile 21 of layer 1
blue: no reflections
green: two reflections, spherical mirror plus frontal 
mirror B2

RGK spring 2024
Sector 1
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Particle identification Event Builder ID

K+→π+ mis-IDπ+→K+ mis-ID
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Cherenkov angle: RGK vs RGE blue: RGK  pi+
green: RGE pi-

aerogel layer 0
no reflections

tile 13 of layer 2 (3+3 cm)
two reflections, spherical mirror plus frontal mirror B2
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Cherenkov angle: RGK vs RGL 
Sector 4, electrons, aerogel layer 0, direct photons Sector 1, pi+, aerogel layer 2, 2 reflections S5+B2

blue: RGL
green: RGK 9



Particle ID in CLAS12
1. Event Builder

Try FTOF panel 1b first, then 1a, then calorimeter:

• calculate the mass 𝑴𝑴𝟐𝟐 = 𝒑𝒑𝟐𝟐 𝟏𝟏−𝜷𝜷
𝟐𝟐

𝜷𝜷𝟐𝟐

• get PID as the closest mass hypothesis 

• quality measure of the ID: 𝝌𝝌𝑷𝑷𝑷𝑷𝑷𝑷𝟐𝟐 = 𝒕𝒕− 𝒕𝒕
𝝈𝝈𝒕𝒕

𝟐𝟐

• momentum range: P < 3 GeV/c (nominal)

2. RICH (Sector 1 and 4)
For each hadron mass hypothesis h=pi,K,p:
• calculate the likelihood using measured time and Cherenkov angle 
• get PID from the hypothesis that maximizes the likelihood
• quality measures of the PID: 𝑹𝑹𝑸𝑸,𝑹𝑹𝑳𝑳,𝝌𝝌𝟐𝟐 ,𝑵𝑵𝜸𝜸 (plus likelihoods)
• momentum thresholds: P(π)>0.45 GeV/c, P(K)>1.5 GeV/c, P(p) > 2.8 GeV/c

3. Higher level models to improve Kaon ID
• A. Kripko: Deep Neural network
• C. Pecar: Random Forest classifier
• A. Acar: Multi-Dimensional S-weights
• Limited to up ~ 3 GeV/c
• Used to suppress misidentification only 10



Combining likelihoods from different detectors
If the likelihoods are properly normalized, likelihoods from different sub-detectors can be easily 
combined:

𝓛𝓛 𝝅𝝅 = ∏𝒊𝒊𝓛𝓛𝒊𝒊 𝝅𝝅    𝓛𝓛 𝑲𝑲 = ∏𝒊𝒊𝓛𝓛𝒊𝒊 𝑲𝑲    𝓛𝓛 𝒑𝒑 = ∏𝒊𝒊𝓛𝓛𝒊𝒊 𝒑𝒑

1. No need for additional weights, the likelihoods are self-weighting
• if one sub-detector has no separation power, it contributes for the same amount for all the mass 

hypotheses
• what matter is the difference of log-likelihoods

2. Maximizing the likelihood is equivalent to minimize the LL

3. ID quality parameter
• how good is one particle hypothesis? →chisquare, probabilities, etc. 

𝑷𝑷𝑰𝑰𝑰𝑰 =
ℒ 𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃
∑𝒊𝒊 ℒ 𝒊𝒊

• how well are two hypotheses separated? 

 𝑹𝑹𝑸𝑸 = 𝟏𝟏 − 𝑳𝑳𝑳𝑳 𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃
𝑳𝑳𝑳𝑳 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

First test combing the RICH and the FTOF
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RICH likelihood

𝐿𝐿𝐿𝐿 = −2 lnℒ 𝜃𝜃 = 2�
𝑖𝑖=1

𝑁𝑁

𝜇𝜇𝑖𝑖 𝜃𝜃 − �𝜇𝜇𝑖𝑖 𝜃𝜃 + 𝑛𝑛𝑖𝑖 ln
�𝜇𝜇𝑖𝑖 𝜃𝜃
𝜇𝜇𝑖𝑖 𝜃𝜃

sum over the MAPMT pixels
number of hits in pixel i (=0,1) expected number of hits in pixel i

expected number of hits in pixel i for a “perfect event”

perfect event:  𝑛𝑛𝑖𝑖 = 𝜇𝜇𝑖𝑖  𝜂𝜂 = 𝜂𝜂  𝑡𝑡 = 𝑡𝑡

𝜇𝜇𝑖𝑖 = 𝑝𝑝𝑖𝑖𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒 expected total number of hits

𝑝𝑝𝑖𝑖 𝜃𝜃 = 𝜀𝜀𝑖𝑖
𝛥𝛥𝛥𝛥
2𝜋𝜋 𝑒𝑒

− 𝜂𝜂𝑖𝑖− 𝜂𝜂 2

2𝜎𝜎𝜂𝜂2
𝛥𝛥𝛥𝛥

𝜎𝜎𝜂𝜂 2𝜋𝜋
𝑒𝑒
− 𝑡𝑡𝑖𝑖− 𝑡𝑡 2

2𝜎𝜎𝑡𝑡2
𝛥𝛥𝑡𝑡

𝜎𝜎𝑡𝑡 2𝜋𝜋
+ 𝐵𝐵𝑖𝑖𝛥𝛥𝑡𝑡

ang. acceptance of pixel i
TDC time resolution (=1 ns)

from calibration:  𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒, 𝜂𝜂 ,𝜎𝜎𝜂𝜂, 𝑡𝑡 ,𝜎𝜎𝑡𝑡

pixel efficiency (=1)

background rate

PDG, Section 40. Statistics 12



FTOF likelihood

𝐿𝐿𝐿𝐿 = −2 lnℒ 𝜃𝜃 = 2�
𝑖𝑖=1

𝑁𝑁

𝜇𝜇𝑖𝑖 𝜃𝜃 − �𝜇𝜇𝑖𝑖 𝜃𝜃 + 𝑛𝑛𝑖𝑖 ln
�𝜇𝜇𝑖𝑖 𝜃𝜃
𝜇𝜇𝑖𝑖 𝜃𝜃

sum over the paddles of panels 1a,1b
number of hits in paddle i (=0,1) expected number of hits in paddle i

expected number of hits in pixel i for a “perfect event”

perfect event:  𝑛𝑛𝑖𝑖 = 𝜇𝜇𝑖𝑖   𝑡𝑡 = 𝑡𝑡

𝜇𝜇𝑖𝑖 = 𝑝𝑝𝑖𝑖𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒 expected total number of hits (=2)

𝑝𝑝𝑖𝑖 𝜃𝜃 = 𝜀𝜀𝑖𝑖
𝛥𝛥𝛥𝛥
2𝜋𝜋 𝑒𝑒

− 𝜂𝜂𝑖𝑖− 𝜂𝜂 2

2𝜎𝜎𝜂𝜂2
𝛥𝛥𝛥𝛥

𝜎𝜎𝜂𝜂 2𝜋𝜋
𝑒𝑒
− 𝑡𝑡𝑖𝑖− 𝑡𝑡 2

2𝜎𝜎𝑡𝑡2
𝛥𝛥𝑡𝑡

𝜎𝜎𝑡𝑡 2𝜋𝜋
+ 𝐵𝐵𝑖𝑖𝛥𝛥𝑡𝑡

TDC time resolution (25/100 ps)

from calibration: 𝑡𝑡 = 0,𝜎𝜎𝑡𝑡

paddle efficiency (=1)

13



Pion identification study
Efficiency calculation procedure
• select events: e p →e’ h+ X
• apply fiducial cuts
• impose pion mass to h+
• plot MM(e h+ X) depending on the ID of the h+
• fit the MM around the nucleon mass
• true pions are the events in the neutron peak (Nn), after the background subtraction

true π+, pid=211

true π+, pid=321

14

RGK spring 2024 data set
Ebeam = 8.5 GeV
torus +1
Results for sector 1



Efficiency and mis-ID calculation
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𝑵𝑵𝝅𝝅→𝒋𝒋  Number of true pions with reconstructed ID=j 
∑𝒋𝒋𝑵𝑵𝝅𝝅→𝒋𝒋  Total number of true pions

• Ratios to the total number of true pions

Efficiency  𝜖𝜖𝜋𝜋 = 𝑁𝑁𝜋𝜋→𝜋𝜋
∑𝑗𝑗 𝑁𝑁𝜋𝜋→𝑗𝑗

  Fraction of true pions correctly ID

Mis-ID   𝑀𝑀𝜋𝜋→𝑗𝑗 = 𝑁𝑁𝜋𝜋→𝑗𝑗
∑𝑘𝑘 𝑁𝑁𝜋𝜋→𝑘𝑘

  Fraction of true pions with wrong ID, j=321,2212

No ID   𝑀𝑀𝜋𝜋→0 = 𝑁𝑁𝜋𝜋→0
∑𝑘𝑘 𝑁𝑁𝜋𝜋→𝑘𝑘

  Fraction of event with no ID, j=0

Loss   𝑀𝑀𝜋𝜋→𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑁𝑁𝜋𝜋→𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
∑𝑘𝑘 𝑁𝑁𝜋𝜋→𝑘𝑘

 Fraction of events out of the fiducial cuts

• 1 = 𝜖𝜖𝜋𝜋 + ∑𝑗𝑗≠𝜋𝜋𝑀𝑀𝜋𝜋→𝑗𝑗

 Efficiency, mis-ID, no ID, loss depend on the detector only (if fully unintegrated)
 The efficiency includes everything, except DC tracking efficiency

 To better understand the PID detector performance, it may be convenient to take out the loss due to fiducial cuts



MM Fits
Fit function:  𝒇𝒇 𝒙𝒙 = 𝑵𝑵𝒏𝒏𝑮𝑮 𝒙𝒙 + 𝑵𝑵𝒃𝒃𝑷𝑷𝟑𝟑 𝒙𝒙
• 𝑮𝑮 𝒙𝒙  and 𝑷𝑷𝟑𝟑 𝒙𝒙  are gauss and 3rd order polynomial, normalized to 1 in the fit range
• free parameters

o Number of events: 𝑵𝑵𝒏𝒏, 𝑵𝑵𝒃𝒃
o mass and width of the gauss
o parameters of the polynomial

• binned Likelihood fit

no Fid.Cuts

π+ ID

K+ ID

p ID
no ID

Proton ID: wider peak, 
more background

16



RICH results: Number of events
magenta empty diamonds: π+ → no fid. cuts
black empty stars:  π+ → no ID
blue filled circles:  π+ → π+ 
red filled up triangles: π+ → K+
green  filled down triangles: π+ → p 

Fixed angle, momentum dependence Fixed momentum, angular dependence
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RICH results: Ratios
magenta empty diamonds: π+ → no fid. cuts
black empty stars:  π+ → no ID
blue filled circles:  π+ → π+ 
red filled up triangles: π+ → K+
green  filled down triangles: π+ → p 

Fixed angle, momentum dependence Fixed momentum, angular dependence
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Results vs PID detector 

RICH

EBmagenta empty diamonds: π+ → no fid. cuts
black empty stars:  π+ → no ID
blue filled circles:  π+ → π+ 
red filled up triangles: π+ → K+
green  filled down triangles: π+ → p 

LH RICH+FTOF

Fixed angle, momentum dependence
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Efficiency and mis-ID vs PID detector 
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no Fid.Cuts
not considered in the ratios

π+ ID

K+ ID

no ID

p ID

Fixed angle, momentum dependence

blue filled circles:  EB 
red filled up triangles: RICH
green  filled down triangles: LH RICH+FTOF 



pi+ efficiency maps
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Event Builder RICH LH RICH+FTOF

Events that don’t pass theFid.Cuts are not considered in the ratios



EB efficiency vs Sector

22

no Fid.Cuts
not considered in the ratios

π+ ID

K+ ID

no ID

p ID

Sector 1 and 4: with RICH
Sector 2 and 3: with LTCC?? 



Conclusion and outlook
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The RICH is finally fully operative over its whole kinematic coverage

Work is ongoing to install and run the alignment software on the JLab farm

CLAS12 has various detectors for PID (FTOF, RICH, HTCC, LTCC, Calorimeters), combining the 
information from all the detectors is more efficient than just “choose the best one”

Initial study to combine RICH and FTOF using a conventional likelihood approach seem to be promising
• extension to calorimeters is straightforward
• HTCC might help at high momentum

A global particle ID using all the CLAS12 detectors should be mandatory in the future pass3 cooking
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Results vs detector 

RICH

EB
black empty stars:  π+ → no ID
blue filled circles:  π+ → π+ 
red filled up triangles: π+ → K+
green  filled down triangles: π+ → p 

RICH+FTOF

Only particles within the fiducial region

Fixed angle, momentum dependence
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Mrho

Mn

proton mis-ID
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• selecting events e p X (proton with pid=2212 from 
EB)

• assign to the proton the proton mass and 
calculate MM(e p X)

• assign to the proton the pion mass and calculate 
MM(e pi+ X)



Mrho

Mn

proton mis-ID: RGA simulation
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• proton selected by looking at the MC generated 
pid 

→ the e p rho events generate a peak in the neutron 
mass range in the MM(e pi+ X)
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