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The RICH detector

Clean identification of kaons with respect to pions and protons in
the momentum range from 3 to 8 GeV/c

* timeresolution betterthan1 ns

 Cherenkov angle resolution 5 mrad

* pi/Krejection factor larger than 500

 p/Krejection factor larger than 100

* 3 sections of Cherenkov radiator composed by 102 tiles of
aerogel with nominal refractive index ~1.05
e 7 planar mirrors

Aerogel layer 2 é

3 rows

Aerogel layer 1 e “ ' . MAPMT

3 rows and
: readout

Aerogel layer 0 s

4 rows

* 10 spherical mirrors
* 391 Multi-Anode PMTs, total of 25024 readout channel

Chrenkov emission thresholds

Mirror A1

B>1/n=0.952 with n=1.05

P,.>0.45 GeV/c
P.>1.5GeV/c

Mirror A2

Pp > 3.0 GeV/c

Mirror B1

Module 1 installed in sector 4 in January 2018,
module 2 installed in sector 1inJune 2022

Mirror A3




Alighment

The precise knowledge of the position of the active elements of the detector (aerogel radiators, mirrors,
MAPMTSs) with respect to the CLAS12 tracking system is a crucial requirement for reliable PID performance
* large dimensions: at least 54 alighment parameters per sector
* highly correlated parameters
* thereconstructed Cherenkov angle is the only available information
The problem has been solved by using a Bayesian optimization method based on the TuURBO algorithm
C. Pecar, CLAS Coll. meeting, 10-13 March 2026

First application to the RGK spring 2024 data set
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Kinematic coverage

RG-A fall 2018
torus -1

pass2 cooking

New alighment
Full coverage
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Cherenkov angle results RGK spring 2024

Sector4

pi+, all aerogel tiles of layer 0 pi+, tile 21 of layer 1
blue: no reflections blue: no reflections

green: one reflection on the lateral mirror A2R green: two reflections, spherical mirror plus frontal
mirror B2
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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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Cherenkov angle: RGK vs RGE

blue: RGK pi+
green: RGE pi-

tile 13 of layer 2 (3+3 cm)
aerogel layer 0 : ) ) )
. two reflections, spherical mirror plus frontal mirror B2
no reflections
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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

Direct

blue: RGL
green: RGK S



Particle ID in CLAS12

1. Event Builder
Try FTOF panel 1b first, then 1a, then calorimeter:

21-p°
BZ
get PID as the closest mass hypothesis

calculate the mass M? = p

i 2
quality measure of the ID: x4, = (t—m)

Ot
momentum range: P <3 GeV/c (hominal)

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: RQ, RL,)(Z ,Ny (plus likelihoods)
momentum thresholds: P(r)>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:

L(m) = []; £;(r) LK) =1; £i(K) Lp) =11;L:(p)

1. No need for additional weights, the likelihoods are self-weighting
* jf 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
* howgood is one particle hypothesis? >chisquare, probabilities, etc.

L(best)
Pip =+~
% L3)
* how well are two hypotheses separated?
_ 1 _ LL(best)
RQ =1 LL(second)

First test combing the RICH and the FTOF

11



RICH likelihood
I e l o o / expected humber of hits in pixeli for a “perfect event”

i (6) perfect event: n; = 1; n={(n) t={t)
=—-2InL(H) = ZZ l,ul(e) i;(8) + n; ln ]

1

/ number of hits in pixeli (=0,1)
sum over the MAPMT pixels

expected number of hits in pixeli

Hi = plNexp<\ expected total number of hits

ang. acceptance of pixeli

TDC time resolution (=1 ns)
pixel efficiency (=1) /\ /\

Ad) _(mi—m»H? An _E=e? g
pi(6) = ¢ + B At

2

om opV2m o2 \

from calibration: N,,,, (1), Op) (t), of

background rate

PDG, Section 40. Statistics "




FTOF likelihood

expected number of hits in pixeli for a “perfect event”

i (6) perfect event:

n; = Hi

t = (t)

N
LL=-2InL(0) = 2; [ui(é’) — 1;(6) +/Tli lnui(H)

/ number of hits in paddlei (=0,1)

sum over the paddles of panels 1a,1b

expected number of hits in paddlei

Ui = piNeXp +———__ expected total number of hits (=2)

TDC time resolution (25/100 ps)
paddle efficiency (=1)

RC=O)

from calibration: (t) = 0, o;
(0) = ¢ >< e 20 + :
pl( ) l O_tm ><
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Pion identification study

Efficiency calculation procedure
* selectevents:ep->e’h+X

* applyfiducial cuts

* impose pion mass to h+

* plot MM(e h+ X) depending on the ID of the h+

* fitthe MM around the nucleon mass

RGK spring 2024 data set
Epearn = 8.5 GeV

torus +1

Results for sector 1

* true pions are the events in the neutron peak (N, ), after the background subtraction

MM(e Piplus X), EB Uplus, 6= 15.00 deg, P=3.250, Sector 4
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i
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Efficiency and mis-ID calculation

Nn—>j Number of true pions with reconstructed ID=j

Zj Nn—>j Total number of true pions

* Ratios to the total number of true pions

Ny
Efficiency €Er — T Fraction of true pions correctly ID
Z] Nn:—>j

Ny i
Mis-ID Mn—>j = Z;—]k Fraction of true pions with wrong ID, j=321,2212

k N1

Ny : : :
No ID M, o = T Fraction of event with no ID, j=0

Zk Npk
N .

Loss M norc = E;;N—ﬁ Fraction of events out of the fiducial cuts

e 1= € +Zj¢7‘L'MTL'—>j

» 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

15




MM Fits

Fit function:

f(x) = NpG(x) + NpP3(x)

* G(x) and P3(x) are gauss and 3" order polynomial, normalized to 1 in the fit range

 free parameters
o Number of events: N,,, N,
o mass and width of the gauss
o parameters of the polynomial
binned Likelihood fit
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Counts

magenta empty diamonds: ©+ - no fid. cuts

RICH results: Number of events | blackemptystars: 7+ 5o ID

Fixed angle, momentum dependence

Events, theta=11.000
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Ratio
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Results vs PID detector

Fixed angle, momentum dependence

Ratios, theta=11.000
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Efficiency and mis-ID vs PID detector

h+ no FidCuts, theta=11.000
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pit+ efficiency maps

Event Builder

RICH

P vs 0, Pi+ eff

P vs 0, Pi+ eff
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EB efficiency vs Sector
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Conclusion and outlook

The RICH is finally fully operative over its whole kinematic coverage

Work is ongoing to install and run the alighment 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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Ratio

Results vs detector

Fixed angle, momentum dependence

Only particles within the fiducial region

Ratios, theta=11.000
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proton mis-ID

MM(e p X) vs MM(e pi+ X), EB p, Sector 4
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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)

26



proton mis-1D: 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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