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The CLAS12 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 Aerogel layer2 3 \Ui
/K rejection factor larger than 500 3 rows | A
* p/Krejection factor larger than 100 Aerogel layer 1 \ L | MAPMT
3 rows N\ and
RICH design dictated by need to fit in the existing CLAS12 geometry _ readout
and by cost reduction Aer°ff('“';:er° E— ~'

3 sections of Cherenkov radiator composed by 102 tiles of aerogel
with nominal refractive index n~1.05 (tile-to-tile RMS~10-3)

e 7 planar mirrors

* 10 spherical mirrors

* 391 Multi-Anode PMTs Hamamatsu H12700 and H8500 Lateral

* readout based on the MAROCS chip, total of 25024 channel Mirrors

Spherical mirrors

Chrenkov emission thresholds with n=1.05

B>1/n=0.952 P.>0.45 GeV/c
P.>1.5GeV/c
Pp > 3.0 GeV/c

Frontal
Mirror

Lateral
Mirrors

Module 1 installed in January 2018, Module 2 installed in June 2022



Photon patterns

The photon hit patterns depend on the position and angle of the track on the aerogel plane
Only central tracks produce a full circle on the photodetector plane
In general, the Cherenkov cone will be imaged onto section of circles with different radius
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Event reconstruction: direct ray tracing

y (cm)

A sample of photon trials is generated, based on the known refractive index
and the charged track kinematics, and traced inside the detector
Starting from the closest trial, the emission angles are adjusted to match the

photon hit

* need precise knowledge of the geometry of the detector
* need precise alighment of the detector to the CLAS12 tracking system

> Cherenkov angle for all the hits and for 3 hadron mass hypotheses: pion,

kaon proton
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Note on the Cherenkov angle notation:

cos1 = B cosf,

0. represents the measured Cherenkov angle
1. represents the Cherenkov angle rescaled to particles with =1

-

no momentum dependence




Alignment

The direct ray tracing requires knowledge of position and angles of all the active elements: aerogel, mirrors,
MAPMTs > Alignment

* total number of free parameters: 126 per module

A brute force approach has been used:

* generate a large number of random alignment parameters sets
find the best solution by minimizing based on peak position and resolution
Procedure:
determine the relative alighment between the aerogel and MAPMTs using zero reflection photons
align the mirrors one by one selecting specific photon detection topologies

This approach worked well for simple topologies (up to 2 reflections)

It failed for more complicated topologies and where photons with
zero reflections are not available

The third section of aerogel radiator has not been alighed yet
2 no acceptance at the larger polar angles
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AT (ns)

Time reconstruction and calibration

The readous system is composed by:

« MAROC chip: provide a fast (binary) line with programmable amplifier and
discriminator threshold for time measurement

e FPGA:TDC with 1 ns time stamp

The readout system provides start (T1) and stop (T2) times
* T1determine the photon arrival time

Pulse Amplitude [20@mV/div]

Time [2@ns/div]

 Time-over-threshold (duration) T2-T1: approximately proportional to the signal amplitude T T2
The time calibration is performed by computing AT =T1 — T 4
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MAPMT ageing

July 2022
NH; long. polarized target

April 2025
gaseous deuteron target
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-100 -50 1] 50 100 -100 -50 0 50 100

* One FE board not functioning in module2 due to heat production
* 2 MAPMT died during nuclear target data taking
* lessthan 1% loss



Cherenkov angle reconstruction
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8, (rad)

0.3

0.25—

035/ T — T — — —

Positive hadrons

No reflections

—
=]
Ta

e

-
=)
-
H
3

0.2
1
0-1 51 | | | |
" P= 3.0 GeVic A Fo 5.0 Gay/
1000 450 P= 5.0 GeVic V%
F 1 T+ 4002 rﬂx
\ 350; K"' f l
L 3001 A\ i
8001 \ 250§ |'\
- [
200F K+ E f ]L
: BRI AN
.15 0.2 0.25 0.3 0.35 0. :5’.1:5‘ oz 05 03 03 04
fe T s | ;d) (rad)

Track average Cherenkov angle

0.4

® - 10°
a” -
0,35 oo :
0.3— =1
0.25 —oorreend il e e i T o
B 1
0.2 T L T el B P
L1 1 1
0.1 '51 8
P (GeV/c)
m; P=3.0 GeV/c A o P= 5.0 GeVie
F T+ r T+
250F 100
2002 8o
150f 60
1oef K+
K+ 5 . B Jﬂﬂ L
(?.;S ‘ 0.3 ! ! ‘035 0.4] 6);5 ‘ 2 — 0.25 EE— 0.3 ‘ ‘ I[}ESI — 0.
6, (rad) 9. (rad)

10



Cherenkov angle vs photon detection topology

For photons with no reflections, the Cherenkov angle resolution can be written as Eur. Phys. J. A (2016) 52: 23

2 I—— T 3556/5
Prab 0.6149
Py 0.09683 + 0.000472
P. B4.13 :t_ﬁ_._B‘!‘_I_

w2 = 02 + Ocnr + Gaee + Oomi

Odir Otrk O chr O det O emi

* bigger contribution coming from the chromatic dispersion
 expected value around 5 mrad or better

For reflected photons, one must add:
* mirror contribution: small with smooth wavelength dependence

 double passage through the aerogel: suppression of UV and blue photons P R L™
M: f
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Number of photons per track
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RICH performance: time dependence

Comparison between data on an

unpolarized Hydrogen target taken in fall 2018
with data taken on a

longitudinally polarized NH3 target in fall 2022

Results for -
Plots for photons with 0 reflections
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Particle ID

Based on a binned likelihood approach as described in the PDG (Section 40 Statistics), where the bin is the MAPMT pixel

n;
pi(0

N
LL = —-2logA(@) = Zz [ui(e) —n; + n;log
i=1

n. = number of hits in the pixeli (= 0,1
' P ( ) 0; and t; measured quantities for the hit

_(9i—(92))2 A0 (= (t)? At

u;(0) =g,—e 29 e 204 + B; g = efficiency of the pixeli (=0 dead, =1 ok)
l ‘2m ooV 2m o\N2m
\_'_I \ J \ J B, = expected background of the pixel i
! ! (typical few hertz from calibration data)
flat ¢ gauss 6 gausst

For a reliable PID, a crucial ingredient is the precise knowledge of <t>, ,, <0>, 5, for every detected photon

* they depend on the aerogel block crossed by the particle and its

* due to alignment and calibration uncertainty, they may depend also on the path of the photons in the
detector, in particular on the charge of the particle and on the number of reflections

> stored in the CLAS calibration database

Particle ID quality parameters: number of photons per track
R, =LL(PID,) / LL(maXx)
Rq=1-LL(PID,) / LL(PID,)
%2 (time and Cherenkov angle) 1




Kinematic coverage
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Physics observables: MM(e K X)
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Monte Carlo simulations

» The RICH geometry is a mix of STL files extracted from CAD (aerogel, planar mirrors,
dead volumes) and geant4 shapes (spherical mirrors, MAPMTs)
» Optical properties tuned from characterization measurements
* aerogel:
o Cherenkov emission spectrum
o volumeeffects: transmission or absorption, Rayleigh and forward scattering
o surface effects:refraction with smearing
* mirrors
o reflectivity
o surface smearing
» Readout digitization
* MAPMT response to single photon (H1270 and H8500)
* binary readout of the MAROC chip
* TDC conversion

Number of collected electrop Time (ns) vs Duration (ns)

H12700 E ] MAROC
number of E ‘ response
| collected e- E T H Timevs

per SPE E [ et Duration
S B T iSRS

I 1 L | |
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I e — s " forward
‘F. r : : scattering
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Monte Carlo simulation results

Simulation results for perfect geometry
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New developments for alighment

The alighment of the CLAS12 RICH detector is a complex problems with a large number of correlated
parameters to be determined that can be effectively treated with Bayesian Optimization (BO) algorithm
* initial survey of the parameter space using Sobol generation

 using TURBO (1910.01739v4) for best alighment finding

. . . . e e . . 2 2
Define the objective to minimize as: M g1ign = \/(Rdirect + Riphe2 + )
: 2
rec,i expected
with: RZ — 1 ZNlayers ZNtiles ZNphotons (el,t _el,t )
topology — y tiles =1 t [ 4
First test: align two aerogel layers, 2 frontal mirrors and 3 spherical mirrors
* 15 free parameters simultaneously determined
. MM(e K+ X)
TURBO convergence blue: zero reflections aof i after alignment
: Ry
2.7 before a[ignment after alignment 60; L{k ‘1 e \IJ
[ Direct T Direct 50_ I
i 2.6 0.08 52+B2 (2 refl.) 52+B2 (2 refl) 40f T UHI\
:ﬁ:: | i Y
val oo Qo.os 205 11" I
' 2 - ”
| ol “
55 0.02 0.02 00_I = IO.énhl = 1 = I1.5l = ‘2| = I2.5l = ‘3 S I%ﬂ.?ﬂl(elKlJr;(;l

TuRBO batch number
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https://arxiv.org/abs/1910.01739

Conclusions

The CLAS12 RICH detector is desighed to provide hadron identification in the momentum range 3-8 GeV/c

The detector is taking data in the CLAS12 experiment with one module since January 2018 and in the final
configuration with two modules in opposite position since June 2022

Due to the constraints imposed by the existing spectrometer, the detector exploits a complicated optics,
with photons imaged either directly or after one or more reflections on the mirror system

A considerable effort has been required to calibrate and align the detector and optimize the PID algorithm

At present, the detector reached its desigh performance in the forward region (two out of three aerogel
sections)

New projects based on more powerful software tools (BO, Al/ML) have been initiated to reach the design
performance in the whole detector acceptance
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RICH detection purity and contamination

Look at e p @ e h+ X events and plot the MM for h+=n+/K+/p
e Minimal cut onthe RICH ID Ny>2.5

P = 5.500 - 6.000
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Fit the MM plots in the neutron mass region
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Cherenkov angle spectrum calculation (tile op424f22)

wavelength spectrum for photons reflected by the

The detected Cherenkov spectrum is a convolution of: spherical mirrors with an additional contribution of
« the Cherenkov emission spectrum wavelength spectrum for direct photons the aerogel transmission through 2+2 cm

* the transmission of the aerogel
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