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RICH-1 is a large size RICH detector in operation at the COMPASS experiment since 2001 and recently
upgraded implementing a new photon detection system with increased performance.

A dedicated software package has been developed to perform RICH-1 data reduction, pattern
recognition and particle identification as well as a number of accessory tasks for detector studies.

The software package, the algorithms implemented and the detector characterisation and perfor-
mance are reported in detail.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The COMPASS experiment [1-6] at CERN SPS is dedicated to
hadron physics, in particular to the study of the nucleon spin structure
with muon probe and of a variety of issues in the hadron spectroscopy
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sector, measurements by means of hadron beams. Both topics of this
two-fold research programme require robust hadron identification.
In the COMPASS spectrometer [6], it is provided by a large size
Cherenkov imaging counter, RICH-1, operated in its initial version
since 2001 [7] and in its upgraded version characterised by a more
powerful photon detection system since 2006 [8,9].

Hadron identification is a powerful tool for the experimental
investigation of heavy quark spectroscopy [10,11] and RICH counters
are since a long time standard components of experimental setups
dedicated to these measurements. Cherenkov imaging counters have
been introduced only recently in the experiments dedicated to deep
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inelastic scattering of polarised leptons off polarised nucleons,
becoming essential tools for these physics studies [6,12].

This article is dedicated to the software package built for COMPASS
RICH-1 data reduction in order to perform pattern recognition and
Particle IDentification (PID), and to study the detector performance.
The software tools had been developed for the initial version of the
detector and have been modified for the upgraded detector version,
keeping unchanged both the basic architecture and the core of the
reconstruction algorithm. In the following, we describe the version in
use for the upgraded detector.

A short description of RICH-1 is presented in Section 2. Sections
3-6 describe the software package and present a discussion of the
algorithms employed. The major calibration studies are reported in
Sections 7 and 8. PID efficiency and purity are provided in Section 9.
The impact of RICH-1 information on COMPASS data analysis is
outlined in Section 10. Conclusions are given in Section 11.

2. The RICH-1 detector

Fig. 1 provides a scheme of principle and an artist view of the
detector. RICH-1 employs a gaseous radiator: particles cross 3 m of
C4F;0. The gas pressure and its transparency in a wide wavelength
range down to the UV domain, required by the photon detectors used,
are crucial parameters for the correct detector operation. The radiator
gas system [13] allows to keep the gas pressure constant within
10 Pa, and ensures its transparency by continuous filtering: polluting
contaminants, mainly oxygen and water vapour, that absorb far UV
photons, are removed. Image focusing is obtained thanks to a 21 m?
wall formed by a mosaic arrangement of 116 spherical UV mirror
elements [14]. The wall consists of two (upper and lower) spherical
surfaces (nominal radius of 6600 mm) with different orientation
(Fig. 1). A stainless steel pipe (diameter 100 mm) with its axis
coinciding with the beam axis is present inside the radiator volume:
it intercepts the Cherenkov photons produced by the beam particles.

During the years 2001-2004, the photodetection in RICH-1 had
been performed with MultiWire Proportional Chambers (MWPC)
equipped with solid state Csl photocathodes [15]. One of the two
cathode planes of the proportional chamber is a printed circuit
board (PCB) segmented into 8 x 8 mm? pads coated with a CsI film.
The Cherenkov photons enter the chamber via a fused silica window
and hit the photocathode PCB. The photoelectrons produced by the
converted photons are multiplied in the MWPC. The detectors are
operated at low gain (below 5 x 10%), as imposed by the presence of
the Csl photocathode. The first stage of the electronics read-out

system in use till 2004 [16] is characterised by a long integration time
(0.6 us) related to the reduced gain: this results in an effective
detector memory, limiting the RICH-1 performance in the COMPASS
environment, where a high-rate uncorrelated background is present
due to the large halo of the muon beam. Also, the base-line restoration
time of the front-end in use till 2004 (about 3.5 ps) generates data
acquisition dead-time. To overcome these limitations, and to face the
higher rates foreseen for the COMPASS data taking from 2006
onwards, the RICH-1 detector has been upgraded.

The RICH-1 upgrade is two-fold. The peripheral regions (75% of the
surface) are populated by the images produced by lower momentum
hadrons, and experience a less severe level of the uncorrelated
background. Here the photon detectors are unchanged; they are read
out by a new system [17], based on the chip APV [18], with negligible
dead-time and increased time resolution, obtained by measuring
three amplitude samples on the raising edge of the signal.

The Cherenkov images produced by the high momentum particles
are detected in the central photon detection area (25% of the surface),
a region highly populated by the uncorrelated background images.
These aspects require good resolution on the measured Cherenkov
angle to rise towards momenta as high as possible the limit for hadron
mass separation and fine time resolution to discriminate the uncor-
related background. This region is instrumented with a detection
system based on MultiAnode PhotoMultiplier Tubes (MAPMT) [8]
coupled to individual telescopes of fused silica lenses (a prismatic field
lens followed by a concentrator lens) to enlarge the effective active
area of the photon detectors (Fig. 2). The system allows to detect about
four times more Cherenkov photons than in the peripheral detectors.
The effective pad-size, resulting from the MAPMT pixel-size and the
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Fig. 2. Scheme of the two-lenses telescope system coupled to the MAPMT (distances
in mm).
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Fig. 1. A scheme of principle and an artist view of the COMPASS RICH-1 detector.
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Fig. 3. Measured C4F;( refractive index versus light wavelength at STP; data from
Ref. [19]. The wavelength ranges of effective quantum efficiency for the MWPCs
with CsI photocathodes and for MAPMTs with extended UV glass windows are
indicated.

lens telescope magnification, is about 12 x 12 mm?. These detectors,
intrinsically fast and exhibiting sub-ns time resolution, are coupled to
a read-out system based on high sensitivity amplifier/discriminators
and fast TDCs, which fully exploits the fast photon detection char-
acteristics of the new detection system [9].

The use of two different photon detector types employing different
photoconverters results in the detection of photons in two different
wavelength regions, as illustrated in Fig. 3. The resulting average
values of the refractive index of the detected photons are also different,
and in the following they are referred to as nyy (MWPC) and nys
(MAPMT). The maximum expected Cherenkov angle is about 55 mrad:
this is the Cherenkov angle for photons at saturation, i.e. produced
by a particle with — 1, detected in the outer part of the RICH; the
Cherenkov angle for photons produced in the inner part of the RICH is
smaller. Also the space resolution of the two detection systems is
different, as indicated by the pad-size values quoted above.

3. Reconstruction tools

The reconstruction and analysis package for the RICH-1 detector
is called RICHONE, which is part of CORAL, the COmpass Recon-
struction and AnaLysis package [6].

3.1. The CORAL package

CORAL is an object oriented programme (written in C+), with
modular architecture. CORAL can process both raw data as well as
data produced by the Monte Carlo simulation software of COMPASS
(COMGeant).

The most relevant tasks performed by CORAL are:

e the decoding of the data coming from all the detectors, to extract
the addresses of the fired channels (hits), the signal amplitudes
and the time information, when they are measured,

e the reconstruction of the particle trajectories (tracking), the
momentum analysis of the charged particles, and the recon-
struction of the interaction and decay vertices,

e the identification of the muons, using the information from the
muon detectors,

e the analysis of the response of the hadronic and electromagnetic
calorimeters,

e the RICH reconstruction and hadron PID, using the information
from RICH-1.

The standard output of CORAL is a mini Data Summary Tape (mDST)
containing all the relevant information for further physical analy-
sis, including the PID from RICHONE.

Larger output files, storing more complete information, for instance
all the RICH hits, can also be produced for detector calibration and
apparatus studies.

3.2. The RICHONE package

RICHONE is a package performing both the standard PID and
several accessory tasks, including tuning and calibrations.
The flow of RICHONE is based on three main steps (Fig. 4).

e The reconstructed coordinates measured by the RICH photon
detectors are correlated to each particle trajectory recon-
structed by CORAL; they are candidates for converted Cher-
enkov photons produced by the particle and are referred to as
photons in the following.

e Using the photons and the particle momentum, provided by CORAL,
as well as the measured refractive index, the value of a likelihood
function is computed for each relevant mass hypothesis and for
the hypothesis of absence of signal (the background hypothesis).
This algorithm is the basis of the PID.

e In parallel, a pattern recognition is performed, to extract the
Cherenkov photons emitted by the particle, on the basis of the
expected ring image; it is so possible to cross-check the PID
results and to perform internal consistency checks, as well as a
fine tuning of the detector characteristic.

In the following the recognised patterns are referred to as rings.
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S
Hit Pseudo-pad
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Fig.4. The flow of the main tasks of RICHONE. In the first block (labelled “photons”)
the Cherenkov angles of the photon candidates are reconstructed, for both photon
detector types (MAPMT and MWPC), decoding the measured information and taking
into account the RICH-1 geometry. In the next step, the PID is performed, taking into
account the experimental resolution on the photon Cherenkov angles. The next
block (labelled “rings™) includes accessory steps as the ring recognition procedure,
intended mainly for the characterisation of several RICH-1 parameters or used as an
alternative PID procedure and as an efficiency monitor.
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4. The photon-to-particle correlation

4.1. The particle trajectories and momenta

PID is performed when the particle trajectory is within the
geometrical acceptance at the RICH-1 entrance window and its
momentum is within a given range (typically 1.8-180 GeV/c).

In CORAL a particle trajectory is defined giving its helix (position,
direction and momentum). To reconstruct a trajectory inside RICH-1,
a helix is computed at the RICH-1 entrance window; the trajectory is
extrapolated inside the RICH-1 volume, taking into account the
fringe field of the spectrometer magnet, located about 3 m upstream
of RICH-1.

4.2. Hits and clusters on the photon detectors

The photon hits are measured on the RICH-1 photon detectors,
together with either their time information for the MAPMTs or
three signal amplitudes for the MWPCs.

The hit time information is used to reject out-of-time photons.
The hit amplitudes are used to reduce the background both from
out-of-time photons and from electronic noise (Section 2).

A converted photon can induce a signal on more than one adjacent
MWPC pad; for this reason, a clustering procedure is used. After
having found the pad with the maximum pulse height, the adjacent
pads are included in the cluster if their pulse height is less than a
percentage of this maximum value (60% for pads along the wire
direction, 30% for those in the transverse direction). The impact
position (cluster) is then evaluated as the mean of the hit positions,
weighted with their pulse height. The average cluster multiplicity is
1.1. For the MAPMTSs the probability to have correlated hits in adjacent
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pixels is negligible [9]: no hit grouping is needed. For practical reasons
the hit coordinate is projected onto the same plane of the MWPC pads,
the pad plane. An incoming photon enters the lens telescope in front
of a MAPMT at the surface of the field lens: the measured coordinates
correspond to this entrance point. The lens surface is spherical and its
distance to the pad plane varies between 0 and 5 mm. The orthogonal
projection to the plane is performed, introducing a negligible distor-
tion. The hits (MAPMT) and the clusters (MWPC) of a typical event are
shown in Fig. 5. In the following, both MAPMT hits and MWPC clusters
are referred to as clusters.

4.3. The photon reconstruction

The trajectory of a photon candidate is reconstructed from the
position of its cluster, measured on the photon detector plane, and
from its emission point [20]. This point is not known and it is assumed
to be the average emission point of the detectable photons, calculated
considering the particle trajectory inside the RICH radiator.

For each particle, all clusters present in a wide fiducial area of the
photon detectors are correlated to the emission point. The recon-
struction is carried out in the photon plane, the plane defined by the
photon cluster, the photon emission point and the RICH-1 mirror
centre of curvature; it contains the trajectory of the photon before
and after its reflection.

The detailed geometry of RICH-1 is used for the angle recon-
struction, including the measured radii and the positions of each
mirror element of the mirror systems, and the fused silica window
separating the radiator from the detectors.

The reconstructed photons are defined by giving their polar
angles 0 and ¢ in the particle reference system (PRS); PRS is defined
with its z-axis along the particle trajectory and its x-axis lying in the
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Fig.5. Atypical event display: many photon rings are visible. The 16 squares represent the photon detector frames. In the central part of the detectors, equipped with MAPMTs,

there are more photons per ring and less background.
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particle plane, namely the plane including the particle trajectory
and its virtual reflection by the RICH-1 mirror. It is important to
note that the reconstructed photons are relative to the considered
particle and that this reconstruction is repeated for each particle in
the event.

There are two different sources of discontinuity of the photon
detection system due to the detector architecture (Section 2).
The photon detectors form two sets separated in space (i), the
upper and the lower detector sets. Correspondingly, the mirror wall
is formed by two spherical surfaces with different orientations.
Two types of photon detectors are used (ii). They have different
space resolution and they detect photons in different wavelength
ranges: the effective radiator refractive index is not the same for
the two detector types. The reconstruction algorithm takes into
account these discontinuities in a very natural way.

In particular, concerning discontinuity (i), for a particle at small
polar angle (©®p) the Cherenkov photons do not hit all the same
mirror surface: part of them hit the top (bottom) surface and they
are reflected to the upper (lower) photon detector set. The expected
ring pattern is then split between the two detectors; these images
are referred to as split rings. Each photon candidate of a split ring
is reconstructed with reference to its proper PRS; the resulting
information is then taken into account altogether. For (ii), the
reconstructed Cherenkov angle of the photons detected in one
photon detector type is referred to the effective refractive index for
that detector type. Then, the angle measured by MAPMTs are scaled
to the corresponding MWPC angle, so that the resulting informa-
tion from MAPMTs and MWPCs can be treated homogeneously: it is
so possible to take into account all photons together, even when the

P. Abbon et al. / Nuclear Instruments and Methods in Physics Research A 631 (2011) 26-39

ring is not totally contained in a single detector type. Summaris-
ing, the whole available detector information is used in a unique
process.

4.4. The corrections applied to the reconstructed photon angle

The lens telescope in front of the MAPMTs distorts the projec-
tion of the 4 x 4 array of the MAPMT channels on the pad plane.
Namely, photons hitting the front lens surface at the same position
but with different incident angles can activate different MAPMT
channels and then they are projected back to the pad plane at a
different position. The distortion is also dependent on the photon
wavelength, which is unknown for each individual photon. To
compute a set of corrections, ray tracing has been performed
assuming the wavelength spectrum of the detected photons. The
corrections obtained (Fig. 6) are functions of the photon direction
and impact point; they are the weighted average of the wavelength
dependent ones and they are applied to each photon after the first
reconstruction step. The corrections are up to 4 mm in the worst
case. The photon angle reconstruction is then iterated to account
for the corrected cluster position.

4.5. The measured Cherenkov angle

For each particle the measured Cherenkov angle is determined
from the reconstructed photon angles. Two algorithms are used
providing two estimates of the angle: the likelihood-based method
(Section 5.2) providing ®); and the ring reconstruction method
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(Section 6), providing Ok. In Fig. 7 left, the measured ring Cherenkov
angle @ as a function of the particle momentum is shown. The
Cherenkov thresholds for 7, K, p are visible around 2.5, 9, 17 GeV/c
respectively; above 50 GeV/c, the Cherenkov angles for each particle
type reach the maximum value and the bands overlap. In Fig. 7 right,
another relationship between the Cherenkov angle and the particle
momentum is shown, which emphasises the small momentum
region: @,% as a function of 1/p? In the small angle approximation,
the relationship between these two variables is linear, with a slope
proportional to the squared mass of the corresponding particle.
The bands start at the Cherenkov threshold of the particles and
have a common intercept corresponding to the maximum
Cherenkov angle.

5. The Particle IDentification
5.1. The likelihood function

The PID is currently performed using the extended likelihood
method [21]. For each accepted particle, the PID procedure is applied
independently, disregarding the other particles of the same event.

The particle momentum p, provided by the tracking package,
and the refractive index n of the radiator, provided independently
(Section 7), are required to apply the PID algorithm.

Knowing p and n, for a particle of mass M, the expected Cherenkov
emission angle @), is computed from the Cherenkov equation:

1 /p*+M?
COS@MZ@IPT. (1)

The Cherenkov photons emitted by the considered particle are
expected to have the same polar angle 6 and an uniformly distri-
buted azimuthal angle ¢; Cherenkov photons from the other particles
in the event, clusters from out-of-time hits and from detector noise
give origin to the background.

A fiducial region F is defined, keeping only photons with 0 < @,
fixed at 70 mrad, larger than the two maximum Cherenkov angles
in the two detector types.

The extended likelihood function for each mass hypothesis M is
written as (N is the number of photons)

N
Ly = exp[—(Sy +B)] H fM(Qj-(Pj) @)
j=1

where fy, takes into account that each photon can belong to the
signal or to the background:

fm(0,0) =su(0,p)+b

sm(0,¢0) and b do not need to be the normalised probabilities
because an extended likelihood function is used.

In detail:

S 1(0;—On)?
SM(Hs(P]): 0 exp |:__( ] M)

oo2m 2 gy }SD(()-'%) ©

0j

where Sy = Nysin? @)y, is the expected number of photons from the
Frank-Tamm law. Ny is the number of photons at saturation
(Nﬁﬂ/sin2 Oup-1), tuned on data for each photon detector
(Section 8.2). @) is the Cherenkov angle expected for a particle
of mass M and momentum p. gy is the single-photon resolution,
calibrated on data (Section 8). ep(6;,¢;) is the photon probability to
reach the detectors, computed for each photon. The evaluation of
&p(0;, ;) takes into account that the photons can be absorbed by the
beam pipe (Section 2) or lost because of the holes between the
mirror elements or because of the photon detector dead zones. b is
computed from the average cluster distribution on the photon
detectors, normalised to one event; it is a function of the photon
position in the pad plane. It takes into account the physical
background as well as the detector background, according to the
experimental conditions. Sy, and B in Eq. (2) are the expected
number of signal and background photons respectively, and are
obtained by integrating sy (0,¢) and b over F.

To compute the likelihood for the background hypothesis, it is
assumed that sy(0;,¢)) is zero in Eq. (2).

In Eq. (2), the factor exp[—B] is common to the five mass
hypotheses and to the background hypothesis and then irrelevant
in the comparison among them; for this reason it is not taken into
account.

Due to the different ranges of photon wavelength sensitivity of
the two photon detector types, for a given particle mass, a @y (VS)
for the MAMPTs and a ®y(UV) for the MWPCs are predicted.
InEq. (3), Oy is then intended to be @, (VS) or ®(UV) according to
the type of the detector hit by the jth photon.

5.2. The likelihood PID method

Ly is computed for five mass hypotheses (e, y, K, «, p) and for
the background hypothesis.

The likelihood value is used for hypothesis testing; at the first
order the maximum of the six £y, values is assumed to correspond
to the good hypothesis; more elaborate evaluations, based on the
ratios of £y, for different hypotheses, are also used in the analysis
(Section 10).

In order to compare the likelihoods computed for different
particles with different number of photons, namely with different
degrees of freedom, the quantity £y is redefined as ¥Zy. This
definition is intended to have a single £ distribution per particle
type: it is so possible to tune consistently the cuts on this
probability variable (Section 9). In the following £ refers to /L.



32 P. Abbon et al. / Nuclear Instruments and Methods in Physics Research A 631 (2011) 26-39

mom = 19.6 GeV/c
O, = 49.1 mrad

P2

E Ow = 48.8 mrad / ¥
g ’, \\\
9 / \
o / \
£ /
g O / P
- / \
SN N // \
I I
200 300 40,0 50.0 600

Ouromess (Mrad)

Fig. 8. The variation of the value of the likelihood as a function of the Cherenkov angle computed for a particle with 19.6 GeV/c momentum. The vertical lines correspond to the
Cherenkov angles computed for the proton, kaon and pion masses. The PID suggests the kaon hypothesis. @ does not coincide with @y, due to the experimental resolution on

the measured photon angles.

11F
C
0 C
5 1F
5] I
(=% r ]
% 09F :
. |
x 0.8 !
© C 0
> o 1
£ 07k !
o) r 0
2 - !
E) 0.6 » :
&t | 46.6
0‘5 1 1 1 1 I 1 1 1 1 I 1 1 I 1 1 1 1 I 1 1 11 | I 1 1 1 1
0 10 20 30 40 50 60

Particle momentum (GeV/c)

Fig.9. Upper limit of the probability (solid line) of K— 1t separation as a function of the particle momentum, taking into account the experimental resolution (details are given in
the text). A probability of separation of 95% is achieved up to Pyax ~ 45 GeV/c; for a 90% CL separation, Pyx ~ 60. GeV/c.

L is also computed as a function of ®);, assumed as a continuous
parameter (Fig. 8); the value of @), for which £y is maximum is
taken as the maximum likelihood solution for the Cherenkov angle
of the considered particle, @;.

5.3. The K—m separation

The capability of a RICH counter to separate particles having
different mass has been calculated from the resolution of the
measured Cherenkov angle [20]. In this section we present a
different calculation based on the likelihood function £, and we
apply it to the RICH-1 data.

The typical £ experimental distribution exhibits a Gaussian-like
peak, distorted by the contribution of the background; an example
is given in Fig. 8. In the following discussion, we assume that the
particle is a K. In general, ®); does not coincide with @, due to
the measurement resolution, g5, which is the resolution of the
measured Cherenkov angle provided by the maximum likelihood.
o is extracted from the data and, in RICH-1, it results almost
independent from the momentum. The £ peak distributes around
Oy, fixed by kinematics, in an approximate Gaussian way. In the
following we assume a perfect Gaussian distribution.

If O islarger than Oy, L(Ok) is always larger than £(6,), being
O, always larger than k. When Oy is smaller than @), by more

than one half of the difference ®,— Oy, L(Ok) is smaller than £(O,),
leading to a wrong PID; the probability of this wrong identification
is calculated as the Gaussian probability of 0.5(@,—0O)/cre. It is
so possible to determine the maximum K momentum at which the
K identification is still possible at a given confidence level (CL)
(Fig. 9). In COMPASS RICH-1, assuming the measured experimental
resolution, for a CL separation of 95% Pyax ~ 45 GeV/c; for a 90% CL
separation, Pyx ~ 60. GeV/c.

6. The ring recognition

The ring recognition algorithm has been used mainly to tune the
RICH response.

The aim is to select from all the reconstructed photons relative to
a particle those which belong to the signal, namely the Cherenkov
photons emitted by that particle (Fig. 10).

The distribution of the angle 6 of all the photons relative to a
particle up to @ is scanned using a window of width A0, counting
the number of photons inside the window and looking for the value
of 6 for which the number of photons is maximum. Cherenkov
photons are expected to have a Gaussian-like distribution around
the value of the Cherenkov emission angle (Fig. 11). The window
has typically a A0 of +20,. We assume that most of the signal is
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inside the window of maximum content and we take these photons A ring x? is computed, y2 = ZJ(HJ—QR)Z /agj, used as quality

to define the ring. factor, as well as mass y?, 3, = Zj(ij@M)z/aﬁj, to be used as the

The ring angle O, is then computed as the average of 0; inside test statistics in a simplified form of PID; note that the sum over

the window. the photons of the ring is without distinction between signal and
background.

7. The radiator refractive index

The refractive index of the gaseous radiator depends on many
parameters, mainly on the purity of the gas itself, the atmospheric
pressure and the local temperature. Thus its value is time depen-
dent. The measurement of the refractive index from the data is then
necessary.

For each photon associated to a particle of measured momen-
tum, the refractive index is computed, from the Cherenkov
equation (Eq. (1)), assuming the ® mass. The distribution of such
values exhibits a Gaussian-like peak over a background. The peak is
distorted mainly due to the contribution of the electrons present in
the sample. The background level increases at high (n—1)-values,
as expected on the base of geometrical considerations: in fact, the
higher the (n—1)-value, the wider the portion of the detector
surface contributing to the background. The overall background
level is higher for the MAPMT data because those photodetectors
equip the high occupancy region. The mean value of the Gaussian
best fit of the peak is assumed as the index value (Fig. 12). The
advantage of the method is that it has a minimal bias. More
sophisticated distributions can be used, namely the distribution of
Oy or distributions of 0 for selected rings or for identified particles;
| | they typically exhibit a cleaner peak, but they can suffer from biases
due to the selection of the sample.

Fig. 10. A partial view of the central region of the photon detectors equipped with As described in Section 2, the data from MAPMTs and the data
the MAPMT; the black squares are the clusters; at least three rings are visible. A single from MWPCs provide two different values of the refractive index,
ring is analysed. The cross indicates where a particle with a momentum of 19.5 GeV/ nys and ngy.

c should have hit the detector plane if reflected by the RICH mirrors; the three . . X 5. .
concentric circles (full lines) are the rings calculated in the hypothesis of proton (p), Note that hlgh accuracy s needed: a Anof 10~ with respecttoa

kaon (K) or pion () mass; the dotted circle is the reconstructed ring; the indication is reference value of n ~ 1.00150 corresponds to a Af of the order of
in favour of the kaon hypothesis. 0.2 mrad.
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Fig.11. The distribution of the polar angles of the photons with respect to the direction of the particle of the example in Fig. 10; the left and the right vertical lines define the ring
search window; the window is set at the position where the number of counts (photons) inside it is maximum and the central line corresponds to the reconstructed ring angle.
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Fig. 12. Distribution of the refractive index value calculated for the detected photons. Left: MAPMT data, visible and near UV photons; right: MWPC data, far UV photons.
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The effects of the pressure and of the temperature gradients
inside the RICH-1 vessel are negligible.

The refractive indexes are experimentally determined at fixed
time intervals (namely every 24 h of data taking) and then the
evolution of the index value is calculated as a function of the pre-
ssure and of the temperature of the radiator, which are continuously
monitored.

8. The angular resolution
8.1. The Opyoron resolution

oy is the error associated to the reconstructed Cherenkov photon
angle 0. It depends on the photon detector type (Section 2). The pad-
sizes lead to a geometrical contribution to g, of approximately 1 mrad
for MAPMTs and 0.7 mrad for MWPCs. For the MAPMTs, the
geometrical contribution has to be folded with the dispersion due
to the chromaticity of the lens telescope in front of the MAPMTs.
The total error from the position measurement is 1.6 mrad.

Moreover the photons undergo the chromatic dispersion: this
dispersion is larger for the photons detected by the MAPMTs than
for the photons detected in the MWPCs because of the different
sensitivity to the photon wavelengths (Fig. 3). It is 0.9 and 0.6 mrad
respectively.

The spherical aberrations due to the reflection by the spherical
mirror surfaces also contribute to the dispersion of the photon
angle with respect to the angle of emission. This effect is strongly
position dependent. The mean contribution in the central region is
0.7 mrad, in the peripheral region it is 1.7 mrad.

Other contributions to the dispersion come from the errors
affecting the reconstructed particle trajectory and momentum, the
nonzero magnetic field in the radiator volume, the multiple scatter-
ing, the mirror imperfections and the alignment errors. In particular,
two contributions are more relevant in the peripheral region. The
particle momentum is more poorly determined: particles at large
angles are analysed by the first COMPASS spectrometer only, while
forward scattered particles are analysed by both spectrometers [6].
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38800

MWPC
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counts
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counts
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Moreover, for the very external mirror elements of the mirror walls
the accuracy of the alignment procedure is decreased due to the
limited statistics. Globally, these contributions account for 0.6 mrad
for the central region and 1.3 mrad in the peripheral region.

oy is evaluated from the data; two different distributions are
used: the distribution of the difference 0—©, assuming the T mass,
for all the photons of a particle or the distribution of the difference
0—Ok.

0—0O, has a clearer physical definition, but @, depends on the
uncertainties in the determination of the refractive indexes and the
particle momentum.

These distributions, for both the detector types, are para-
metrised as a function of the particle polar angle ©p, the particle
momentum and the photon azimuthal angle ¢.

0y is given as a function of these parameters for two algorithms:
in the likelihood based PID (Section 3.1), gy is a function of the
detector type, @p and ¢, while for ring recognition (Section 4.1), gy
is averaged over ¢.

In Fig. 13 the distributions of 0— @ is shown. For the central region,
data before and after the upgrade collected by MWPCs and MAPMTs
respectively are presented. The peripheral region was poorly popu-
lated before the upgrade, as the whole COMPASS spectrometer
acceptance has been enlarged from 2006 on. Comparing central region
data, two features are remarkable: the improved signal over back-
ground level, thanks to the very low electronic noise of the MAPMTs

counts

0 0 60
&(////M,/ 40
20 o (mrad)
Fig. 14. The distribution of 0 versus @.
AFTER UPGRADE

1800

MWPC
peripheral reg |
6=25

counts

6-0,, (mrad)

Fig. 13. Typical 0—@; distribution for rings entirely included in a single photon detector frame. Upper line, data collected before the implementation of the RICH upgrade,
central region equipped with MWPCs. Lower line, data collected after the implementation of the RICH upgrade; left, central region equipped with MAPMTs; right: peripheral

region equipped with MWPCs.
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and their excellent time resolution, and the superior resolution for
single photon detection of the MWPCs, mainly thanks to the smaller
pad-size. The increased number of photons detected by the MAPMTs
compensates for the reduced resolution (Sections 8.2 and 8.3). The
worse resolution in the peripheral region is mainly due to the spherical
aberration and the poorer particle momentum resolution.

a
46<  Op <49 : !
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30 E E
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Fig. 15. Extraction of the number of signal photons per ring. The procedure is
illustrated using MAPMT data. (a) Example of the 0 distribution in a 3 mrad wide @
band (from the two-dimensional plot of Fig. 14). The solid line is the best fit obtained
with a Gaussian peak (signal) plus a quadratic form (background). (b) Summary of
the extracted average number of photons per ring as a function of the ring angle for
different values of the particle polar angle. The solid line corresponds to the signal
photons, the dashed line to the background photons.

8.2. The number of photons

The number of detected Cherenkov photons per particle is
evaluated from the data, separately for the two detector types.

The distribution of 8 (Fig. 14) as a function of @ (Section 6), for
all the photons correlated to each particle, for all events, has been
studied in bands of @, 3 mrad wide. For each band (Fig. 15(a)) the
Cherenkov photons, emitted by that particle, cluster around @
allowing to separate the signal from the background by means of a
fit to the peak using a Gaussian plus a quadratic form. The average
number of photons per ring is thus extracted as a function of the
particle Cherenkov angle.

The results are summarised in Fig. 15(b) for the MAPMT photon
detectors. The average number of photons Ns at saturation (B — 1) is
about 56 for the MAPMTs and 14 for the MWPCs, corresponding to a
value of the detector response parameter Ny (defined in Ref. [20]) of
70 and 16 cm~! respectively.

8.3. The Opgng resolution

A useful quantity to estimate the RICH resolution is og,, the
error in the determination of the ring angle.

Statistically, in the absence of background, ¢e, should be
ay/+/Ns, depending on the number of signal photons in the ring.
0g, is determined from the data; it is estimated as the standard
deviation of a Gaussian fit to the distribution of the difference
Or—0, assuming the T mass.

The ring resolution extracted from the data is shown in Fig. 16,
separately for the central region, data before and after the upgrade
collected by MWPCs, and MAPMTs. The width of the distribution of
Or—0O; givesaringresolution ~ 0.4, ~ 0.3 and ~ 1.6 mrad respec-
tively. Assuming the measured value of ¢, (Section 8.1) and of Ns
(Section 8.2), for the central region we obtain g,/+/Ns ~ 0.37 mrad
before the upgrade and ~ 0.27 mrad after. No simple scaling is
possible in the peripheral region, mainly populated by low momen-
tum particles: these Cherenkov images are formed by a smaller
number of photons.
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Fig. 16. ©Or—0O distributions for rings entirely included in a single photon detector frame. Upper line, data collected before the implementation of the RICH upgrade, central
region equipped with MWPCs. The typical measured resolution is 0.4 mrad. Lower line, data collected after the implementation of the RICH upgrade; left, central region
equipped with MAPMTSs, the typical measured resolution is 0.3 mrad; right: peripheral region equipped with MWPCs, the typical measured resolution is 1.6 mrad.
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Fig. 17. Identification efficiency and mis-identification probability as a function of the particle momentum. Top left: identification of & as t; top right: K as K; bottom left: 7 as
K and bottom right: K as m. Each data set corresponds to a different cut applied to the ratio £/Lp4.

9. PID efficiency and purity

9.1. PID cuts

As seen in Section 5, the likelihood function is evaluated for
different mass hypotheses and for the background hypothesis.
A first simple identification is done by choosing among the
hypotheses the one corresponding to the highest value of the
likelihood, £. The identification purity can be improved by requir-
ing the ratio of the likelihood with respect to the background
hypothesis, Ly, or to the second highest likelihood £;,4 to be
above a certain threshold. For this purpose the two distributions
L/Lpgck and L/L;,4 are considered. The former variable gives the
quality of the separation between a mass hypothesis and the
background hypothesis; if this variable is near 1, the distinction
between particle and background hypothesis is ambiguous. In the
same way, the latter variable indicates the distinction between two
different mass hypotheses; this cut is adopted in order to have
cleaner samples at high momenta, where the Cherenkov angles for
different mass hypotheses, and consequently the likelihood values,
are very close. Efficiency and purity depend strongly on the chosen
cuts, as we will see in the next sections. The threshold for these cuts
are usually tuned for the specific analysis to find a good compro-
mise between the efficiency and the purity of the sample.

9.2. The PID efficiency

The PID efficiency is defined as the ratio between the number of
particles correctly identified and the total number of particles of a
pure sample.

The PID efficiency has been determined for pions (kaons), using
as a sample the pions (kaons) from the K2(¢,o,0) decay into two
charged particles. The sample has been built by selecting pairs of
charged hadrons with the correct charge assignment and invariant
mass of the parent particle. The efficiency is defined as the ratio of
the number of the correctly identified particles over the population
of the mass peak. It is possible to define the mis-identification

probability as the ratio of the number of events of the peak for
which one particle is wrongly identified divided by the number of
events in the peak.

Due to different background level and to the fact that the
Cherenkov angle saturates with the increasing momentum, the
efficiency of the detector shows a dependency on the phase space.
In Fig. 17 the efficiency and the mis-identification probability are
shown for pions and kaons as a function of momentum and for
three different cuts applied to the ratio £/L£,q4.

The identification efficiency for momenta below 30 GeV/c,
where the expected Cherenkov angles for the different mass
hypotheses are well separated, is above 90% both for kaons and
for pions. As the Cherenkov angle saturates, the identification
efficiency decreases and the mis-identification probability
increases. Increasing cuts applied to the ratio £/£,,4 decreases
the mis-identification probability, making the sample purer, but at
the same time reduces the identification efficiency.

9.3. The sample purity

While the efficiency is a property of the detector itself, the purity
depends also on the different population of the particle types. Being
the pion contribution the dominant one, the purity of the kaon
sample is the main issue.

The purity can be extracted from real data considering the
relation between the number of identified hadrons, NI, , and true
hadrons, NI ,*:

N P(n—»m) P(K-T) NI 4
N, | =\ P(t->K) P(K-K)) |\ NE @
in which the diagonal terms in this matrix of identification are the
RICH-1 efficiencies and the off-diagonal terms are the mis-identi-

fication probabilities, that are evaluated from the data as described
in Section 9.2.

4 The proton contribution is neglected in the following.
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The purity of the kaon sample is evaluated as the ratio of the
number of true kaons in the identified kaon sample to the total
number of particles identified as kaons:

P(K—K) - NT

Purity(K) = 7
K

®)

InEq. (5), N} is known directly from the data after the identification
procedure; the term N7 is evaluated from the matrix coefficients
and the number of identified particles, inverting Eq. (4). The same
procedure can be applied to evaluate the pion purity.

To take into account the fact that the RICH-1 efficiencies depend
very much upon the hadron phase space (Section 9.2), the matrix of
identification is evaluated as a function of the particle momentum.

The purities calculated for a K sample selected from standard
COMPASS deep inelastic scattering events are shown in Fig. 18 as a
function of the particle momentum. The different sets of data
points correspond to different cuts applied to the variable £/£5,4:
in the momentum range up to 30 GeV/c the purities are above 90%,
for all the cuts shown. The difference between the selections is
relevant at higher momenta, where the more restrictive cuts allow
to reach purities around 80%.
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Fig. 18. Purity of K sample as a function of the particle momentum. Different data
sets correspond to different cuts on the variable £/£;,q.
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9.4. PID below Cherenkov threshold

RICH-1 is extensively used also to identify hadrons with
momentum below their Cherenkov thresholds; the identification
relies on the absence of Cherenkov photons emitted from the
particle. Two different signatures are possible: in the simplest case,
the particle track goes through the RICH acceptance but no photons
are detected in the fiducial region used to compute the likelihood.
In more complex situations, for example in events with several
reconstructed tracks, the region can contain uncorrelated photons:
in this case the track is identified as a particle below threshold if the
background likelihood is the highest one. This identification below
threshold is effective only if the efficiency for the positive PID is
high. This recipe has been applied to the identification of the kaons
with momentum below 9 GeV/c from the ¢ decay: an efficiency
larger than 90% has been found. Being the proton contribution
negligible in this sample, the mis-identification rate is equivalent to
the inefficiency of pion identification in the corresponding momen-
tum range, namely less than 5%.

Furthermore, for particles below their threshold RICH-1 can be
used as a veto. If the particle is positively identified as a mass above
threshold, it is rejected.

10. The RICH-1 role in COMPASS analysis

The relevance of the hadron identification for the COMPASS
physics programme has already been recalled (Section 1). The good
performance of the PID is mandatory for the measurement of the
gluon polarisation from the photon-gluon fusion with open charm

Table 1

Values of signal over background (S/B) and signal times the purity of the peak (5?/
(5+B)) evaluated in a region of + 2¢ around the D° mass peak, both for the old and
the upgraded RICH-1 (data taken from the COMPASS Collaboration in 2004 and 2006
respectively). The values are reported for the mass spectrum without and with PID;
in the last column the ratio between these quantities is shown. Courtesy of COMPASS
Collaboration.

no PID PID PID/no PID

0.19
437

1.93
1632

10
3.7

RICH before upgrade
(2004 data)

S/B
S%/(S+B)
S/B
S%/(S+B)

Upgraded RICH
(2006 data)

0.11
274

1.87
1907
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Fig. 19. Difference of the nK invariant mass and the D° mass, data taken in 2006 by the COMPASS Collaboration. Left: spectra without (light grey) and with (dark grey) PID.

Right: zoom of the spectrum with PID. Courtesy of the COMPASS Collaboration.
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Fig. 20. Difference of the nK invariant mass and the D° mass, data taken in 2006 by the COMPASS Collaboration. Left: spectra without (light grey) and with (dark grey) the
identification of the kaon below threshold. Right: zoom of the spectrum with PID. Courtesy of the COMPASS Collaboration.
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Fig. 21. A and A mass spectra without (white) and with (grey) the identification of the decay proton or antiproton with the RICH-1. Courtesy of the COMPASS Collaboration.

production in the final state [5]. Particle identification is a key
ingredient also in the analysis of many other physics channels such
as the extraction of the flavor separated helicity PDFs [4], the
Collins and Sivers asymmetries of pion and kaons [3] and a clean
selection of the Lambda sample.

The open charm reaction is identified by looking for D°
production. The D mesons are selected through their decays in
the two channels: D* —»Dongowal(‘rrnsfow (“D* sample”) and
D° K m+ (“D° sample™), and their charge conjugates. In order to
reduce the large combinatorial background, RICH-1 is used to
identify the K and the 7 from the D° decay. For the identification of
slow pions in the D* channel, RICH-1 is used as a veto requiring the
track not to be identified as an electron (Section 9.4). For the D*
sample, the difference of the nK invariant mass and the D® mass is
shown in Fig. 19, for data taken by the COMPASS Collaboration in
2006, when the RICH was in its upgraded version. The figure
illustrates the huge reduction of the combinatorial background
given by the particle identification. The values of signal over
background (S/B) and signal times the purity of the peak (S%/(S+B)),
a quantity that is inversely proportional to the square of the statistical
error of the measurement, are shown in Table 1. The values have been
evaluated in a region of + 2¢ around the D° mass, for the selection
without and with PID, and for both the old and upgraded RICH (data
from 2004 and 2006 respectively). Already before the RICH upgrade,
the PID allows to improve the S/B and (5%/(S+B)) by a factor 10 and 3.7
respectively. A further improvement comes from the RICH upgrade:
the S/B ratio increases to 17, while the 5%/(S+B) to 7, despite the larger
combinatorial background in the 2006 data, given by the larger
acceptance of the apparatus thanks to the new target solenoid [6].

The D% have been selected also by identifying the K below
Cherenkov threshold, in the momentum range between the pion
and the kaon Cherenkov thresholds (Section 9.4). The D° mass
spectrum obtained from the 2006 data is shown in Fig. 20, together
with the spectrum without PID applied; the values of the ratios S/B
and S%/(S+B) after applying the PID increase by a factor three and
four, respectively.

The RICH PID has been used also to select the A and A barions,
which are usually tagged by searching for the dominant decay
channel into m~p and t* p respectively. Due to the high Cherenkov
threshold for the proton, the RICH is used as a veto excluding the other
mass hypotheses (Section 9.4). As an example, Fig. 21 shows the
selection of the A and A, without and with PID, as done in the analysis
of the A transverse polarisation. It can be noted that the RICH
identification increases considerably the purity of the A and A
sample, of a factor 6 and 7 respectively, with a small loss in statistics,
below 3%.

11. Conclusions

This article, dedicated to the software package RICHONE
developed for COMPASS RICH-1 and to the detector performance
extracted using the package itself, completes a detailed description
of the RICH-1 detector in its upgraded version; the detector design
and the hardware aspects have been described elsewhere [8,9].

The RICH-1 contribution to the physics results of the COMPASS
experiment is essential, as illustrated, for instance, by the clean
detection of the D° mesons via their decay products, a difficult task
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when performed with a setup where a micro-vertex detector
cannot be used, as it is the case for COMPASS, due to the use of a
solid state polarised target.

The excellent performance obtained could be reached thanks to
the combination of several ingredients, namely a careful detector
design, an accurate construction, where all the components have
received great attention, and powerful software tools. An impor-
tant aspect has been the parallel development of the hardware and
software elements, with continuous feedback from both sides. We
believe that such a synergistic attitude has been essential in
obtaining the performance described in this article.
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