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4 Detector performance

4.1 Introduction

In Chapter 2 we have discussed in detail the technical performance of the RICH. In the following we shall
try to demonstrate that given the basic technical performance studied and optimized in single track tests,
we are able, in the very dense environment of ALICE, to extract the Cherenkov angle of emission with
satisfactory precision. It isimportant to remember that the range for #/K positive identification of the
HMPID islimited to momenta & 1 GeV/c for pions and kaons and even higher for protons (because of
the threshold effect for Cherenkov photon emission). In the low magnetic field of ALICE, tracks with
these momenta are almost straight so that the maximum angle of incidence is limited to ~ 10°. This
means that most of the patterns will be closed ellipses, a feature that eases the pattern recognition.

In thefirst part we shall describe the ALICE environment in which the detection will take place. To
do so we have simulated the complete response of the ALICE experiment including the material budget
of al detectors, using the GEANT and FLUKA packages, and an event generator which produces the
highest rapidity density expected in Pb—Pb collisions, i.e. 8000 charged particles per unit of rapidity. By
applying a detailed simulation of the RICH response, described in Chapter 2, we can then generate the
pad map of hits on the RICH modules. This simulation gives an upper limit on the occupancy we can
expect and therefore sets the requirements for the pattern recognition performance described afterwards.

In the second part we describe a pattern recognition algorithm that allows to extract the Cherenkov
signal in the conditions of occupancy as generated by the simulations.

In the third part we shall describe the matching of tracks from the TPC to the HMPID. The pattern
recognition depends critically on the capability to track particlesthrough the tracking detectors of ALICE
— the Inner Tracker System (ITS) and the Time Projection Chamber (TPC) — and to extrapolate the
tracks, with sufficient precision up to the HMPID (more than two metres away).

In the fourth part we review further work on the optimization of the design, using the described tools
of simulation, tracking and pattern recognition.

All the results presented in this chapter have been obtained, using the tracking precision and the ma
terial budget quoted in the ALICE Technical Proposal [1].

4.2 Simulation of the RICH responsein the ALICE radiation
environment

4.2.1 Particlemultiplicitiesat the HMPID and secondary interactions

The detector modules will beinstalled at aradius of 4.8 m and will cover one unit of rapidity with a16%
coverage in azimuth.

For the highest anticipated charged particle multiplicities of 8000 particles per unit of rapidity in cen-
tral Pb—Pb collisions at /s = 5.5 TeV/nucleon, the predicted densities of charged pions and kaons with
momenta above 1 GeV/c (signa particles) is ~ 5 m~2 at the position of the RICH. The flux of lower-
momentum primary particles and secondary particles produced in detector elements below the RICH and
in structural elementslikethefront absorber, the vacuum chamber and support structuresis of the order of
100 m—2. These particles have, in general, amuch larger angle of incidence than those concerned by the
HMPID (p 2 1 GeV/e), which have 6y, < 10°. The distribution of the angles of incidence as afunction

of the particle momentais shownin Fig. 4.1.
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Figure4.1: Variation of the primary particles angle of incidence in function of momentum. The band represents
the 1 o spread in angle at a given momentum.

The radiation and hadronic interaction lengths of the RICH radiator (vessel material + liquid) is 13%
and 3.7%, respectively. Together with the hydrogen content of the gas gap, this makesthe RICH sensitive
to neutral particles. Thefluxesof gammasand neutronsare, respectively, oneand two orders of magnitude
higher than that of charged particles.

In order to evauate and optimize the RICH performance it is mandatory to estimate the contribution
of the charged and neutral particle background to the overall occupancy. This task has been performed
using the GEANT 3.21 based implementation of the RICH response simulation [2], and the FLUKA based
ALICE simulation of the radiation environment [3,4]. The two programs are combined to calculate the
expected occupancy of the RICH.

4.2.2 GEANT description of the RICH

To simulate the performancein the ALICE radiation environment, adescription of the RICH hasbeenim-
plemented into the ALICE GEANT 3.21 based detector simulation code, GALICE [5]. The program uses
the GEANT routines GGCKOV and GTCKOV for the generation and tracking of Cherenkov photons.

The modelling of the RICH response, including the important photon feedback contribution, is based
on the stand-alone code richsimthat has been described in Chapter 2 and in Ref. [6]. In addition to the
original code we explicitly track feedback photons and take into account the response of charged tracks
with alarge angle of incidence (tan 6;,. > padsize/gapsize). Through the simulation of hadronic and
electromagnetic interactionsin the RICH, the GEANT implementation allows us to eval uate the detector
response to gammas and neutrons.

4221 Geometry

The RICH geometry defined for GEANT comprisesthe layered structure of the active part and the frames
of the modules. The active part includes dead regions due to spacers and boundaries between radiator
modules. The wire grid is not part of the geometry but its absorption effect is taken into account during
tracking. The backplane of the RICH, i.e. photocathode, pad-plane and electronics, is implemented as
one volume with tracking medium attributes including the Cherenkov photon detection efficiency and
the average materia thickness. The cathode segmentation is assumed to be 162 x 162 pads per module
and apad size of 8 x 8 mm? istaken into account at the signal generation level.
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4.2.2.2 Background processes

The production of background events from gamma conversions or hadronic interactions in any of the
detector planes is taken into account automatically by GEANT during tracking. By setting the kinetic
energy threshold for the tracking to its lowest value (50 keV for gammas, electrons and positrons), we
got the best possible description of the background in ahigh-radiation environment. The background due
to feedback photons has been described as explained in Section 2.4.1.

4.2.2.3 Signal generation

The signal generation described in Section 2.4, has been complemented by specific tracking of back-
ground tracks and photons.

Background particles may have any angle of incidence and theionization along their path may induce
charges over many pads. In such cases the signal generation is followed over the whole path within the
MWPC gap.

An example of asimulated background event isshown in Fig. 4.2. In thisevent a 350 GeV/c charged
pion has undergone a hadronic interaction in the RICH backplane. One of the produced secondary parti-
clestravels nearly paralel to the cathode plane and produces along track.
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Figure 4.2: Simulated RICH response to a hadronic interaction in the backplane.

4.2.2.4 Electronicsnoise and zero-suppression

In the output produced by GALICE, the induced charge per pad is stored separately for each hit. From
thisinformation the digit of each pad isobtained by summing up theindividua contributionsfrom all hits
and then adding random noise and applying zero suppression. This procedure allows, in case of overlap-
ping hits, to determine in an analysis program the individual contributions to the hits and evaluate their
influence on occupancy, pattern recognition and angular resolution.

For the simulation results presented here we added random noise with ar.m.s. of 1 ADC channel (in
the following we use the unit ADC chan, where 1 ADC chan = 0.17 fC). The pad-to-pad variation of the
noiser.m.s. is0.12 ADC channels. A threshold of 5 ADC channelsis applied.

4.2.25 Comparison with test beam data

A comparison of the simulation results of the RICH response to 350 GeV/c pions with results from test
beam data, relevant for the evaluation of the occupancy (number of clusters, cluster size and integrated
pulse height), is shown in Table 4.1. The overall agreement of the simulation with the test is very good.
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Table 4.1: RICH response to single pions when comparing data and simulation for a single-electron mean pulse-
height of Ay = 43 ADC chan.

Data Simulation
Photon fiducial region

Resolved clusters 16 155
Cluster size 20 19
Total charge (ADC chan) 968 928
MIP region
Cluster size 55 53
Cluster charge (ADC chan) 982 1096
Outside fiducia and MIP
Clusters 15 1.45
Cluster size 15 18
Total charge (ADC chan) 100 83

4.2.3 Background simulation

Charged and neutral background particles for the HMPID are produced in structural elements (absorber,
beam-pipe flanges) and other detectors, although they are not in the direct path of the primary particles
reaching the detector. GEANT and FLUKA simulations have been performed to calculate the expected
flux of background particles. Both simulations use a coarse description of the ALICE geometry outside
the RICH, representing the material budget to our best knowledge. The GEANT simulation includesade-
tailed description of the RICH and its response, as described in the previous section. The present version
of FLUKA does not provide any generation or tracking of Cherenkov photons. Hence, the simulation of
the detector response is not possible within the same program. The momentum vectorsfrom FLUKA are
used as an input to GALICE, where the detector responseis simulated in a second step.

FLUKA [3] wasrunwith the EMF option for explicit el ectromagnetic shower evolution. Closeto the
material surfaces, the gamma and electron kinetic energy cuts were set to 50 and 100 keV, respectively.
Higher cuts were used in shielded regions in order to decrease the calculation time. Neutrons were pro-
duced and tracked down to thermal energies. All other particles were tracked down to akinetic energy of
1 MeV.

The same kinetic energy cuts were used in the GALICE simulations except for neutrons which are
only tracked down to a minimum Kkinetic energy of 10 keV. The GEANT/MICAP interface [7] has been
used to simulate the RICH response to low-energetic neutrons resulting from the FLUKA simulation.

The primary particle flux has been simulated by sampling from pion and kaon pseudorapidity dis-
tributions obtained from the HIJING event generator, as described in Ref. [8]. The normalization was
adjusted to obtain 8000 charged particles per unit of rapidity in the central region.

424 Results
4.24.1 Charged and neutral particle fluxes

A breakdown of the charged and neutral particlefluxesat theradia position of the RICH, as obtained with

FLUKA, isshownin Table4.2. Theflux of primary pionsand kaonsamountsto 32.2m~2and 1.4 m—2, re-

spectively. A similar contribution to the charged particleflux comesfrom electronsand positrons (43 m—2).
Theproton flux islow (3.7 m~2), but apotential increase in occupancy may result from their stronger ion-

ization loss. Only 8% of the charged particles enter the RICH from above, i.e. backscattering from the

L 3 magnet.
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Table 4.2: Neutral and charged particle fluxes from a central Po—Pb collisionat R = 4.8 m

Particle Flux (m=2) Flux from below (m—2)
All 7+ 40.7 39.6
Primary 7+ 322 322
Primary 7+ (p > 1 GeV/c) 4.6 4.6
All K= 1.40 1.40
Primary K+ 1.33 1.33
Primary K* (p > 1 GeV/c) 0.59 0.59
ut 14.1 12.3
Electrons 28.7 258
Positrons 15.0 12.6
Protons (secondary) 3.69 3.27
All charged 103.5 95.0
All ~ 1490 1030
primary -y 120 120
v (B, > 1 MeV) 560 390
All neutrons 9100 4970
Neutrons (Ey;, > 100 keV) 3100 2060
Thermal neutrons 205 130

The ~ flux amounts to 1500 m~2. Most of the +’s are products from secondary interactions. About
30% of thetota flux is shining from the L3 magnet back onto the RICH.

The total neutron flux amounts to 9100 m~2, out of which 34% are neutrons with kinetic energies
above 100 keV and 2% are thermal neutrons. The fast neutrons can create a signal by knocking out a
proton from the methane gap. Nearly the same amount of neutrons reach the RICH from below as from
above.

&
T L B
x -
> L
= %
103 |
[ b +
- T[_
| | | | |

—-200 -100 0 100 200

Figure4.3: Charged and neutral particle fluxes as afunction of the z coordinate along the beam axis, as simulated
with FLUKA. The absorber of the muon spectrometer is on the positive side.

The fluxes of charged particles, gammas and neutrons as a function of the position along the beam
axis (z) are shown in Fig. 4.3. Some asymmetries with respect to the interaction point (= = 0) can be
observed due to the presence of the front absorber (from the muon spectrometer) and of the I TS services.
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4.2.4.2 Event displays

The map of hit pads of one module for a central Pb—Pb collision is illustrated in Fig. 4.4. The single-
electron mean pulse-height for this event is 20 ADC chan. and the proximity gap distance corresponds
to a saturation ring radii of 155 mm. Under these conditions 9.3% of the pads have a signal above the
threshold. To get an impression of theinfluence of the background hits, we show in Fig. 4.5 the hit pattern
produced by primary charged pions aone. In this case the occupancy amounts to only 4%. Figure 4.6

shows the ring pattern created by pions with momenta above 1 GeV/c.
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Figure 4.4: Simulated full event (Pb—Pb central col-

Figure 4.5. Same as Fig. 4.4, but for primary
lision) as seen by a RICH module.
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The pattern produced by gammaconversionsin the RICH aloneis shownin Fig. 4.7. Asfor hadronic
interactions, backscattering from the cathode plane can produce track segments as can be seenin thelower
right part of the picture. Conversionsin the quartz window can produce pairs of MIP clusters, which are
likely to overlap. Conversion in the radiator or in front of it can produce double rings (see Fig. 4.8).

Aswill be shown in the next section, the contribution of neutrons to the overall occupancy is small.

Localy, however, the knock-out of a proton by afast neutron can lead to a substantial release of charge
creating alarge pad cluster, as can be seen from Fig. 4.9.
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Figure 4.8: Examples of single gammainteraction in the RICH radiator (£, = 100 MeV).
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Figure 4.10: Simulated occupancies (%) of the
seven RICH modules for one central Pb—Pb collision

Figure 4.9: SameasFig. 4.4, but for neutrons only. (single electron mean pulse height: 20 ADC chan).

4.2.4.3 Occupancy

The occupancies for each of the seven RICH modules as obtained from one simulated central Pb—Pb

event (single-electron, mean-pulse-height 20 ADC chan) are shown in Fig. 4.10. The average occupancy
amounts to 9.23% at a mean single-electron pulse height of Ag = 20 ADC chan.

The effect on the occupancy caused by the change of the single-electron mean pulse height from
10 ADC chan to 40 ADC chan is demonstrated in Table 4.3. Decreasing the amplification will aso de-

crease the number of signal hits. Hence, the choice of the amplification has to come from an optimization
of pattern recognition efficiency and resolution.

159
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Finally, we show in Table 4.4 the relative contributions of the different particle species to the occu-
pancy. The values were obtained by observing the decrease in occupancy when the respective particle
wastaken out of thetotal flux. Half of the occupancy results from pions and decay muons. Primary pions
and kaons alone give an occupancy of 3.2%.

Table 4.3: Simulated mean occupancy as afunction Table4.4: Simulated contributionsof individual par-

of the single-electron mean pulse height A, ticle fluxes to the mean occupancy
Ay (ADC chan) Mean Occupancy (%) Particle  Contributionin %
10 5.6 pions 37
20 9.2 php 13
30 11.2 photons 22
43 127 et e” 23
neutrons 4

4.3 Pattern recognition

In the following we present the status of the pattern recognition algorithm that has been devel oped specif-
icaly for the HMPID. A geometrical reconstruction of the photon angles has been developed using sets
of samples of controlled density, in order to transform the coordinate space of clustersin the pad planeto
a Cherenkov angle parameter space. This method, based on the approach initially reported in Ref. [9], is
very general and isvalid for any track incidence on the RICH surface. The signal obtained in this manner
has been treated in the frame of a‘Hough-like' pattern recognition method to determine for each track
the corresponding mean Cherenkov angle. The development of the pattern recognition isimportant at the
present stage because it servesto validate the design and allows further optimizations of the construction.

4.3.1 Datasample used for pattern recognition

Different sets of data have been used in the current analysis. The main ones have been obtained as a su-
perposition of single-track (beam) events, so that one obtains samples of known densities. The events
are obtained by randomly superimposing a fixed number of single ring events on a pad map of the dimen-
sionsof the ALICE prototypemodule. 1n such away, sets of respectively 10, 20, 30, 40 and 50 overlapped
events per square metre have been formed, the last density being representative of the maximum expected
pad occupancy inthe ALICE environment. Only results obtained with the superposition of tracks perpen-
dicular to the radiator will be presented in here, but sets of data under angles of incidence varying from
2.51t0 7.5 degrees are also available and will be analysed in the near future. Since special carewas given
to the study of the importance of the photon feedback on the pattern recognition, events measured at dif-
ferent anode voltages have been used. In addition, the influence of the ‘ring’ radius has been studied
using different gaps. The different samples are summarized in Table 4.5. Another set of data has been

Table 4.5; Samples of data, collected at the SPS with a 350 GeV/c pion beam, used for the analysis

Sample ‘ring’ radius Density RICH-HV
(mm) (m2) V)
1 155 1, 10, 20, 30, 40, 50 2100
2 155 1, 10, 20, 30, 40, 50 2050
3 155 1, 10, 20, 30, 40, 50 2000
4 122 1, 10, 20, 30, 40, 50 2100
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obtained from GALICE, as explained in the preceding section, for pattern recognition studies of simu-

lated, multiple-track ALICE events.

Figure 4.11 shows overlapped events corresponding to sample (1), for different particle densities.
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Figure 4.11: Overlapped events at different particle densities.

The occupancy for different radii and anode high voltages as afunction of the number of overlapped
eventsis shown in Fig. 4.12. The pad occupancy on the cathode plane depends on the ring radius, the
HV setting on the MWPC and is proportional to the particle density. A particle density of 50 particles/m?
corresponds to an occupancy of ~12%, equivalent to the largest occupancy obtained in Section 4.2.4.3
from the GALICE simulation, where most of the particles have low momenta and large angles, therefore
emitting a smaller number of photonsin the detector than in the case of the test beam tracks.

The fact that the occupancy is higher at smaller radii is understandable in terms of ‘ edge effects' . The
larger radii get asmaller number of full ringsinto the detector active areathan isthe casefor smaller radii.
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Figure 4.12: Occupancy on the photocathode for different conditions of gap size and anode voltage.
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4.3.2 Thesignal from the HMPID readout: the pad hit and the clusters
The signal recorded by the pad readout of the MWPC consists of the following information:

o the coordinates of the padswhere asignal (after zero suppression) has been recorded. We call them
hit pads
e the amount of charge induced on each hit pad, obtained by the analog readout of the electronics.

Because of the nature of the induction process (the characteristic spread), the pad size (8 x 8 mm?),
and the fluctuation of the charge in the avalanche, the signal produced by a single-track ionization in the
gas or by Cherenkov photons converted in the Csl layer on the cathode will result in a‘cluster’ the size
of which may vary from one to several pads.

4.3.3 Cluster centroids and deconvolution

The map of hit padsisfirst analysed for clusters by an algorithm that recognizes, as such, groups of adja-
cent hit pads that share one common edge. 1n a second pass, the identified clusters are analysed looking
for the existence of possible multiple-charge maximain a single cluster, indicating that the recognized
cluster represents, in fact, an overlap of two or more clusters. In cases where multiple maxima are ob-
served, a deconvolution algorithm is applied, resulting in so-called ‘resolved clusters'. Finally, a charge-
weighted centroid is defined for each identified resolved cluster. Although this procedure allows a better
localization of the photons, it does not mean that clustering can be usefully applied in high-occupancy
environments; this point will be addressed in Section 4.3.6.

4.3.4 Reconstruction of the ‘Cherenkov signal’

In the most general case of multiple tracks on the HMPID we have:

e alarge-sized map of hits with a very complex pattern where individual RICH patterns can hardly
be identified by eye (see Fig. 4.11);

e amap of ‘impacts of tracks as extrapolated from the TPC to the HMPID cathode plane;

e anumber of real impacts corresponding to large charge clusters close to the extrapolated impact
points [10].

In order to extract the Cherenkov signal, for a chosen track, from the described cluster distribution
and track-impact information, we proceed as follows:

¢ we define a ‘fiducial zone’on the detector plane where Cherenkov photon clusters emitted by the
chosen track of known momentum and incidence angle may be observed;

e Wwe associate to each cluster (or pad) in the fiducial area a ‘ Cherenkov angle’ of emission in the
radiator asif it were produced by the track.

The latter task is performed using a backtracing algorithm described in the next section.

4.3.4.1 Geometrical backtracing

The backtracing reflects the fact that from a cluster centroid we try to reconstruct the angle under which
the photon causing it could have been emitted if it had belonged to the chosen track. To be able to start
backtracing we have to make the following assumptions:

1. the origin of ‘photons’ resulting in the same reconstructed angle is chosen to be one point on the
track path through the radiator. The coordinates of this point vary with the angle (because of the
absorption in the radiator) and are close to the middle of the radiator;



4.3 Pattern recognition 163

2. dl the ‘photons’ are assumed to be of the same energy, corresponding to the mean energy of the
photons producing photoelectrons in the HMPID RICH: 6.85 eV

3. no assumption is made on the 3 of the particle.

The reference system has the origin at the entrance point of the Minimum lonizing Particle (MIP) in
the detector. Asillustrated in Fig. 4.13, we define:

(xp,yp) = MIP impact coordinates projected onto the photocathode
(0p,¢p) = MIP polar and azimuthal angles

(z,y) = photon impact coordinates projected onto the photocathode
(6,¢) = photon polar and azimuthal angles

Tws Qu» Lgap = radiator, quartz and gap widths

ny, ng, ng = freon, quartz and methane refractive indices.

Figure 4.13: Reference system used in the backtracing.

The azimuthal angle ¢ for the photon can be evaluated, assuming an average emission depth L (at the
middle of the radiator):

y — Ltan0,sin ¢,

t = . 4.1
an ¢ x — Ltan 6, cos ¢, (41)
Using thisvalue of ¢ and defining « and R as
a= [(rw'L) + quw + ZL/ga;r)]tanep
R =distance MIP — photon cluster on the photocathode,
the following equation has to be solved:
R? = [acos ¢ — beos ¢]? + [asin ¢, — bsin ¢]? . (4.2
In EQ. (4.2) b isafunction of the polar angle of the photon according to
nysin 6 nysin 6
b= (rw—L)tanf + q, + tgap (4.3)

2 _ 2 qin2 [9 2. 2p
ng nfsmH ng nfsmH

Therefore, the solution of Eqg. (4.2) taking into account Eq. (4.3) providesthe value of 6 for the current
photon of the MIP.
Finally, the Cherenkov angle n.. for the photon is calculated by:

o8 1 = sin ), cos(¢ — ¢p) + cos b, cos b . (4.4)
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4.3.5 Analysisof single beam events

Single-beam events at the SPS have been processed in order to obtain the Cherenkov angle resolution in
the absence of background coming from other tracks. InFig. 4.14athedistribution of extracted Cherenkov
anglesper cluster, using the described method, isshown for datasample (1) (see Table4.5): thereisaclear
signal with negligible background). The Gaussian fit of the distribution givesa o, ~ 12.8 mrad.
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Figure 4.14: Photon angle distribution (a) and track Cherenkov angle distribution (b) for beam events at the SPS
in data sample (1).

By averaging the n. for al the photons, the mean Cherenkov angle per track 6. is obtained: the dis-
tribution, shown in Fig. 4.14b, indicates thisresolution to be 3.9 mrad. Thedistribution in Fig. 4.14b has
been obtained considering only photonswith 7. angle ranging between 0.550 and 0.750 rad. Thisfiducial
area has no special meaning — it is meant to shorten the computing time.

To determine the baseline parameters we show in Fig. 4.15 the resolved cluster multiplicity, cluster
size, and charge spectrum for the case of single-event patterns.
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Figure 4.15: Photon cluster multiplicity (a), cluster size (b), and charge (c).
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4.3.6 Analysisof overlapped data sets

Pad or cluster centroid backtracing

Although at first sight it seems advantageous to use the cluster centroid method in the backtracing al-
gorithm (better localization) it has been observed that this method, even at moderate densities, leads to
areduction of the Cherenkov signal. The reasons for that are obvious — partialy overlapping clusters
from different tracks will merge into single clusters thereby reducing the overall number of clusters, and
hence leading to awrong centroid determination. For these reasons, we have analysed multi-ring events
taking into the backtracing algorithm only the hit pads, assuming as photon-pad location the middle of
the pad itself.

Fiducial region
Starting from the MIP position and knowing the detector parameters, a wide fiducial region is defined,
around the MIP impact where all the photons relevant to that track could eventually be found. In the
present analysis we have chosen to backtrace all pad hits corresponding to photon angles between 0.550
and 0.750 rad.

As an example, we can see in Fig. 4.16a the map of all backtraced photons (the MIP impact po-
sition is always in the origin), i.e. the assumed fiducial band: the picture corresponds to a density of
10 particles'm? from sample (1).
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Figure4.16: Fiducia band around the MIP (a) and photon angle distribution (b) at 10 particles’'m? for sample (1).

The 7, distribution in Fig. 4.16b shows two distinct components. the peak around the Cherenkov
angle, produced by photons belonging to the tracks analysed, and a continuous background belonging to
photon pads produced by other tracks and falling in the analysed fiducial zone. The increasing profile
of the background distribution is expected and is mainly due to the fact that at larger . values, alarger
surface of the planeiscovered for equal 7). bins. The shape of the background distributionisachallengeto
the pattern recognition — biasing the peak value of the distribution towards higher angles. We therefore
have to carefully treat the background in the analysis.

4.3.6.1 Background treatment

The background has been parameterised with an analytical form:

Fbkg(nc) = [tan 770(1 + taHQ nc)]a + A + Btan Tlc » (4-5)
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where o« = 5.52, A = —7.80 and B = 22.02. This parametrisation fits equally well all the studied
densities.

With this analytical form, each photon has been weighted according to the following procedure. For
each analysed track (MIP impact) the corresponding 7. distribution is calculated. In this distribution we
cal culate the number of photons Ny, in asampling band far from the signal (i.e. with n. between n}, 0=
0.720 and n?, ;= 0.760 rad).

So the expected amount of background photons at any 7. can be estimated by means of Eq. (4.5), as

Firg(ne) Nokg
,'72
fn "9 Fypg (nl)drl,

1
bkg

Rbkg (nc)dnc = dne , (4.6)

InEq. (4.6) dn. is1 mrad and R4 (7. )d7. isthe expected amount of background photonsinal mrad
bin at the angle n.. In Fig. 4.17 we show the fitted background (dashed line) compared with the real
background shape at severa particle densities. The white distribution in each case corresponds to the
photon 7. spectrum obtained for all analysed MIPs.

If Npp,(ne)dn. isthen,. spectrum for the MIP under study, then in order to take into account the back-
ground, each photon in each bin should be weighted by

Wikg(ne) =1 — By () : (4.7)

Npn(ne)

Thedark distributionsin Fig. 4.17 have been obtained by entering each photon with the corresponding
weight calculated by Eq. (4.7). In thisway the background contribution has been taken into account so
that, apriori, no systematic biasing of the signal will occur in the pattern recognition.

4.3.6.2 Extraction of the mean Cherenkov angle

The determination of the mean Cherenkov angle per track is the main goal of the pattern recognition.
Then, signal observed in Fig. 4.17 shows that there is ho drastic deterioration of the width of the signal
distribution, but the mean Cherenkov angle is influenced by the presence of the background signal. In
the following we will shortly review the steps in the pattern recognition that we have developed. Our
basic approach is to apply a Hough transform method which has been modified to accomodate the fact
that the signal in the ), coordinate has a natural width given by all the features described in Chapter 2. To
account for that width we apply a sampling band approach that consists in sliding a window of awidth
comparable to the width of the signal over the . spectrum. At each step in the sliding, the number of
pads found within the window is counted. When the window reaches the region for which the number of
counted photon-padsisthe largest, the content of the window is called the * Hough selected photon pads'.
Using that information and the known background weights, an iterative averaging procedure is used to
finally determine the value of the mean Cherenkov angle associated to that track.

TheHough Transform method

The pattern recognition for the HMPID, on the track level, has been implemented using the Hough tech-
nique to extract the mean Cherenkov angle per track as a parameter to be estimated in atransformed para-
metric space [11,12].

TheHough Transform method (HT) is an efficient implementation of ageneralized template matching
strategy for detecting complex patternsin binary images. Thisis achieved by analysing the parameters
which characterize these patterns and looking for local maximain a feature parameter space [13]. The
main advantage of the Hough transform is that it is relatively unaffected by topological gapsin curves
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Figure 4.17: Distributions of 7. per photon-pad at different particle densities, with estimated (dashed) and sub-
tracted (dark) background for sample (1).

and by high-noise background in spot-like images [14]. In general, let us assume that we transform a
Cartesian space into a feature space:

x — (a,T(x,a)), (4.8)

whereaisaparameter vector and T(x,a) itsrelativetransform. For each thresholded contribution of T(x,a)
in the parameter space, a Hough counting takes place in the so-called * Hough Counting Space’ (HCS):

HCS(T(x,a)) == HCS(T(x,a)) +w, 4.9
where w is a given weight to be assigned to the feature vector a which, in the simplest case, is assumed

to be unitary. The incrementation strategy of Eq. (4.9) can be also further refined by applying an incre-
mentation function:

w=w(x,a), (4.10)

which implements aweighting policy in such away asto use other relevant information associated with
agiven feature point [15]. The Hough estimator for the feature vector is given by the bin valuein HCS
which provides the highest occurrence in the parameter space.
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For the HMPID analysis we have

(@,y) = (@p, Yp, Op, Bp)s Me) - (4.11)

If we assume a = (x,y,.0,,¢p) to be aready known, the transform will reduce the problem to a solu-
tion in a one-dimensional mapping space. The HCS in this case represents the photon Cherenkov angle
n. Spectrum and, indeed, a Hough estimator for the Cherenkov angle 6. of the particle is chosen as the
highest peak provided by all the photonswhich fall in that angle bin. Thus, the HCS accumul ates the con-
tributionsfrom several Cherenkov photons according to expression (Eg. 4.9). The analysis procedure can
be easily extended and made more effective if the weight function (Eq. 4.10) is used to take into account
other factors like the background evaluation or the charge contribution for each Cherenkov photon.

The transformation which provides the parameter 7). for a given vector a has already been described
in Section 4.3.4.1 as the geometrical backtracing algorithm to extract the Cherenkov angle associated
to each photon pad. Each MIP cluster is excluded from this transformation and for each MIP cluster a
scanning in the MIP reference systemis done in such away asto get the . values ranging from 0.550 to
0.750 rad. It should be noted that this kind of approach alows independence from the topological shape
and size of the specific Cherenkov pattern cut in the plane of the detector (i.e. circular, elliptic, parabolic).
Thisisdueto the fact that the particle identifi cation happensin the Cherenkov photon angle space, instead
of the Cartesian one.

HT method modified with correlation bands
Thebasic HT method applied to the HMPID has been enhanced in such away asto be lessinfluenced by
the background caused from several noise sources [16].

For each photon there is a spread in the Cherenkov angle to be taken into account, which makes it
harder to achieve agood resolution ;. in the Cherenkov angle identification. In order to enhance statis-
tically asmuch as possible the signal in the ;. spectrum, the incrementation expression (Eg. 4.9) has been
modified.

The following integration in the 7). space over a sampling band b has been applied:

776+£
HCS' (ne) = / T HCS()dn. (4.12)
n

b
eT3

which, in the discrete case, where dn. = 1 mrad (i.e. n.(k) = k dn., k integer), transform into the corre-
lation:

776“/’)""%
HCS' (k)= Y HCS(i). (4.13)

i=nc(k)— %

The HC'S hasbeen calculated using w = Wyy4(.), defined by (Eq. 4.7), astheincrementation func-
tion. The optimum sampling band in the correlation has been determined at 40 mrad for the smallest o,
value.

The information extracted from the pattern recognition, for each analysed MIP, is the number of hit
padsfalling into the Hough selected band: we call those * Hough selected photon pads’ and their number

will beindicated by N;°“?". In Fig. 4.18athese selected photon pads are shown in the case of a 10 m~2

particle density; in Fig. 4.18b the evolution of the Nﬁf“gh distribution with the particle density is also

reported.

In the pattern recognition the band selection performed by the Hough method, as described in Sec-
tion 4.3.6, takes into account the background: this determines 927°“9" and N ﬁl"“g " Beyond that, we can
alos make use of the different . angles for the Hough sel ected photon pads and their background-rel ated
weights.
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Thisinformation is used to calculate the average weighted angle as.

Ngﬁough N:J}Iough
1 , , - .
(0c) = Woor Z Wokg (e (i))me(2) Wiot = Z Wokg(ne(i)) - (4.14)
ot =1 i=1

In Fig. 4.19 the .. distributions at three different densities are shown, with the bottom right plot re-
suming (white triangles) the behaviour of the corresponding sigmas (‘angle resolution’ per MIP) versus
particle density.
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Figure 4.18: Hough selected photon pads at 10 particlessm? and multiplicity distributions at different densities
for sample (1).
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Figure4.19: Final Cherenkov angle distributions per MIP at different densities for sample (1) and corresponding
sigma evolution compared with those for samples (2) and (3).

The same analysis has also been applied for samples (2) and (3) in Table 4.5, i.e. overlapped beam
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events collected at the SPS H4 beam in 1997 and 1998, lowering the RICH HV from 2100 V to 2050 V
and 2000 V: the results are summarized in Fig. 4.19.

No significant difference is observed for the two higher HV values, while a degradation is observed
at 2000 V, probably due to some photon losses at that voltage.

A ‘ring reconstruction efficiency’ can be extracted as the fraction of ‘good reconstructed rings with
respect to the total number of MIPs: awell-reconstructed ring means that the corresponding Cherenkov
anglefalswithin £15 mrad (i.e. ~ +20 of the angle distribution at the highest density) from the central
value 0.686 rad. Figure 4.20 shows the evolution of this efficiency versus the particle density.

neconstr. efficiency

Cherenkoviangle
reconstruction efficienc

0 10 20 30 40 50 60
p.cles per m2

Figure 4.20: Ring reconstruction efficiency versus particle density for sample (1).

The same analysis has been applied to the event sample (4), the main aim being to study the depen-
dence of the pattern recognition performance on the size of the single pattern (i.e. the ring radius). The
behaviour of the oy, versus the particle density is reported in Fig. 4.21a, where the results from sample
(1) and sample (4) are compared.

The better resolution obtained for smaller R reflects the fact that the overlap of different patternsis
smaller for smaller rings, hencethe underlying noise background contributionissmaller. Thisresult needs
to be confirmed in the more general case of ‘redlistic’ event smulations. In Fig. 1.4 the 6, distribution at
50 particlesm~2 for sample (4) is shown, with the corresponding Gaussian fit of the peak.

The analytical relation between the Cherenkov angle resolution and the corresponding momentum
limit for 3-0 m—K separationisplotted in Fig. 4.21b: it can be noted that in the best case the performance
of the method providesa3c m—K separation up to more than 2.5 GeV/c for the most violent events antic-
ipated in ALICE. Assuming the mean multiplicity of the recorded events to be about half the maximum
value, the present analysis setsthe 30 7—K valueto ~3 GeV/e.

4.3.7 Recognition of Cherenkov patternsin the GALICE environment

The particleidentification strategy of the HMPID will addressonly particleswith amomentum larger than
1 GeV/e. Withthisin mind, the Hough transform method will never be applied to al particlesin an event,
asisthe case in the analysis done so far, but it will concern limited regions in the HMPID plane where
high-momentum particles are tracked by the TPC and the ITS.

Asan example, we show the present pattern recognition applied to awell-defined hadron in the GAL-
ICE environment. The top part of Fig. 4.22 shows the map of hit pads belonging to one module of the
HMPID, as simulated in GALICE for a Pb—Pb interaction.

In this high-density environment, Cherenkov patterns are not recognizeable by eye. Thisis also true
in the region enclosed by the box shown in the right-side part of the hit map. Thisbox delimits awindow
opened around the hit point of apion of 1.23 GeV/c, that impingesthe HMPID plane at an incident angle
of 0.98°.
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In the lower part of Fig. 4.22, the particle hit point isindicated with ‘mip’ while the pads belonging to
clustersinitiated by the Cherenkov photons emitted by the selected particle are indicated as open boxes.
The Hough Transform method has been applied to the set of clusters contained in the window.

Open boxes indicate pads of clustersinitiated by Cherenkov photons associated in the pattern recog-
nition to the particle that crosses the region in the point ‘mip’. Pads with a darker colour show overlap
among clusters. Hough reconstructed pads are indicated with ‘1’. As shown, the method is able to rec-
ognize amost all the relevant clusters belonging to the Cherenkov photons. Indeed 30 pads out of 40 are
associated to the right clusters, only one cluster has been compl etely missed dueto the fact that it belongs
to ahuge unresolved cluster. Thefinal result is a correct identification of the pion. A systematic analysis
of GALICE eventsisin progress.

4.4 Matching of trackswith clusterson the HMPID pad plane

The pattern recognition of the Cherenkov patterns and the precision in the extraction of the Cherenkov
angle rely heavily on the precise knowledge of the momentum of the particles, their angle of incidence,
and impact point. In particular, it isof primary importance to demonstrate that, at the expected pad occu-
pancy, we are able to correctly match the reconstructed tracks with the impact points at the HMPID pad
plane, bearing in mind that the total charge alowsto distinguish a MIP cluster from a photon cluster.

Thetracking through the ITS and TPC and the extrapolation to the HMPID have been performed [10]
by using simulated particles, with momenta ranging from 0.5 to 5 GeV/c. The points generated in the
ITS and TPC detectors have been fitted in order to extract the kinematic parameters to be used for the
extrapolation to the HMPID. After the calculation of the impact coordinates and direction cosines of the
fitted track on the RICH module, the relevant quantities have been compared with those of the simulated
track after its full evolution through the ALICE apparatus. These quantities have also been studied as a
function of the track momentum.

441 Track ssimulation

Tracks have been generated with aflat momentum distribution, ranging from 0.5t0 5 GeV/cin therapidity
range || < 0.4. The evolution of the track through the ALICE subsystems (6 silicon layersin the ITS,
75 space pointsin the TPC region and the final set of RICH modules) has been determined by GEANT
routines.

Multiple scattering in the beam pipe, silicon layers, TPC gas mixture and also in mechanical supports,
cooling systems and in electronics has been taken into account (total equivalent to ~ 8% X)) according
to the detector design reported in the ALICE Technical Proposal [1] (see Table 4.6, where is shown the
averaged material budget corresponding to the interesting momentum range for the HMPID as well as
to ITS spatial acceptance). About 5000 tracks (over al momenta) have been processed, in an uniform
magnetic field of 0.2 T within the RICH acceptance.

4.4.2 Track reconstruction

The fitting routines take into account the hits, both in the ITS and in the TPC detectors, according to the
specification reported in the Technical Proposal [1].

In the fitting model the tracks are supposed to be helices[17] with acommon vertex at (0,0,0), polar
and azimuthal emission angles A and ¢y, respectively, and aradius of curvature R (cm) = pcos A\/K B
(K = 0.003,B = 0.2 T and track momentum p in GeV/c). All the hits (points in the fit) have been
weighted, taking into account the detector spatial resolution and the multiple scattering error propagation
through the different layers.

In Fig. 4.23 we report the distributions of the residuals between simulated and reconstructed track
kinematic parameters. After reconstruction, angular resolutions of less than 1 mrad have been found,
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Table 4.6: Averaged material budget in the tracking volume

Radius(cm) X/X, (%) Radius (cm) X/X, (%)
ITS TPC
Beam pipe 3.0 0.17 Inner vessel 52 0.27
Si pixel 1 39 0.64 CO, 52-78 0.14
Si pixel 2 7.3 0.64 Inner cage 78 0.52
Si drift 1 14 0.64 Working gas 78-250 0.56
Si drift 2 24 0.64 Outer cylinder 250 1.33
Si strip1 40 0.64 Air 250480 0.75
Si strip 2 45 0.64
Outer shell 50 1.00
Air 3-52 0.16
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Figure 4.23: Residuals of simulated and reconstructed kinematic parameters.
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while the average Ap/p (over all momenta) is about 2%. These values are compatible with the tracking
resolution estimates reported in the Technical Proposal. The Ap/p versus p behaviour will be discussed
later in this Chapter.

The track fit residuals have been calculated for each detector layer; in particular, it is interesting to
look at the residuals on the last pad row of the TPC, which is the end of the track measurement region.
Figure 4.23 reports the distribution of the differencein r¢ and z coordinates between the fitted crossing
point and the‘data’ point; they refer to thewhol e sample, while Table 4.7 resumesthe values of the sigmas
of these distributions as a function of the track momentum.

Table 4.7: Sigmas of the residual distributions at the end of the TPC

Momentum range (GeV/c) 05-1 1-15 152 2-3 34 45
r¢-residuals (um) 410 300 220 210 180 170
z-residuals (um) 1060 660 450 320 230 210

4.4.3 Extrapolation tothe HMPID
4.4.3.1 Evaluation of thetracking errorsat the HMPID

A reconstructed track can be extrapolated from the last measured point in the TPC up to the HM PID mod-
ules by using the fitted kinematic parameters. Track-by-track impact coordinates and momentum vector
components at the HMPID have been extracted: these have to be compared with real points and momenta
provided by GEANT for the same detector module.

Inthe actual experiment the extrapol ated impacts and directions are the starting point for the matching
of track hitsin the HMPID with the tracks in the TPC. It is useful to remember that the uncertainitesin
this determination are expected to be greatly amplified with respect to the fit residualsfound at the end of
the TPC: not only because of thefit error propagation aong the 250 cm path from the TPC to the HMPID,
but also because of the multiple scattering in the outer wall of the TPC vessdl (~ 1.3% X)).

To estimate the final expected resolution on the impact and angles onto the RICH, we have to look
at the distributions of the differences between extrapolated crossings and the ‘data’ point. Figure 4.24
shows the distribution of the difference A(r¢) = (7¢)reat — (r®)eatrap 8nd the same for Az calculated
at the RICH for all momenta (between 0.5 and 5 GeV/c).

The widths of these distributions provide the expected extrapolation error for ¢ and z coordinates
of the track impact onto the RICH modules. The same calculation has been performed for the polar and
azimuthal angles A and ¢ of the track. The following error estimates have been extracted:

ory =3.3Mm g =19 mrad
o, =2.1mm oy =0.7mrad

4.4.4 Evaluation of the matching efficiency

We haveinvestigated the probability of afake match between the extrapol ated track and the corresponding
hit in the HMPID; this can occurr due to the high hit density expected in the RICH modules in Pb—Pb
events at the LHC.

A fake match occurs when another hit falls closer to the tracking prediction than the real impact of
thetrack. The particle densities simulated as shown in Section 4.2 using the full ALICE detector material
budget have reached a maximum density of 100 particles/m?. The amount of ‘ mismatches' computed as
afunction of track momentum is reported in Table 4.8.
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Figure 4.24: Distributions of difference between extrapolated and real impacts at the RICH.

Table 4.8: Estimated probabilities for fake matches between the track and the hit in the HMPID for a density of
charged particle impacts of 100 m—2

Momentum range (GeV/c) 05-1 1-15 152 23 34 45
Fake match prob. (%) 4.6 14 08 04 03 02

The results show that the probability of mismatches between tracks and the corresponding hit in the
HMPID istolerable at the estimated tracking impact resolutions.

4.5 Optimization of the detector

In the preceding sections we have discussed the tools developed to determine and study the influence
of different parameters on the performance of the HMPID in the ALICE environment together with the
results obtained so far. It isimportant to realize that the optimization in the realistic environment is not
necessarily the same asthe optimizationinaclean environment. For instance, theresult that theresolution
is better for smaller radius would not have been reached on the basis of low particle density events. The
pattern recognition performed on overlapped events clearly shows the importance of the occupancy in
worsening the angular resolution of the Cherenkov angle distribution and, hence, the upper momentum
limit of particle identification of the HMPID.

We have reached a satisfactory resolution in aparticularly hostile environment. However, we believe
that further optimization of the design in some respectsis still possible. This optimization would consist
of decreasing all the elements that contribute to the occcupancy, such as:

— reducing the material budget of the HMPID modules;

— reducing the photon feedback contribution to the noise;

— studying the possibility to use a detector gas mixture with the minimum content of hydrogen atoms;

— determining the optimum single-electron mean pulse height — a compromise between the localization
accuracy, the achievable single-electron detection efficiency, and resulting Cherenkov angle resolution;
— determining the optimum size of the proximity gap for best performance in a high-occupancy environ-
ment.

These optimizations will be discussed in the following.
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45.1 Optimization of the constructive elements of the detectors

The analysis of the origins of the noise hits in the HMPID shown in Table 4.4 clearly indicates that it
is useful to carefully analyse any possibility to reduce the material budget of the thickest object in the
module, i.e. the radiator.

As has been shown in Chapter 2, the resolution of the mean Cherenkov angle has almost no depen-
dence on the thickness of the radiator, because the loss of emitting medium is compensated by the better
resolution per photon and by the higher transparency of the thinner radiator. A decrease of ~ 20% in the
thickness seems worth studying in high-density environments.

4.5.2 Reduction of the photon feedback

The photon feedback effect has been described in detail in Chapter 2 and it is obvious that it contributes
significantly to the overall occupancy. As an indication, the photon feedback contributes ~ 15% of the
overal occupancy in the simulated events at a HV of 2100 V. It is therefore important to achieve the
lowest feedback keeping a high single-electron efficiency. Two possible ways of further improvement
are: the continuation of the study of the HV dependence of the mean Cherenkov angle resolution in high-
occupancy environmentsand the study of optimized gas mixturesthat would allow for thelowest feedback
and for the lowest possible hydrogen content, to lower the rate of neutron interactions in the gas.

4521 Gapsize

We have started to analyse the effect of decreasing the gap length in the HMPID. However, the final de-
cision on the exact value will depend on the optimization of two factors: the best resolution achievable
and the best efficiency. A larger ring pattern means that for the particles falling in the edge region of the
HMPID, i.e. when the track impact is closer to the edge than the value of the ring radius, a number of
photons of the pattern will be lost because of the detector size. This problem will have to be addressed
indetail anditisclear that, al other conditions being equal, one would favour asmaller ring radius. Itis
comforting to see that, under the present conditions of the tests and pattern recognition, the smaller size
also resultsin the best angular resolution, as shown in Section 4.3.6.



