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system at the LHC
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ABSTRACT. The forward muon spectrometer of ALICE (A Large lon Collidexperiment) is
equipped with a trigger system made of four planes of Resiftllate Chambers (RPC), arranged
in two stations with two planes each, for a total area of aldd@ n?. The system provides sin-
gle and di-muon triggers with suitable transverse momerstelection, optimised for the physics of
guarkonia and open heavy flavour. In the first two years of-tikimg at the Large Hadron Collider
(2010 and 2011) the 72 RPCs were operated in highly satuestgldnche mode in both pp and
Pb-Pb collisions. The integrated charge was about 1.3 mtdoraverage and 3.5 mC/érfor the
most exposed detectors. This paper describes two maingesuk first result is the determination
of the RPC performance, with particular focus on the stighilf the main detector parameters such
as efficiency, dark current, and dark rate. The second risghe measurement of the muon trigger
performance in Pb-Pb collisions gSsyn = 2.76 TeV, in terms of the reliability and stability of the
trigger decision logic.
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troparticle physics
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1 Introduction

ALICE (A Large lon Collider Experiment]]]) studies nuclear matter at very high temperatures
and energy densities, and the transition to a deconfinedrparphase, known as Quark Gluon
Plasma 2] (QGP). This is done via the analysis of ultra-relativistieavy-ion collisions at the
Large Hadron Collider (LHC). Proton-proton physics is dlsduded in the ALICE program, both
as a reference for observables measured in heavy-ionionflisnd as a per se field of study.
Heavy flavour production is sensitive to the properties offQI@ the ALICE forward muon
spectrometer, heavy flavoured mesons are detected vianteinic and semi-muonic decays, in
both Pb-Pb3-5] and pp B—9] collisions. The spectrometer is composed by a set of abssria
muon tracking system, a dipole magnet and a muon triggeesysthose task is to identify muons
and to reduce the background of low transverse momenpgimiuons from light hadron decays.
The muon trigger system consists of 72 Resistive Plate Chafh] (RPC) modules arranged in
two stations, located, respectively, at a distance of 16 dnlahm from the interaction point. Each
station is made of two detection planes with 18 RPCs each. dEkection planes are arranged
perpendicular to the beam line. The total active area ofybtem is about 140 fa The total num-
ber of electronics channels is about 21000. The spatiatrimdton provided (with subcentimeter
resolution [L1]) by the RPCs is used to perform a selection on the mpigrvia the deviation with
respect to the trajectory of an infinite momentum track oaggd at the interaction point. The sys-
tem is able to deliver single and di-muon (unlike- and likga} triggers. For each of these signals,
two different py thresholds can be handled simultaneously, for a total ofrgjger signals eval-
uated and delivered to the ALICE trigger processor at a #aqy of 40 MHz and with a latency
of about 800 ns. The first-level muon trigger decision is genked by a set of 234 electronics



boards. More details about the trigger algorithm and edaits are given in12]. The fraction of
operational Front-End Electronics (FEE) channels was%®@%&#the end of the 2011 data-taking.

In 2010 and 2011, ALICE took pp collision data@6 = 7 TeV (8 months/yeat)and in Pb-Pb
collisions at,/Syn = 2.76 TeV (1 month/year). In 2010, the typical luminositygp collisions
was about 1€ cm2s~1, corresponding to a single muon trigger rate of about 100with, a pr
threshold of 0.5 Ge\¢. The luminosity in Pb-Pb collisions was about?i@m2s1. Given the
low luminosity, no dedicated muon trigger was used in Pb-@tlistons; however, the muon trigger
data were read out and used for offline analysis. In 2011 utiménlosity in pp collisions was about
2x10°° cm~2s71, corresponding to a single muon trigger rate of about 500 fdizta a di-muon
trigger rate of about 20 Hz, with pr threshold of 1 Ge\W. The luminosity in Pb-Pb collisions
was about 31076 cm2s1, corresponding to a single muon trigger rate of about 5001dizta a
di-muon trigger rate of about 200 Hz, withpg threshold of 1 Ge\d.

2 Performance and stability of the ALICE muon trigger RPCs

The ALICE muon trigger detectors are 2 mm single gap RPC# low resistivity (~10° Qcm)
bakelite electrodes. They are operated in highly saturatathnche modelp], with a gas mixture
consisting of 89.7% €HoF4, 10% CGH1g, 0.3% Sk. The gas relative humidity is kept at 37%,
in order to prevent alterations in the bakelite resistiyity, 15]. The individual RPC areas range
from (72x223) cn? to (76x292) cnf. The signal is picked up inductively on both sides of the
detector by means of orthogonal copper strips, in the X (ingnplane) and Y (non-bending plane)
directions. Strips with pitch of 1 cm, 2 cm and 4 cm and lengiiging from 17 cm to 72 cm are
employed; areas closer to the beam line have the finest ségtiven The RPC signal is discrim-
inated in the FEE without pre-amplificatiot§]. The signal amplitude threshold of the FEE can
be separately adjusted for each RPC via the Detector Cddyiem (DCS); it is set to 7 mV for
most RPCs.

The operating high voltage was optimised for each RPC wiimio data, and fine-tuned with
early pp collision datal4, 17]: the chosen values range from 10 kV to 10.4 kV. Operatin¢pgsl
correction to compensate for temperature and pressuraieas is performed online by the DCS.

In 2010 and 2011 the detectors were exposed to about 13 kthitan average and
35 Mhit/cn? for the most exposed RPCs, corresponding to an integrat@getof 1.3 mC/crh
on average and 3.5 mC/énfor the most exposed RPCs (as will be showrRiB, the average
charge per hit is about 100 pC). Most of the hits were integrat 2011. RPC prototypes operated
with the same gas mixture have been ageing-test8d1B] up to an exposure of 550 Mhit/cn
corresponding to about ten years of safe operation at the ibHi@ expected running conditions.

2.1 Efficiency

The RPC efficiency can be measured from data: since the tradgerithm requires tracks to have
hits in three out of four detection planes, the efficiency degection element in a given plane can
be obtained by using the remaining three planes as an ektexoking system19].

In order to check the stability of the efficiency plateau, tvigh voltage scans were performed
within 8 months from one another. A very good reproducipilitf the efficiency curve was

1in 2011, data were also taken for a few days in pp collisiongsat 2.76 TeV.
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Figure 1. Left: efficiency curve of one RPC, as measured with pp doliis in two different high voltage
scans 8 months apart. High voltage values are correctednyet@ture and pressure variations. Right:
average efficiency of one of the four detection planes (18$3P&% a function of time, in 2010 and 2011.
The efficiency is measured separately for the X (bending)¥a(bn-bending) planes.

observed (an example is shown in figurdeft). The measured shift of the working point was less
than 50 V £20.5%) for all RPCs.

The RPC efficiency is constantly monitored in order to prevedficiency maps for offline
analysis and to check its stability in time. The results amarmmarised in figurd, right: the average
RPC efficiency, about 95%, has been stable within 0.5% in ®avs/of operation.

2.2 Cluster size

The RPC cluster size was measured in both pp and Pb-Pb aadlisiThe results obtained with
2010 data are shown in figuggfor the three different strip pitches employed in the RPCs.

The measured average value for strips of 2 cm is 1.40, in ggoekanent with the value of
1.33 measured in beam tesig] during the R&D phase. The slight difference is compatibighw
the fact that the FEE threshold was set to 10 mV in the beamates7 mV in the current setup.
No significant difference was found between the cluster sieasured in pp and Pb-Pb collisions.
The same analysis was performed with 2011 data, with colripatsults.

2.3 Counting rate and current

The RPC dark current and counting rate were periodicallyitod. The results are depicted in
figure 3. The dark counting rate was measured from scalers, in dedicans taken right after the
physics fills. Its average value of 0.05 Hz/ka very stable in time. The spikes seen in the autumn
of 2011 can be ascribed to beam-induced afterglow, sinckisnperiod the LHC proton beams
reached the highest intensit(]; in the following Pb-Pb run (November 2011), with much lowe
intensities, the dark rate is again very stable. The avedagecurrent shows a slightly increasing
trend, which seems to be temporarily inverted or mitigatetbhg periods with high voltage turned
off (e.g. the winter shutdown); the average value is{145 corresponding to about 0.1 nA/ém

The maximum average current and counting rate reachedgddata-taking were measured
to be about 1 nA/crand 10 Hz/crf, respectively. In such conditions (autumn 2011), the RPC
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Figure 2. Average RPC cluster size for the four detection planes @8/Rlane), for strips with pitch 1 cm,
2 cmand 4 cm, in pp collisions gfs= 7 TeV (top) and in Pb-Pb collisions gfSyn = 2.76 TeV (bottom).

currents and rates are dominated by the machine-inducddjtoamd P1]. Beam tests13, 1§
have shown that the RPC performance are unaffected up ®ob#bout 80 Hz/crh

In figure 4 the average RPC current during physics data-taking isgqulas a function of the
average counting rate: as expected, a linear correlatitouisd. The slope of the curve is about
2 uAI(Hz/cm?), corresponding to an average charge per hit of about 100 pC.

Figure 5 shows the RPC counting rate as a function of the minimum bigger rate in
Pb-Pb collisions. The three curves correspond to the mgxisexi RPC, to the average of the
RPCs on the most exposed detection plane and to the averafdRéfCs. The slope of the curve
corresponds to the average number of hits per minimum bistethis quantity is 0.510° cm—2
on average and 0:81.0° cm~? for the most exposed RPC. An extrapolation to 50 kHz minimum
bias rate (hypothetical scenario for an upgraded LB®})[leads to counting rates of 25 Hz/ém
on average and 40 Hz/&tor the most exposed RPC. Such rates are still tolerabledglékectors
in terms of rate capability. However, the detector lifetimesuch a scenario might be limited:
thus, the possibility of switching to a lower-gain gas migtand a new FEE with amplification in
order to reduce ageing effects is being considered.
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Figure 3. Average RPC dark rate (top) and dark current (bottom) asetifon of time in 2010 and 2011.

3 Performance of the ALICE muon trigger system in Pb-Pb collsions

In this section the measured muon trigger multiplicitie®mPb collisions and the performance of
the trigger algorithm in 2010 and 2011 are described.

3.1 Multiplicities from the trigger algorithm

In figure 6 the muon multiplicity (average number of muons detectedhbyttigger algorithm per
Pb-Pb collision) is shown for different centrality binspging from 0-10% (most central) to 40%-
80% (most peripheral). The centrality is measured as dmstiin R3]. Muons are required to
satisfy the trigger condition with the lowest possilplethreshold pr ~ 0.5 GeVE) and to match a
reconstructed track in the tracking system. The multiplics shown as a function of the LHC fill
number, for a time span corresponding to about one monthtm2@10 and 2011.

As expected, we observe that the muon multiplicity increaséth the Pb-Pb collision
centrality, since so does the number of binary nucleonewrcicollisions. The stability of the
detector response over time is satisfactory; the visiblegires can be explained by slight changes
in the number of active channels in the muon tracking systdfacting the muon reconstruction
efficiency.
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3.2 Muon trigger turn-on curve

The pr thresholds are fixed by physics and bandwidth consideatidrhey are defined as the
muon pr for which an efficiency of 50% is reached. In 2010 (2011) the-|o- threshold was set
to 0.5 GeVt (1 GeVk) and the highpy threshold to 1 Ge\W (4 GeVk). The hardware settings
corresponding to the chosen thresholds are determined rbylation with muons of known
transverse momentun24]. In real data, the nominal highy thresholds can be verified by
measuring the trigger turn-on curves. The curves are adaldoy the ratio of the reconstructed
muon pr distribution in the highpr muon sample to the reconstructed mymndistribution in the
low-pr sample. The reconstructqet is measured by the muon tracking system. The measured
ratios for Pb-Pb collisions in 2010 and 2011 are shown in &gur

A plateau with saturation value close to unity is seen faydar; values. As expected, ther
values corresponding to a value of the ratio of 0.5 are closled requested values of 1 Ge\ahd
4 GeVk. The behaviour of the ratios at very Igw can be attributed to the fact that log+~muons
passing through the muon filfeplaced between the two subdetectors can be affected bypheulti
scattering effects causing them to be flagged as pigtracks by the trigger algorithm.

3.3 Trigger selectivity

Figure 8 shows the trigger selectivity as a function of centrality; diifferent pr thresholds. The
trigger selectivity is defined as the ratio between the nunobeninimum bias events containing
at least one muon witpy larger than the threshold and the total number of eventamatyiven
centrality range.

As expected, the selectivity is lower in the most centradsdes, where, as shown3ril, muon
production is enhanced by the large number of nucleon-noct®llisions. In tablel the trigger
selectivities for two centrality bins are reported. Theesgnent between the 2010 and 2011 ratios
with the same threshold is satisfactory; the small (1.5%¥®idince seen between the 2010 and

2The muon filter is a 1.2 m (7 hadronic interaction lenghtsjkfiion absorber located between the tracking and the
trigger system.
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Table 1. Trigger selectivity for two centrality ranges and diffet¢hresholds.

2010
pr > 1GeVkt
(61.8+0.1)%
(5.81+0.02)%

2011
pr > 1GeVkt
(60.9+0.1)%
(5.88+0.02)%

2011
pr > 4GeVkt
(13.61+0.05)%
(0.73+0.01)%

0%-10%
40%-80%

2011 selectivities in the most central collisions can beilasd to slight variations in the fraction
of unavailable channels or the RPC efficiency, affectingoterall trigger efficiency.

3.4 Muon tracking-trigger matching

Figure9 shows the ratio of the number of tracks detected by both thennmacking and the muon
trigger system (matched tracks) to the number of tracksctiEdeby the tracking system, as a
function of pr, for minimum bias events, in 2010 (top) and 2011 (bottom).
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The results obtained for the two years are very similar. We tiwat the ratio does not reach
unity, the saturation value at highr being ~0.85. According to Pb-Pb collision simulations
performed with the HIJING event generator, the fraction mhatched tracks is largely accounted
for by the contamination of hadrons in the sample of recoostd tracks: these are stopped in the
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muon filter and are not detected by the trigger system. Offfexts, such as trigger and matching
inefficiences and tracks from beam-gas interactions, plaayagginal role in defining the value of
the ratio.

4 Conclusions

The ALICE muon trigger system has been fully operationairduthe first two years of data-taking
at the LHC. The observed RPC performance are in agreememntheitdesign values. The average
RPC efficiency is about 95%; the cluster size is 1.4 with 2 catevgtrips; the dark current is about
0.1 nA/cnt and the dark counting rate is about 0.05 HZAcrithe values of all these parameters
are remarkably stable in time, with the sole exception oftiuek current.

From the analysis of 2010 and 2011 muon trigger data in Pbelisions it is possible to
conclude that: the muon trigger system has shown a stab/toehthe trigger decision algorithm
is reliable and selective; the muon trigger is very efficientejecting hadrons detected by the
muon spectrometer tracking system: it actually acts as anridemtifier.

—10 -



The ALICE muon spectrometer is playing a crucial role in tHd@E physics program and,

also in virtue of the performance and stability of the muadgger system, is expected to continue
to do so in the next years of LHC operation.
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