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1 Introduction

ALICE (A Large Ion Collider Experiment) is an experiment dedicated to the study of heavy-ion
collisions at the LHC [1, 2]. It is designed to explore the physics of strongly interacting matter
in proton-proton (pp) collisions and of Quark-Gluon Plasma(QGP) at extreme values of energy
density and temperature in nucleus-nucleus collisions. Itprovides identification of particles up to
the highest multiplicities and down to low transverse momentum (pT & 50 MeV/c). The physics
programme also includes proton-nucleus collisions in order to study the cold nuclear effects, and
lighter ion collisions in order to vary energy density and interaction volume. Data taking in pp mode
provides reference data for the heavy-ion programme and allows to investigate various specific
properties of the strong-interaction, thereby playing a complementary role to that of the other LHC
experiments.

The ALICE apparatus consists of a central barrel, a forward muon spectrometer and a set
of detectors in the forward regions including the VZERO system. This system provides triggers
for the experiment (minimum bias or centrality trigger) andseparates beam-beam interactions from
background events such as beam-gas interactions, either attrigger level or in off-line analyses. Fur-
thermore, it is also used to measure beam luminosity, charged particle multiplicity and azimuthal
distributions. The control of the luminosity allows the determination of the absolute cross-section
value of reaction processes. The knowledge of the charged particle multiplicity is essential for
the evaluation of the centrality of nucleus-nucleus collisions. The particle azimuthal distribution is
important for determining the Pb-Pb collision reaction plane.
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Figure 1. Sketches of VZERO-A and VZERO-C arrays showing their segmentation. Scintillator thicknesses
are 2.5 and 2 cm respectively. Radii of rings are given in table 1. The scintillator segments on both sides of
the dashed lines are connected to the same PMT (see section3).

In this publication, a description of the VZERO system and its Front-End Electronics (sec-
tion 2) is given as well as the calibration procedure for individual channels (section3). Details
about the role of the system in the ALICE triggering scheme (section4) are then described. Finally,
its use for physics purposes, is also pointed out: monitoring of colliding beams for the evaluation of
luminosity (section5); measurement of the multiplicity for the estimation of thecentrality of colli-
sions (section6); measurement of azimuthal distributions of charged particles for the knowledge of
the anisotropic flow of collisions (section7). The last three sections are only briefly covered, since
detailed developments have already been published.

2 The VZERO system

The detailed description of the VZERO system may be found in [3, 4] and references therein.
It is composed of two arrays, VZERO-A and VZERO-C, which cover the pseudorapidity ranges
2.8 < η < 5.1 and−3.7 < η < −1.7 for collisions at the nominal vertex (z = 0). Each of the
VZERO arrays is segmented in four rings in the radial direction, and each ring is divided in eight
sections in the azimuthal direction (figure1). The pseudorapidity coverage of each ring is given in
table1. Each channel of both arrays is made of a BC404 plastic scintillator from Bicron [5] with a
thickness of 2.5 and 2.0 cm for VZERO-A and VZERO-C respectively. BCF9929A Wave-Length
Shifting (WLS) fibers from Bicron are embedded in both faces of the segments (VZERO-A) or
glued along their two radial edges (VZERO-C). Figure2 shows a schematic view of an elementary
cell of each array. These two different designs were mandatory to comply with the integration
constraints of each array. The VZERO-A is located 329 cm fromthe nominal vertex (z = 0) on
the side opposite to the muon spectrometer (figure3). The VZERO-C is fixed on the front face
of the hadronic absorber. The position of the various rings of the VZERO-C along thez direction

– 2 –
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Table 1. Pseudorapidity and angular (deg.) acceptances, radius coverage (cm) andz (cm) position along
the beam axis of VZERO-A and VZERO-C median plane rings, as seen from the origin of the coordinate
system.

Ring
VZERO-A VZERO-C

ηmax/ηmin θmin/θmax rmin/rmax z ηmin/ηmax θmax/θmin rmin/rmax z

0 5.1/4.5 0.7/1.3 4.3/7.5 329 -3.7/-3.2 177.0/175.3 4.5/7.1 -86
1 4.5/3.9 1.3/2.3 7.7/13.7 329 -3.2/-2.7 175.3/172.3 7.3/11.7 -87
2 3.9/3.4 2.3/3.8 13.9/22.6 329 -2.7/-2.2 172.3/167.6 11.9/19.3 -88
3 3.4/2.8 3.8/6.9 22.8/41.2 329 -2.2/-1.7 167.6/160.0 19.5/32.0 -88

is given in table1. The specific geometry of the VZERO-C array permits an optimized azimuthal
coverage while leaving room for the passage of the WLS fibers.As shown in figure2 there are no
such constraints for the VZERO-A array.

The light is transferred to the R5946-70 photomultiplier tube (PMT) (Hamamatsu [6]) directly
for VZERO-A and through an extra 3 m of PMMA (Poly(methyl methacrylate)) clear fibers (Mit-
subishi [7]) for VZERO-C (figure2). Fine mesh PMTs were chosen for their capacity to operate
in a magnetic field, since the VZERO arrays and their PMTs are inside the ALICE solenoid which
produces a field of 0.5 T. In order to minimize the signal attenuation, the tube axis are oriented at
30◦ relatively to the magnetic field direction. For the two outerrings of the VZERO-C array, each
sector is divided into two segments of 22.5◦ (figure1) both connected to the same PMT. This sep-
aration was necessary to optimize the light collection by the WLS fibers glued on the radial edges
of the segments.

For each elementary cell, the PMT output is split into two signals sent to the Front-End Elec-
tronics (FEE), one of them after amplification by a factor 10.For the 32 channels of each array [8],
the pulse time (leading time) relative to the 40 MHz LHC bunchclock and the width at discrimina-
tor threshold are measured by time to digital converters (TDC) on amplified signals, and the charge
is integrated by charge analog to digital converters (ADC) on direct signals. Two types of trigger
algorithms are implemented independently for VZERO-A and VZERO-C arrays. The first trigger
type is based on pre-adjusted time windows corresponding tobeam-beam or beam-background in
coincidence with the time signals from the counters. It is used to select minimum bias events and
to reject beam-induced background events. The second trigger type is based on the total charge
collected by each array. Pb-Pb collisions corresponding tocentralities 0–10% to 0–50% can then
be selected. Finally, five trigger sources [8], chosen according to specific features of collision
mode and recorded data, are sent to the Central Trigger Processor (CTP) [9]. The CTP collects sig-
nals from all trigger devices, provides trigger decisions and distributes global trigger signals to the
whole ALICE experiment, together with the LHC clock and timing synchronization information.
ALICE has a multi-level trigger protocol named L0, L1 and L2,with latency with respect to the
collision time of 1.2, 6.5 and 88µs, respectively. The VZERO arrays contribute to the L0 trigger
decision.

– 3 –
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Figure 2. Schematic drawings of elementary cell designs for VZERO-A(top) and VZERO-C rings 0-1
(bottom). For VZERO-C rings 2-3, two scintillating sets (scintillator and WLS fibers) are connected to a
single PMT through four clear fiber beams (see figure1).

Figure 3. Position of the two VZERO arrays, and of the few detectors quoted in the text, within the general
layout of the ALICE experiment.

– 4 –
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3 Detector calibrations and data corrections

For each channel, two quantities need to be calibrated to ensure uniform output for all the channels
of the detector: the PMT gain and the light yield of the scintillator-fibers assembly. The latter takes
into account both the light yield of the scintillator elements and the light transmission through the
WLS fibers and optical fiber lines. The calibration of the detector was carried out in two steps. The
gain curve of each PMT was determined in the laboratory usingcosmic muons passing through a
scintillator cell. Measurements at three high voltages were carried out. The high charge resolution
of the XP2020 PMT (Photonis [10]) calibrated with a LED source, made it possible to measure
the average number of photo-electrons produced in the VZEROscintillators, thus providing an
absolute gain measurement of VZERO PMTs. The light yield of each optical line was measured
in situ with pp collisions at

√
s= 7 TeV. Using a simulation of the detector and knowing the gain

vs. high voltage curve of each PMT, it was possible to determine the light yields of individual
channels. The high voltage of each channel was then adjustedto have the same response to the
passage of one minimum ionizing particle (MIP) in terms of ADC counts (about 15 ADC counts
per MIP in pp collision mode). The resulting amplitude distributions are uniform within 10–20%
(figure4-top). The average high voltage in pp collision mode is around 2000 V. To cope with the
large charged particle multiplicity in Pb-Pb collisions without saturating the ADCs, the voltages
are reduced to about 1500 V, corresponding to a reduction factor of about 10 for the PMTs gains in
comparison with pp voltages.

Relative time adjustment between channels was done using a cable with a length known with a
precision of 1 ns. Fine tuning adjustment was performed using individual programmable delays on
the FEE boards, resulting in a uniform response of the elementary cells (figure4-bottom). The time
of flight of particles coming from the Interaction Point (IP)to the VZERO-A (VZERO-C) is about
11 ns (3 ns). The dashed line in figure4-bottom represents the collision time. For beam induced
background coming from the C side (A side) to the VZERO-A (VZERO-C) the time of flight is
also 11 ns (3 ns). Furthermore, a signal arriving at−11 ns (−3 ns) to the VZERO-A (VZERO-C)
can be clearly seen. It corresponds to particles from beam induced background coming from the
A side (C side). In this case, the dashed line represents the time when particles cross the vertical
plane atz= 0.

Due to the fact that threshold discriminators are used, the leading time measurement is affected
by a slewing effect. Then, the measured time of the rising signal depends on its amplitude as shown
in figure5-left. The measured raw timetraw is corrected for slewing effect by subtracting an offset
∆t(Q), function of the pulse chargeQ: tcorr = traw−∆t(Q). The offset calculation uses the following
parametrization:

∆t(Q) = C
√

s
Q

, (3.1)

whereC is a constant equal to 10.5 ns ands the threshold setting of the discriminator fixed to 1 (4)
ADC channel(s) for Pb-Pb (pp) collisions.

The effect of this correction is shown in figure5-right. The average time response is then
independent of the charge delivered by the PMT. The time resolution dependence on the signal
can be deduced from this plot. Averaged over all signal amplitudes, the individual channel time
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Figure 4. Charge of the pulse in ADC counts (top) and leading time of the pulse in nanoseconds (bottom)
versus channel number for pp collisions at

√
s = 7 TeV. Channels numbered from 0 to 31 correspond to

VZERO-C, channels numbered from 32 to 63 correspond to VZERO-A.

resolution is of the order of 1 ns for both arrays. This time resolution is independent of the colliding
system (pp or Pb-Pb).

Since 2009, the VZERO detector has been exposed to radiationproduced by the LHC. Both
beam-beam collisions and beam-induced backgrounds contribute to the accumulated radiation
dose. We observed a loss in signal amplitude of 10 to 40% at theend of 2012, depending on
the channel, which is attributed to ageing effect. An accurate determination of the accumulated
dose is difficult due to uncertainties in the beam-induced background evaluation. Nevertheless,
from the luminosity measurement and the background monitoring, we can estimate that the total
accumulated dose per channel does not exceed 50 krad. This value is six times lower than the maxi-
mum dose accumulated during a radiation tolerance test using a 60 MeV proton beam [11]. Results
from this test show that the loss of signal from the scintillating material is in the order of a few
percent at 50 krad, which cannot explain the observed reduction of signal amplitude. The dominant
contribution to the loss is attributed to ageing of the PMT photocathodes. This effect was shown
by monitoring the signal amplitude from direct particle hits on the PMT compared to the signal
amplitude from scintillation, the discrimination betweenboth components being possible as the
timing difference between these two sources is around 6 ns for the VZERO-A side and even longer
for the VZERO-C side. Early 2013, after the LHC shutdown, a set of 6 PMT chosen randomly
were extracted from the experiment to be tested in laboratory. For each of them, the gain measured
in 2013 and compared to the one measured in 2006 before the installation, shows the same loss

– 6 –
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Figure 5. Correlation between leading time in nanoseconds and charge of the PMT signals in ADC channel
counts for Pb-Pb collisions, before any correction (left) and after slewing correction (right).

than the one measured in the experiment. To compensate for the signal loss and adjust the gain
approximately at its initial value, the individual PMT highvoltage had to be increased accordingly.

4 The VZERO trigger system

One of the primary roles of the VZERO system is to provide the ALICE experiment with a mini-
mum bias (MB) trigger both in pp and Pb-Pb collisions and withcentrality based triggers in Pb-Pb
mode. The VZERO system has been operational throughout the whole period of ALICE operating
since 2009, thus demonstrating the stability and robustness of the detector and its readout system.

In the 2009 and 2010 pp data taking periods, the ALICE MB trigger MBOR was built requiring
a hit in the Silicon Pixel Detector (SPD in figure3) which is the innermost part of the Inner Tracking
System (ITS) [4] or in either of the VZERO arrays (VZERO-A or VZERO-C). The threshold setting
of the VZERO individual channels corresponds approximately to one quarter of the mean energy
deposit by a minimum ionizing particle. This MB trigger was set in coincidence with signals
from two beam pick-up counters, one on each side of the interaction region, indicating the passage
of proton bunches. This trigger corresponds to the requirement of at least one charged particle
anywhere in 8 units of pseudorapidity. During the 2011 and 2012 pp data taking periods, with
the increasing LHC luminosity and beam background, the trigger moved to a stricter condition
using the coincidence either between both VZERO arrays and the LHC bunch crossing signals, or
between both VZERO arrays, the LHC bunch crossing signals and any other detector triggering
on specific event topology like the muon spectrometer or the electromagnetic calorimeter. The last
configuration was used to search for rare physics signals.

– 7 –
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In Pb-Pb collisions, the interaction trigger is configured to obtain high efficiency for hadronic
interactions, requiring at least two out of the following three conditions: (i) two pixel chips hit in
the outer layer of the SPD, (ii) a signal in VZERO-A, (iii) a signal in VZERO-C. The threshold
setting corresponds approximately to the mean energy deposited by one minimum ionizing particle.
The PMT gains are reduced by a factor of 10 in order not to saturate the ADC for the most central
collisions. At the end of the 2010 Pb-Pb data taking period, as the beam luminosity increased,
the minimum bias trigger had to be restricted to the coincidence between SPD, VZERO-A and
VZERO-C in order to suppress signals created by electromagnetic dissociation of Pb nuclei as
much as possible. During the full 2011 Pb-Pb run, the VZERO delivered three different triggers:
(i) the VZERO-A and VZERO-C coincidence asking for at least one cell hit in each array, (ii) a
trigger signal selecting the collisions corresponding to acentrality of 0–50%, (iii) a trigger signal
selecting the 0–10% most central collisions (see figure8).

In both running modes (pp and Pb-Pb), a non-negligible background comes from interactions
between the beams and the residual gas within the beam pipe and from interactions between the
beam halo and various components of the accelerator such as collimators. Using the time of flight
of particles detected by each VZERO array, particles comingfrom collisions and particles coming
from beam-gas background can be clearly distinguished.

Two beam-gas background selections can be applied thanks tothe VZERO system, one on-line
at the FEE level and one off-line at the data reconstruction stage. In the FEE, coincidence windows
of 8 ns in length are placed around the beam-beam timing in order to select the beam-beam events
and reject most of the beam-induced background events. It increases the fraction of good events
recorded in the data. This information is also used in order to monitor the level of beam induced
background. This selection was in production starting withthe 2012 run due to the increase of
luminosity and beam-induced background level.

The second selection, performed off-line, is more refined. For each VZERO array, a weighted
average time of flight over the channels above threshold is calculated. As shown in figure5-right,
the time measurement resolution is better for larger amplitude signals. Therefore, for each channel
hit, a weight functionω(Q) = 1/σ2(Q) is calculated whereσ(Q) is the channel time resolution
parametrized as:

σ(Q) =

√

a2 +
b2

Ne
+c2 s

Q3 , (4.1)

whereNe is the mean number of photo-electrons obtained from the pulse charge and the PMT gain
(see section3), s the threshold setting of the discriminator (in ADC channel)anda (0.39 ns),b
(2.5 ns) andc (15.8 ns*ADC channel) the parameters extracted from a fit of the time distributions
after slewing correction (figure5-right). The first term of this equation is related to the intrinsic
resolution of the detector and the second term to the photo-electron statistics. The last term comes
from the uncertainty of the slewing correction due to fluctuations of the collected charge (derivative
of eq. (3.1)).

The weighted average time of flight of each array is then calculated as:

〈T〉 =
∑32

i=1 ωi(Qi)×Ti

∑32
i=1 ωi(Qi)

, (4.2)

– 8 –
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Figure 6. Top: VZERO-A (red-dashed line) and VZERO-C (blue-solid line) weighted average time of flight
distributions for beam-beam collisions, with 0.45 and 0.35ns r.m.s. respectively. Bottom: weighted average
time of flight (as defined by eq. (4.2)) of the particles detected in VZERO-C versus VZERO-A. The dashed
line intersection represents the time of the collisions at the interaction point, or the crossing time of the
background tracks at the vertical planez= 0.

whereTi andωi(Qi) are respectively the leading time and the weight (calculated using eq. (4.1)) for
channeli. One average time is calculated for each array, and the sum runs over all fired channels of
the corresponding array. Time resolutions of about 450 ps and 350 ps are achieved for VZERO-A
and VZERO-C arrays (figure6-top).

Finally, the VZERO system allows rejection of events comingfrom beam-induced back-
grounds, by requiring a positive time of flight for both arrays (figure6-bottom).

5 Luminosity measurement

The measurement of the absolute value of a reference processcross-section allows the determina-
tion of an absolute normalization scale for other cross-section measurements in the experiment [12].
In ALICE, the on-line monitoring of the luminosity uses a time coincidence between the two
VZERO arrays. The rateRof this coincidence is given by [13]

R= A · ε ·σ ·L . (5.1)

whereσ is the inelastic cross-section,A the acceptance,ε the efficiency andL the luminosity.
A measurement of the luminosity was carried out using the vander Meer scan method [14]

which measures the size and the shape of the colliding beams by observing the counting rateR in a
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Figure 7. Example of MBAND counting rate as a function of the beam displacement in the horizontal
direction from the van der Meer scan data taken in May 2010 at an energy of 7 TeV in pp collisions. Dots
represent the raw trigger rates and squares the interactionrates, and squares represents the interaction rates
after corrections (see reference [15]). The line is used to guide the eye. The integral is calculated using the
sum of all bins.

suitable monitor system while sweeping the two beams through each other. The rate corresponding
to the coincidence between VZERO-A and VZERO-C signals is named MBAND . The luminosity
L and therefore the rate of MBAND(Dx,Dy) are functions of the transverse displacementsDx and
Dy of the beams.

The shape factorsQx andQy are obtained from the ratio of the area to the height of the rate
curve in both directions (figure7 for thexdirection). For a zero degree crossing angle of beams with
intensitiesN1 andN2 measured by the LHC [12], the luminosityL , and hence the cross-section
σMBAND corresponding to the rate of MBAND , are obtained by:

L = kb f N1N2QxQy and σMBAND = MBAND(0,0)/L , (5.2)

wherekb is the number of colliding bunches andf = 11.2455 kHz the LHC revolution frequency.

The cross-sectionσMBAND was measured for both pp colliding energies (2.76 TeV and 7 TeV)
to beσMBAND (2.76 TeV) = 47.7±0.9 (syst.) mb andσMBAND (7 TeV) = 54.3±1.9 (syst.) mb. As
a coincidence between VZERO-A and VZERO-C signals is required, this cross-section is not the
minimum bias cross-sectionσMBOR. The triggering efficiency (σMBAND /σMBOR) was obtained from
adjusted Monte Carlo simulations and evaluated to (76.0+5.2

−2.8)% and (74.2+5.0
−2.0)% respectively. A

detailed description of this analysis can be found in reference [15]. This cross-section is then used
between successive van der Meer scans to monitor the instantaneous luminosity using the MBAND

rate measurement. Hence, the VZERO system provides the integrated luminosity measurement for
the ALICE experiment.

– 10 –
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Figure 8. Distribution of the sum of amplitudes in the two VZERO arrays (black histogram) in Pb-Pb
collisions at

√
sNN = 2.76 TeV [17]. The red line shows the fit with a Glauber model [19]. The shaded areas

define the different centrality classes of hadronic collisions. The inset shows the low amplitude part of the
distribution.

6 Multiplicity and centrality measurements

The VZERO system also provides a charged particle multiplicity measurement based on the energy
deposited in the scintillators. Using a detailed simulation of the apparatus, the relation between the
total charge collected inside a VZERO ring and the number of primary charged particles emitted
into the corresponding pseudorapidity range was extracted. Therefore, it was possible to obtain the
charged particle multiplicity, dNch/dη , in eight pseudorapidity bins corresponding to the coverage
of the different rings of the VZERO. This coverage was increased during the 2010 Pb-Pb run, for
which satellite collisions at displaced vertices provideddata [16–18]. These displaced vertices are
found in the range−187.5 < z< 375 cm and were due to ions being captured in neighboring RF
buckets during the beam injection procedure. The resultingeffect is an increase of theη range
covered by each array. In particular theη range seen by the VZERO-A array was extended to
−2.81< η < 5.22.

Figure8 represents a typical distribution of the VZERO amplitudes [17]. The shaded areas
correspond to the different centrality classes used in the physics analysis. The distribution is fit
using a Glauber model [19] which reproduces correctly the VZERO amplitude distribution, hence
the centrality, down to very low amplitudes (correspondingto peripheral events) where contribution
from electromagnetic interactions between two lead ions isdominating (inset in figure8). Figure9
shows the centrality percentile resolution as a function ofcentrality for ZDC vs ZEM, TPC, SPD
and VZERO systems [20]. The VZERO is used as the default in the ALICE experiment because it
gives the best resolution over the inspected centrality range.

7 Event plane determination

Thanks to its granularity in the azimuthal direction (8 sectors of 45◦, see figure1), the VZERO
system can be used to get an experimental estimate of the reaction plane, defined by the beam

– 11 –
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Figure 9. Centrality percentile resolution versus centrality for various ALICE detectors (see figure3). This
figure is extracted from [20].

direction and the line between the centers of the two nuclei along which the impact parameter is
measured. The event plane is a key element in the study of the anisotropic particle flow which
develops relatively to that plane and reflects properties ofthe system in the early stages of the
collision. In practice, the anisotropic flow [21] is characterized with the help of a Fourier expansion
of the Lorentz invariant azimuthal distribution of particles:

ρ(φ −ΨRP) =
1

2π

(

1+2
∞

∑
n=1

vn cos[n(φ −ΨRP)]

)

, (7.1)

whereφ is the particle azimuthal angle,ΨRP the reaction plane angle as defined above andvn the
n-th harmonic of the anisotropic flow. Experimentally, due tointeractions within the produced
matter, the true reaction plane can only be reconstructed approximately. In practice,ΨRP has to
be replaced in eq. (7.1) by the reconstructed “event plane”Ψn measured from then-th harmonic
anisotropy of the event itself. As a result, the observed flowcoefficientsvobs

n have a magnitude
smaller than the real flow coefficientsvn. Nevertheless, the truevn can be approached by correcting
the observed flow parametersvobs

n knowing the event plane resolutionRΨn, i.e. the accuracy with
which Ψn reproduces the true orientation of the reaction planeΨRP: vn = vobs

n /RΨn.
The resolution can be extracted experimentally using a sub-event correlation technique [22].

Figure 10 shows the strong centrality dependence of the event plane resolution for the second
harmonic. The event plane can be best determined for semi-central collisions where the flow effect
is largest. The more isotropic the azimuthal event shape is,the more difficult is the extraction of
the event plane and the poorer the resolution.

8 Conclusion

The VZERO is a detector system which plays a crucial role in ALICE. Over the first four years
of operation at the LHC, the ALICE VZERO system showed an excellent operational efficiency, a

– 12 –
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Figure 10. Second harmonic event plane resolutionRΨ2 of VZERO-A and VZERO-C arrays as a function
of centrality percentile.

necessary requirement for a system providing the lowest level triggers (L0) for the experiment. In
addition, the VZERO system fulfills several important functions making use of its good time and
charge resolution down to minimum ionizing particles. It isa powerful tool to reject beam-induced
backgrounds and to measure and monitor the LHC luminosity. Moreover, it is also used to measure
global properties of pp and Pb-Pb collisions such as particle multiplicity, collision centrality and
event plane direction. The reduction of signal due to accumulated radiation doses was compen-
sated, when necessary, by increasing the high voltage on each PMT. These adjustments have kept
the detector fully operational without degrading its performance in time and charge resolution, ex-
cept for some periods of high beam background during the 2012run, when it was turned off as a
conservation measure.
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G. Aglieri Rinella34 , M. Agnello100,89 , A.G. Agocs129 , A. Agostinelli28 , Z. Ahammed124 , N. Ahmad18 ,
A. Ahmad Masoodi18 , I. Ahmed16 , S.A. Ahn65 , S.U. Ahn65 , I. Aimo25 ,100 , 89 , M. Ajaz16 ,
A. Akindinov51 , D. Aleksandrov95 , B. Alessandro100 , D. Alexandre97 , R. Alfaro Molina60 ,
A. Alici 102 ,13 , A. Alkin4 , E. Almaráz Aviña61 , J. Alme36 , T. Alt40 , V. Altini 32 , S. Altinpinar19 ,
I. Altsybeev126 , C. Andrei75 , A. Andronic92 , V. Anguelov88 , J. Anielski59 , C. Anson20 , T. Antičić93 ,
F. Antinori101 , P. Antonioli102, L. Aphecetche108 , H. Appelshäuser57 , N. Arbor68 , S. Arcelli28 ,
A. Arend57 , N. Armesto17 , R. Arnaldi100 , T. Aronsson130 , I.C. Arsene92 , M. Arslandok57 , A. Asryan126 ,
A. Augustinus34 , R. Averbeck92 , T.C. Awes80 , J.Äystö43 , M.D. Azmi18 ,85 , M. Bach40 , A. Badalà99 ,
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E. Dénes129 , S. De Pasquale30 , A. Deppman115 , G. D Erasmo32 , R. de Rooij50 , M.A. Diaz Corchero11 ,
D. Di Bari32 , T. Dietel59 , C. Di Giglio32 , S. Di Liberto106 , A. Di Mauro34 , P. Di Nezza69 , R. Divià34 ,
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J.L. Klay7 , J. Klein88 , C. Klein-Bösing59 , M. Kliemant57 , A. Kluge34 , M.L. Knichel92 , A.G. Knospe113 ,
M.K. Köhler92 , T. Kollegger40 , A. Kolojvari126 , M. Kompaniets126 , V. Kondratiev126 , N. Kondratyeva73 ,
A. Konevskikh49 , V. Kovalenko126, M. Kowalski112 , S. Kox68 , G. Koyithatta Meethaleveedu45 , J. Kral43 ,
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D. Rohr40 , D. Röhrich19 , R. Romita92 ,107 , F. Ronchetti69 , P. Rosnet67 , S. Rossegger34 , A. Rossi34 ,
P. Roy96 , C. Roy62 , A.J. Rubio Montero11 , R. Rui23 , R. Russo25 , E. Ryabinkin95 , A. Rybicki112 ,
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3 Benemérita Universidad Autónoma de Puebla, Puebla, Mexico
4 Bogolyubov Institute for Theoretical Physics, Kiev, Ukraine
5 Bose Institute, Department of Physics and Centre for Astroparticle Physics and Space Science (CAPSS),

Kolkata, India
6 Budker Institute for Nuclear Physics, Novosibirsk, Russia
7 California Polytechnic State University, San Luis Obispo,California, United States
8 Central China Normal University, Wuhan, China
9 Centre de Calcul de l’IN2P3, Villeurbanne, France

10 Centro de Aplicaciones Tecnológicas y Desarrollo Nuclear(CEADEN), Havana, Cuba
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53 Institute of Physics, Bhubaneswar, India
54 Institute of Physics, Academy of Sciences of the Czech Republic, Prague, Czech Republic
55 Institute of Space Sciences (ISS), Bucharest, Romania
56 Institut für Informatik, Johann Wolfgang Goethe-Universität Frankfurt, Frankfurt, Germany
57 Institut für Kernphysik, Johann Wolfgang Goethe-Universität Frankfurt, Frankfurt, Germany
58 Institut für Kernphysik, Technische Universität Darmstadt, Darmstadt, Germany
59 Institut für Kernphysik, Westfälische Wilhelms-Universität Münster, Münster, Germany
60 Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México, Mexico City, Mexico
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80 Oak Ridge National Laboratory, Oak Ridge, Tennessee, United States
81 Petersburg Nuclear Physics Institute, Gatchina, Russia
82 Physics Department, Creighton University, Omaha, Nebraska, United States
83 Physics Department, Panjab University, Chandigarh, India
84 Physics Department, University of Athens, Athens, Greece
85 Physics Department, University of Cape Town and iThemba LABS, National Research Foundation, Somerset

West, South Africa
86 Physics Department, University of Jammu, Jammu, India
87 Physics Department, University of Rajasthan, Jaipur, India
88 Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany
89 Politecnico di Torino, Turin, Italy
90 Purdue University, West Lafayette, Indiana, United States
91 Pusan National University, Pusan, South Korea
92 Research Division and ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum für Schwerionenforschung,

Darmstadt, Germany
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109 Suranaree University of Technology, Nakhon Ratchasima, Thailand
110 Technical University of Split FESB, Split, Croatia
111 Technische Universität München, Munich, Germany
112 The Henryk Niewodniczanski Institute of Nuclear Physics, Polish Academy of Sciences, Cracow, Poland
113 The University of Texas at Austin, Physics Department, Austin, TX, United States
114 Universidad Autónoma de Sinaloa, Culiacán, Mexico
115 Universidade de São Paulo (USP), São Paulo, Brazil
116 Universidade Estadual de Campinas (UNICAMP), Campinas, Brazil
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