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1 Introduction

ALICE (A Large lon Collider Experiment) is an experiment é=ded to the study of heavy-ion
collisions at the LHC ], 2]. It is designed to explore the physics of strongly interagtmatter
in proton-proton (pp) collisions and of Quark-Gluon Plasf@&P) at extreme values of energy
density and temperature in nucleus-nucleus collisionpravides identification of particles up to
the highest multiplicities and down to low transverse motmen(pr = 50 MeV/c). The physics
programme also includes proton-nucleus collisions in otdetudy the cold nuclear effects, and
lighter ion collisions in order to vary energy density angemction volume. Data taking in pp mode
provides reference data for the heavy-ion programme awgvsilto investigate various specific
properties of the strong-interaction, thereby playing mplementary role to that of the other LHC
experiments.

The ALICE apparatus consists of a central barrel, a forwaubmspectrometer and a set
of detectors in the forward regions including the VZERO egst This system provides triggers
for the experiment (minimum bias or centrality trigger) aagarates beam-beam interactions from
background events such as beam-gas interactions, eittiigygat level or in off-line analyses. Fur-
thermore, it is also used to measure beam luminosity, ctasggticle multiplicity and azimuthal
distributions. The control of the luminosity allows the elehination of the absolute cross-section
value of reaction processes. The knowledge of the chargeitlpamultiplicity is essential for
the evaluation of the centrality of nucleus-nucleus cillis. The particle azimuthal distribution is
important for determining the Pb-Pb collision reactionngla



VZERO-A
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Figurel. Sketches of VZERO-A and VZERO-C arrays showing their segat®n. Scintillator thicknesses
are 2.5 and 2 cm respectively. Radii of rings are given ingtdblThe scintillator segments on both sides of
the dashed lines are connected to the same PMT (see s8tion

In this publication, a description of the VZERO system arsdHtont-End Electronics (sec-
tion 2) is given as well as the calibration procedure for individciaannels (sectio). Details
about the role of the system in the ALICE triggering scheneet{sn4) are then described. Finally,
its use for physics purposes, is also pointed out: moniarfrcolliding beams for the evaluation of
luminosity (sectiorb); measurement of the multiplicity for the estimation of tiemtrality of colli-
sions (sectio®); measurement of azimuthal distributions of charged gasifor the knowledge of
the anisotropic flow of collisions (sectidf). The last three sections are only briefly covered, since
detailed developments have already been published.

2 TheVZERO system

The detailed description of the VZERO system may be found3jrd] and references therein.
It is composed of two arrays, VZERO-A and VZERO-C, which aothe pseudorapidity ranges
28 <n <51and-3.7 < n < —1.7 for collisions at the nominal vertex & 0). Each of the
VZERO arrays is segmented in four rings in the radial ditgtand each ring is divided in eight
sections in the azimuthal direction (figuty The pseudorapidity coverage of each ring is given in
tablel. Each channel of both arrays is made of a BC404 plastic Batoti from Bicron ] with a
thickness of 2.5 and 2.0 cm for VZERO-A and VZERO-C respetyivBCF9929A Wave-Length
Shifting (WLS) fibers from Bicron are embedded in both facéshe segments (VZERO-A) or
glued along their two radial edges (VZERO-C). Figdrghows a schematic view of an elementary
cell of each array. These two different designs were mamgatocomply with the integration
constraints of each array. The VZERO-A is located 329 cm ftbennominal vertexZ= 0) on
the side opposite to the muon spectrometer (fi)reThe VZERO-C is fixed on the front face
of the hadronic absorber. The position of the various rirffgh® VZERO-C along the direction



Table 1. Pseudorapidity and angular (deg.) acceptances, radugsage (cm) and (cm) position along
the beam axis of VZERO-A and VZERO-C median plane rings, as $@m the origin of the coordinate
system.

VZERO-A VZERO-C
NmaxNMmin | Bmin/Bmax | min/Tmax Z | Nmin/Mmax | Bmax/Bmin Imin/Tmax z
0 5.1/4.5 0.7/1.3 43/75 | 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

Ring

is given in tablel. The specific geometry of the VZERO-C array permits an ogaiazimuthal
coverage while leaving room for the passage of the WLS fib&sshown in figure? there are no
such constraints for the VZERO-A array.

The light is transferred to the R5946-70 photomultiplidseé fPMT) (Hamamatsi6]) directly
for VZERO-A and through an extra 3 m of PMMA (Poly(methyl mathylate)) 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 PMTsraielé the ALICE solenoid which
produces a field of 0.5 T. In order to minimize the signal atsgion, the tube axis are oriented at
30 relatively to the magnetic field direction. For the two ouiegs of the VZERO-C array, each
sector is divided into two segments of 22(figure 1) both connected to the same PMT. This sep-
aration was necessary to optimize the light collection ®/MA_S fibers glued on the radial edges
of the segments.

For each elementary cell, the PMT output is split into twanalg sent to the Front-End Elec-
tronics (FEE), one of them after amplification by a factor BEOr the 32 channels of each arr&y, [
the pulse time (leading time) relative to the 40 MHz LHC buntidtk and the width at discrimina-
tor threshold are measured by time to digital converters@Yén amplified signals, and the charge
is integrated by charge analog to digital converters (ADCHwect signals. Two types of trigger
algorithms are implemented independently for VZERO-A artERRO-C arrays. The first trigger
type is based on pre-adjusted time windows correspondifig@am-beam or beam-background in
coincidence with the time signals from the counters. It sdu® select minimum bias events and
to reject beam-induced background events. The seconcetrigpe is based on the total charge
collected by each array. Pb-Pb collisions correspondingetaralities 0—-10% to 0—-50% can then
be selected. Finally, five trigger sourced, [chosen according to specific features of collision
mode and recorded data, are sent to the Central Trigger $3@cg€CTP) §]. The CTP collects sig-
nals from all trigger devices, provides trigger decisiond distributes global trigger signals to the
whole ALICE experiment, together with the LHC clock and tilgisynchronization information.
ALICE has a multi-level trigger protocol named LO, L1 and Wi#th latency with respect to the
collision time of 1.2, 6.5 and 8@8s, respectively. The VZERO arrays contribute to the LO &igg
decision.
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Figure 2. Schematic drawings of elementary cell designs for VZER@e%p) and VZERO-C rings 0-1
(bottom). For VZERO-C rings 2-3, two scintillating setsi(gilator and WLS fibers) are connected to a
single PMT through four clear fiber beams (see figlre
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Figure 3. Position of the two VZERO arrays, and of the few detectoied in the text, within the general
layout of the ALICE experiment.



3 Detector calibrations and data corrections

For each channel, two quantities need to be calibrated trensiform output for all the channels
of the detector: the PMT gain and the light yield of the sdattr-fibers assembly. The latter takes
into account both the light yield of the scintillator elengeand the light transmission through the
WLS fibers and optical fiber lines. The calibration of the deiewas carried out in two steps. The
gain curve of each PMT was determined in the laboratory usa®gnic muons passing through a
scintillator cell. Measurements at three high voltagesevearried out. The high charge resolution
of the XP2020 PMT (Photonisl{)]) calibrated with a LED source, made it possible to measure
the average number of photo-electrons produced in the VZE&Rillators, thus providing an
absolute gain measurement of VZERO PMTs. The light yieldaaheoptical 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 deteenthe light yields of individual
channels. The high voltage of each channel was then adjtsteave the same response to the
passage of one minimum ionizing particle (MIP) in terms of @bounts (about 15 ADC counts
per MIP in pp collision mode). The resulting amplitude dizitions are uniform within 10-20%
(figure 4-top). The average high voltage in pp collision mode is ado2000 V. To cope with the
large charged particle multiplicity in Pb-Pb collisionstaut saturating the ADCs, the voltages
are reduced to about 1500 V, corresponding to a reductidgarfatabout 10 for the PMTs gains in
comparison with pp voltages.

Relative time adjustment between channels was done usiagi@with a length known with a
precision of 1 ns. Fine tuning adjustment was performedguisidividual programmable delays on
the FEE boards, resulting in a uniform response of the eleanenells (figured-bottom). The time
of flight of particles coming from the Interaction Point (l®)the VZERO-A (VZERO-C) is about
11 ns (3ns). The dashed line in figuteottom represents the collision time. For beam induced
background coming from the C side (A side) to the VZERO-A (\RXEC) the time of flight is
also 11 ns (3ns). Furthermore, a signal arriving-atL ns (-3 ns) to the VZERO-A (VZERO-C)
can be clearly seen. It corresponds to particles from beadorced background coming from the
A side (C side). In this case, the dashed line representsntleevthen particles cross the vertical
plane az= 0.

Due to the fact that threshold discriminators are used gidihg time measurement is affected
by a slewing effect. Then, the measured time of the risingadidepends on its amplitude as shown
in figure 5-left. The measured raw tintg,, is corrected for slewing effect by subtracting an offset
At(Q), function of the pulse chard@: tcorr = traw— At(Q). The offset calculation uses the following

parametrization:
/s
At(Q)=C,/= 3.1

whereC is a constant equal to 10.5 ns asithe 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 figukeright. The average time response is then
independent of the charge delivered by the PMT. The timelugsn dependence on the signal
can be deduced from this plot. Averaged over all signal aomiis, the individual channel time
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Figure 4. Charge of the pulse in ADC counts (top) and leading time efgibise in nanoseconds (bottom)
versus channel number for pp collisions\@ = 7 TeV. Channels numbered from 0 to 31 correspond to
VZERO-C, channels numbered from 32 to 63 correspond to VZE2RO

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

Since 2009, the VZERO detector has been exposed to radjatictuced by the LHC. Both
beam-beam collisions and beam-induced backgrounds lootriio the accumulated radiation
dose. We observed a loss in signal amplitude of 10 to 40% aerldeof 2012, depending on
the channel, which is attributed to ageing effect. An adeudetermination of the accumulated
dose is difficult due to uncertainties in the beam-induceckgpaound evaluation. Nevertheless,
from the luminosity measurement and the background mangpwe can estimate that the total
accumulated dose per channel does not exceed 50 krad. Tisizaix times lower than the maxi-
mum dose accumulated during a radiation tolerance tesy ash® MeV proton beanifl]. Results
from this test show that the loss of signal from the scintiligd material is in the order of a few
percent at 50 krad, which cannot explain the observed rexfuet signal amplitude. The dominant
contribution to the loss is attributed to ageing of the PMDBtplathodes. This effect was shown
by monitoring the signal amplitude from direct particleshitn the PMT compared to the signal
amplitude from scintillation, the discrimination betwelkoth components being possible as the
timing difference between these two sources is around 6rmbhdd/ZERO-A side and even longer
for the VZERO-C side. Early 2013, after the LHC shutdown, tac§e6 PMT chosen randomly
were extracted from the experiment to be tested in laborakar each of them, the gain measured
in 2013 and compared to the one measured in 2006 before ttadldatisn, shows the same loss
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Figure5. Correlation between leading time in nanoseconds and elwdrpe PMT signals in ADC channel
counts for Pb-Pb collisions, before any correction (lefigf after slewing correction (right).

than the one measured in the experiment. To compensategf@ighal loss and adjust the gain
approximately at its initial value, the individual PMT highltage had to be increased accordingly.

4 TheVZERO trigger system

One of the primary roles of the VZERO system is to provide théQE experiment with a mini-
mum bias (MB) trigger both in pp and Pb-Pb collisions and wihtrality based triggers in Pb-Pb
mode. The VZERO system has been operational throughouthbewweriod of ALICE operating
since 2009, thus demonstrating the stability and robustakthe detector and its readout system.
In the 2009 and 2010 pp data taking periods, the ALICE MB &iggBogr was built requiring
a hitin the Silicon Pixel Detector (SPD in figuBgwhich is the innermost part of the Inner Tracking
System (ITS)4] or in either of the VZERO arrays (VZERO-A or VZERO-C). Thedkhold setting
of the VZERO individual channels corresponds approxinyatelone quarter of the mean energy
deposit by a minimum ionizing particle. This MB trigger waet $n coincidence with signals
from two beam pick-up counters, one on each side of the ictieraregion, indicating the passage
of proton bunches. This trigger corresponds to the requrgrof at least one charged particle
anywhere in 8 units of pseudorapidity. During the 2011 anti22fp data taking periods, with
the increasing LHC luminosity and beam background, thegérignoved to a stricter condition
using the coincidence either between both VZERO arrayslatliC bunch crossing signals, or
between both VZERO arrays, the LHC bunch crossing signalsaaly other detector triggering
on specific event topology like the muon spectrometer or betremagnetic calorimeter. The last
configuration was used to search for rare physics signals.



In Pb-Pb collisions, the interaction trigger is configureabtain high efficiency for hadronic
interactions, requiring at least two out of the followingdé conditions: (i) two pixel chips hit in
the outer layer of the SPD, (ii) a signal in VZERO-A, (iii) ageal in VZERO-C. The threshold
setting corresponds approximately to the mean energy degdy one minimum ionizing particle.
The PMT gains are reduced by a factor of 10 in order not to atguhe ADC for the most central
collisions. At the end of the 2010 Pb-Pb data taking pericdthe beam luminosity increased,
the minimum bias trigger had to be restricted to the coinméebetween SPD, VZERO-A and
VZERO-C in order to suppress signals created by electroatagdissociation of Pb nuclei as
much as possible. During the full 2011 Pb-Pb run, the VZERIeled three different triggers:
(i) the VZERO-A and VZERO-C coincidence asking for at leasé @ell hit in each array, (i) a
trigger signal selecting the collisions corresponding teatrality of 0—-50%, (iii) a trigger signal
selecting the 0—10% most central collisions (see fi@re

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

Two beam-gas background selections can be applied thaitks YZERO system, one on-line
at the FEE level and one off-line at the data reconstructiages In the FEE, coincidence windows
of 8 ns in length are placed around the beam-beam timing ierdadselect the beam-beam events
and reject most of the beam-induced background eventscrigaises the fraction of good events
recorded in the data. This information is also used in ordenonitor the level of beam induced
background. This selection was in production starting whith 2012 run due to the increase of
luminosity and beam-induced background level.

The second selection, performed off-line, is more refinent.gach VZERO array, a weighted
average time of flight over the channels above thresholdidcsiiedied. As shown in figur&-right,
the time measurement resolution is better for larger amg#itsignals. Therefore, for each channel
hit, a weight functionw(Q) = 1/0?(Q) is calculated where(Q) is the channel time resolution

parametrized as:
b2
o(Q) = \/a2+W+c2§, (4.1)
e

whereNg is the mean number of photo-electrons obtained from theemiiarge and the PMT gain
(see sectiorB), s the threshold setting of the discriminator (in ADC chanreetda (0.39 ns),b
(2.5 ns) anct (15.8 ns*ADC channel) the parameters extracted from a fiheftime distributions
after slewing correction (figurB-right). The first term of this equation is related to the iimtic
resolution of the detector and the second term to the pHetiiren statistics. The last term comes
from the uncertainty of the slewing correction due to flutitures of the collected charge (derivative
of eq. B.1).

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

_ S @(Q) xT

=552 u@)

: (4.2)
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Figure6. Top: VZERO-A (red-dashed line) and VZERO-C (blue-solitt) weighted average time of flight
distributions for beam-beam collisions, with 0.45 and (85.m.s. respectively. Bottom: weighted average
time of flight (as defined by eg4(2)) of the particles detected in VZERO-C versus VZERO-A. Thslted
line intersection represents the time of the collisionshatinteraction point, or the crossing time of the
background tracks at the vertical plane 0.

whereT; andw (Q;) are respectively the leading time and the weight (calcdlatng eq.4.1)) for
channel. One average time is calculated for each array, and the sasroner all fired channels of
the corresponding array. Time resolutions of about 450 ps3&0 ps are achieved for VZERO-A
and VZERO-C arrays (figuré-top).

Finally, the VZERO system allows rejection of events comfrmm beam-induced back-
grounds, by requiring a positive time of flight for both asgfigure6-bottom).

5 Luminosity measurement

The measurement of the absolute value of a reference progesssection allows the determina-
tion of an absolute normalization scale for other crossi@@measurements in the experimeli][

In ALICE, the on-line monitoring of the luminosity uses a @ncoincidence between the two
VZERO arrays. The ratR of this coincidence is given byLB]

R=A-¢.0-%Z. (5.1)

whereo is the inelastic cross-sectioA,the acceptance, the efficiency and?’ the luminosity.
A measurement of the luminosity was carried out using thedeanrMeer scan method 4]
which measures the size and the shape of the colliding begmisderving the counting raiRin a
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Figure 7. Example of MByp counting rate as a function of the beam displacement in thizdrdal
direction from the van der Meer scan data taken in May 2010 &neergy of 7 TeV in pp collisions. Dots
represent the raw trigger rates and squares the interaeties, and squares represents the interaction rates
after corrections (see referende]). The line is used to guide the eye. The integral is caledaising the
sum of all bins.

suitable monitor system while sweeping the two beams thr@agh other. The rate corresponding
to the coincidence between VZERO-A and VZERO-C signals me@MBanp. The luminosity
2 and therefore the rate of M&p (Dy, Dy) are functions of the transverse displacemésnd
Dy of the beams.

The shape factorQ, andQy are obtained from the ratio of the area to the height of the rat
curve in both directions (figuréfor thex direction). For a zero degree crossing angle of beams with
intensitiesN; and N, measured by the LHCLP], the luminosity.#, and hence the cross-section
OmMB Ay COrresponding to the rate of MiRp, are obtained by:

L = kbelNzQny and OMBanp = MBAND(OaO)/g, (52)

whereks, is the number of colliding bunches arid= 11.2455 kHz the LHC revolution frequency.
The cross-sectiomyg,,, Was measured for both pp colliding energies (2.76 TeV andvj Te
to be oug ., (2.76 TeV) = 47.7+ 0.9 (syst) mb andoyg (7 TeV) = 54.3+ 1.9 (syst) mb. As
a coincidence between VZERO-A and VZERO-C signals is regllithis cross-section is not the
minimum bias cross-sectiadg,. The triggering efficiencydus ., / OvBog) Was obtained from
adjusted Monte Carlo simulations and evaluated to (‘_rg;g)% and (74.2" 2:8)% respectively. A
detailed description of this analysis can be found in refeedl5]. This cross-section is then used
between successive van der Meer scans to monitor the iastmis luminosity using the MRp
rate measurement. Hence, the VZERO system provides thgganeel luminosity measurement for
the ALICE experiment.

—10 -
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collisions at,/Syy = 2.76 TeV [17]. The red line shows the fit with a Glauber mod&®]. The shaded areas
define the different centrality classes of hadronic callisi. The inset shows the low amplitude part of the
distribution.

6 Multiplicity and centrality measurements

The VZERO system also provides a charged particle multiplimeasurement based on the energy
deposited in the scintillators. Using a detailed simulatibthe apparatus, the relation between the
total charge collected inside a VZERO ring and the numberriofigry charged particles emitted
into the corresponding pseudorapidity range was extradtiedrefore, it was possible to obtain the
charged particle multiplicity, Ncn/dn, in eight pseudorapidity bins corresponding to the coverag
of the different rings of the VZERO. This coverage was insegaduring the 2010 Pb-Pb run, for
which satellite collisions at displaced vertices providiedia [L6-18]. 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 resukifert is an increase of the range
covered by each array. In particular therange seen by the VZERO-A array was extended to
—2.81<n <522.

Figure 8 represents a typical distribution of the VZERO amplitud&g.[ The shaded areas
correspond to the different centrality classes used in thesips analysis. The distribution is fit
using a Glauber modellp] which reproduces correctly the VZERO amplitude distritnt hence
the centrality, down to very low amplitudes (correspondimgeripheral events) where contribution
from electromagnetic interactions between two lead ioi®minating (inset in figur8). Figure9
shows the centrality percentile resolution as a functionesttrality for ZDC vs ZEM, TPC, SPD
and VZERO system<2[)]. The VZERO is used as the default in the ALICE experimentlose it
gives the best resolution over the inspected centralitgegan

7 Event plane determination

Thanks to its granularity in the azimuthal direction (8 sestof 45, see figurel), the VZERO
system can be used to get an experimental estimate of thitoreatane, defined by the beam

—-11 -



/_o\ E IP‘b-'PIb ‘at‘ Vr-—‘—‘>SNN é |2.'76' TVe'v """ 5. & & @ l 1T T 7T I T 1 171 T 1 171 _‘__
S g ZDC vs ZEM (4.8<n<5.7) B
c 4¢f TPC (Inl<0.8) —
o r + SPD(Ini<1.4) 3
=t C e VZERO (2.8<n<5.1 + -3.7<1<-1.7) -
— C i .
o) = i =
Y 3 s -
o - I ~
— lun; e

%‘ B Nf?"" > il
s 2F 5 M _eeene®
EE & s
© LA A it :
E 3
OE"""""""""""""""""""'E

0 10 20 30 40 50 60 70 80

Centrality (%)
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figure is extracted from(].

direction and the line between the centers of the two nuddeigawhich the impact parameter is
measured. The event plane is a key element in the study ofniketeopic particle flow which
develops relatively to that plane and reflects propertiethefsystem in the early stages of the
collision. In practice, the anisotropic flo&]] is characterized with the help of a Fourier expansion
of the Lorentz invariant azimuthal distribution of parésl

p(@—Wrp) = %_[ <1+2 i vhcogn(g — WRP)]> , (7.1)
n=1

whereg is the particle azimuthal angl&rp the reaction plane angle as defined above\aritie
n-th harmonic of the anisotropic flow. Experimentally, dueiriteractions within the produced
matter, the true reaction plane can only be reconstructptbgimately. In practiceWgrp has to
be replaced in eq.7(1) by the reconstructed “event plan®,, measured from tha-th harmonic
anisotropy of the event itself. As a result, the observed ftoefficientsv3®s have a magnitude
smaller than the real flow coefficients. Nevertheless, the trug can be approached by correcting
the observed flow parameter®s knowing the event plane resolutiofly , i.e. the accuracy with
which W, reproduces the true orientation of the reaction piae: v, = vﬁbs/%wn.

The resolution can be extracted experimentally using aeselt correlation techniqueZ?).
Figure 10 shows the strong centrality dependence of the event plas@ut®n for the second
harmonic. The event plane can be best determined for semtriateollisions where the flow effect
is largest. The more isotropic the azimuthal event shapésmore 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@f. Over the first four years
of operation at the LHC, the ALICE VZERO system showed an ksceoperational efficiency, a
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Figure 10. Second harmonic event plane resoluti8p, of VZERO-A and VZERO-C arrays as a function
of centrality percentile.

necessary requirement for a system providing the lowest teggers (LO) for the experiment. In
addition, the VZERO system fulfills several important fuans making use of its good time and
charge resolution down to minimum ionizing particles. laigowerful tool to reject beam-induced
backgrounds and to measure and monitor the LHC luminosityellver, it is also used to measure
global properties of pp and Pb-Pb collisions such as partilltiplicity, collision centrality and
event plane direction. The reduction of signal due to acdated radiation doses was compen-
sated, when necessary, by increasing the high voltage dnRidd@. These adjustments have kept
the detector fully operational without degrading its parfance in time and charge resolution, ex-
cept for some periods of high beam background during the 20i2when it was turned off as a
conservation measure.
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