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1. Introduction

The dedicated heavy ion experiment ALICE at the Large Hadron CollidéC] is optimized
to study matter under extreme conditions of temperature and pressure. Tihes, e Quark
Gluon Plasma (QGP) is produced in collisions between heavy nuclei (P#th)an energy up to
30 times higher than RHIC the LHC is expected to produce a QGP with a largenéfevolume
and initial temperature. Thus hard signals like jets and heavy quark pgrodbecome more easily
accessible as a tool to study the properties of the QGP.

The study of collisions of other systems like proton-proton (pp) and protmteus (pA) is
equally important as comparison data for the heavy ion programme. Threiafaddition to the
heavy ion collisions, soft QCD processes in Minimum Bias (MB) and high muliiplfp events
are part of the ALICE programme. The ALICE detector was designedforpewell for the detec-
tion of low momentum particles making its capabilities complementary to those of theldiier
experiments in these studies. A detailed characterization of global esggrties in MB events
will also allow tuning of Monte Carlo event generators to better describe ®B Qackground
underlying the signals used for searches for new physics.

In 2009 and 2010 pp data at 0.9 and 7 TeV as well as PbPb data at 2.A8efe\tollected.
A sample of high multiplicity pp collisions, reaching multiplicity densities comparable t@tow
energy heavy ion collisions was obtained with a dedicated trigger. This samilplge used to
test if such events are dominated by hard multi-jet final states or if heavy eifeitures already
appear in pp collisions.

2. The ALICE Detector

ALICE is a general purpose heavy-ion experiment designed to dealawith particle multi-
plicities, dN/dy up to 8000, well above the measured multiplicities for centrabRioRisions at
LHC energies. In addition the detector [1, 2] is optimized to measure low momeyartioles with
full particle identification.

The ALICE detector consists of a central tracking and particle identificaygtem covering
the pseudorapidity range0.9 < n < 0.9, a muon spectrometer coverirgd0 < n < -24, a
forward multiplicity detector and a zero—degree calorimeter as well as traggectors (VO, TO)
placed around the beam pipe. The central tracking system, which hazimlith coverage and
measures both the time of flight an& @lx, is complemented by several detectors with partial
azimuth coverage for particle identification at higher momenta.

The central part is embedded in the large L3 solenoidal magnet whicldpeoa field of
0.5 T. The tracking system is subdivided in the inner tracking system {(i$8p different kinds
of silicon detectors and a large time projection chamber (TPC) [3]. The imaeking system
consists of six cylindrical layers of detectors. From the inside out thecbrSists of two layers
of silicon pixel detectors (SPD), two layers of silicon drift detectors armlawyers of silicon strip
detectors. The TPC consists of two 2.5 m long drift volumes separated ényti@lccathode. The
inner tracking system determines the vertex resolution of the system whilePGee$sentially
defines the momentum resolution.
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The transition radiation detector and the time of flight (TOF) array coveruheaimuth.
Additional detectors with partial coverage of the central barrel are lthiéop spectrometer, the
high momentum particle identification detector and the electromagnetic calorimeter.

Read-out of the muon spectrometer is triggered by the muon trigger chamiferscentral
tracking system is triggered by a combination of dedicated trigger dete@tary Q) placed around
the beam-pipe and by a trigger derived from the SPD in the innermost lafyiws silicon tracking
system. Each chip in the SPD outputs a "fast-or” signal indicating that atdeaspixel has fired.
These signals are combined in a global multiplicity trigger which can be adjusssdetct central
collisions in PbPb collisions. However, since the noise in the pixel detectargiissically low,
the system was also used to trigger on single particles to collect a minimum biale samp

The hardware triggering system is complemented by a high level trigger)($}istem which
uses a large processor farm to select or tag events after readtbetledrdware. In addition to its
event selection capabilities this system provides a data quality monitoring facility.

Due to the extreme minimization of the material budget of the inner tracking syseetmatis-
verse momentum cut-off, with full particle identification, is only 0.1 GeV. Thasv@rse momen-
tum measurement reaches up to 50 GeV with particle identification at mid-rafiditgils of the
detector design and the design performance are described in [2].

The ALICE detectors were commissioned before the start of the LHC usismic rays and
LHC injection tests. The alignment [4] and calibration were further refirsgoguthe first recorded
collisions. The material budget was measured using electrons from pbatoarsion in the ma-
terial of the tracking system. These results were used to tune the MorltesGaulation of the
detector system, which is essential to understand the response of thiodetbe simulation of
the ALICE detector agrees within 5% with the measured material density.

The LHC started operation in November 2009 with pp collisions at 900 GeMtardched
its current maximum energy of 7 TeV in March 2010. The primary goal fofgqp ALICE was to
collect about 18 minimum bias collisions under clean experimental conditions. The experiment
was running for much of 2010 in a special low luminosity mode, in which the Lidénts were
separated by up-todbin the ALICE interaction region, to keep the event pile-up below a few per-
cent per bunch crossing. At 0.9 TeV and 7.0 TeV the minimum bias triggeiregba hit in either
the VZERO counters or in the SPD detector, i.e. essentially one chargiedepanywhere in the
8 units of pseudorapidity covered by these trigger detectors. This thggeused in coincidence
with the LHC beam pick-up counters (BPTX), one on each side of the tttereregion, indicating
the presence of passing bunches. The total pp sample collected at J00e@€V) corresponds
to about 700 M (7 M) minimum bias triggers, 50 M muon triggers and approximateiy high
multiplicity triggers. In addition a short test run was taken at 2.36 TeV with a ssuébBet of the
detectors being read-out. During this run the trigger required at leashibin the SPD detector
(In] < 2) in coincidence with the beam pick-up counters.

The first heavy-ion collisions at 2.76 TeV started in November 2010. Witelsover from pp
collisions took only a few days and the accelerator worked exceedindlyalse for PbPb beams.
The luminosity reached 2 10°°cm2s~1, yielding about 30 M nuclear interactions recorded.
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3. Charged particle multiplicity density

For the first data only the information from the two innermost layers of th&kitrgcsystem
(SPD) was used to measure the position of the interaction and the numberdotcpd charged
particles. The position of the interaction vertex is determined by correlatingithén the inner
and outer layers of the SPD. The vertex resolution is better tharu8®ih the transverse direc-
tion and better than 50Qm in the longitudinal direction. A tracklet is defined by a combination
of hits in the inner and out layers which points to the reconstructed. Theatimn factors for
efficiencies and geometrical acceptance were obtained with Monte-@Qardtatons of the detec-
tor set-up, applying the same tracklet finding and vertex finding algorithrttsoge used for the
data. Similarly the number of tracklets was corrected for the contamination deedodary parti-
cles, weak decays and photon conversion by using two different geeerators, PYTHIA [5] and
PHOJET [6].

The charged particle density diin and the multiplicity distributions were measured [7, 8, 9,
10, 11] using the data from the 0.9 TeV, 2.36 TeV and 7.0 TeV pp runs &I 716 TeV PbPb run.
The measured values from the pp run were compared to simulations usiegliffieeent PYTHIA
tunes and PHOJET as event generators. The PYTHIA ATLAS-CSCitupensistent with the
0.9 TeV and 2.36 TeV charged patrticle pseudorapidity density and onlytamalad deviations
below the 7.0 TeV data. PHOJET is compatible with the 0.9 TeV data only.

The results are normalized to three different event classes. The NG, ., event class
corresponds most closely to the measured events after backgrouctibrejee. requiring at least
one charged patrticle in the pseudorapidity interyat 1. For the inelastic (INEL) and non-single
diffractive (NSD) event classes the corrections were determined BXaglIA and PHOJET based
simulations.
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Figure 1: Figures reproduced from [10]. Left panel: Charged partideudorapidity density in the central
region|n| < 1 for inelastic collisions as a function of the centre-ofsmanergy for pp collisions and for AA
collisions (scaled by the number of participants). Thedimalicate a fit using a power law dependence on

energy. Right panel: Comparison of the pseudorapidity ileimsthe central region with calculations and
simulation predictions.

The energy dependence of the multiplicity in pp collisions is described by @mplaww in
energy with an exponent 0.11. The increase with energy is significastigrfthan predicted by
most event generators. The increase is most pronounced for eviénsmwltiplicity much larger
than average.
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The measured charged particle multiplicity for the 5% most central PbPb caligi@76 TeV
is dN/dn = 1584+ 4(staf) + 76(sys), corresponding to.8+ 0.4(sys) per participant pair. Figure 1,
left panel, compares this measurement to the measurements for AuAu asimglerdiffractive pp
and pp collisions. The average multiplicity per participant pair for this centrality $ieleés a factor
1.9 higher than that for pp angbollisions at similar energies. Figure 1, right panel, compares the
measurement to model calculations that describe RHIC measurements ahétfopredictions for
this energy are available. For a more detailed description of this compaeis¢bd. The measured
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Figure 2: Figure reproduced from [11]. Dependence off@N< Npart > /2) on the number of participants
for LHC and RHIC data. The scale for the lower energy datadsvsion the right hand side and differs from
the scale for the higher energy data on the left hand side lgtarf2.1. For the PbPb data, uncorrelated
uncertainties are indicated by the error bars, while cateel uncertainties are shown as the grey band.
Statistical errors are negligible. The open circles shoswillues obtained for centrality classes obtained
by dividing the 0-10% most central collisions into four,hrat than two classes. The values for non-single-
diffractive and inelastic pp collisions are the resultsniérpolating between data at 2.36 and 7 TeV

multiplicity for central collisions indicates an increase of the energy densigy I@ast a factor three
with an increase of the initial temperature by about 30%. The centrality depeg [11] is close
to the results from AuAu collisions at RHIC, see Figure 2. This is bestritesstby models with

gluon saturation or strong shadowing effects.

4. Baryon number transport

In inelastic non-diffractive proton-proton collisions at very high egéhg incoming projectile
breaks up into several hadrons which emerge after the collision in danatar small angles
along the original beam direction. The deceleration of the incoming protamoece precisely of
the conserved baryon number associated with the beam particles, is altth lwaryon-number
transport and has been debated theoretically for some time.

At lower collision energies the most important mechanism for baryon-nutrdogsport is the
break-up of the proton into a diquark-quark configuration [12, 1@feed by hadronization of the
diquark. This baryon-number transport can be quantified in terms othdity 10SSAY = Ypeam —
Ybaryon- HOwever, in this mechanism the baryon-number transport is supgrespenentially as a
function of the rapidity loss. At the LHC the accessible rapidity loss region ishnarger than at
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lower collision energies. Therefore the measurement of the net bagyoher at mid-rapidity or
equivalently the baryon to antibaryon ratio could reveal additional aimgmsport mechanisms.
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Figure 3: Figure reproduced from [15]. Central rapidipyp ratio as a function of the rapidity intervay
(lower axis). Error bars correspond to the quadratic suntaifssical and systematic uncertainties for the
RHIC and LHC measurements and to statistical errors otlserwi

The most prominent alternative mechanism proposed is transport thacstghg junction. In
this model the proton is assumed to consist of three valence quarks bpwiihigs which form
a junction between them. The baryon-number can then be transportedindtyahe quarks but
also by the string junction. Here the baryon-number transport is alsoesgmu exponentially but
with a different slope. QCD inspired estimates [14] suggest a value fdratty@n-antibaryon ratio
significantly different from one at mid-rapidity at LHC energies.

Figure 3 shows the measured antiproton-proton ratio as a function ofpltitydoss com-
paring the ALICE results to those of other experiments at lower energigsough the measured
value at 0.9 TeV is close to one there is still a small but significant excessotifns over an-
tiprotons. At 7 TeV the ratio is consistent with one, setting a stringent limit on teuat of
baryon-transport over 9 units of rapidity. The existence of large gabfiehe baryon-transport, as
predicted by [14] is therefore excluded. The curve in figure 3 remtssa fit to the data includ-
ing the various baryon-transport mechanisms. The result is compatible witisHumption that
only the diquark fragmentation mechanism contribute to the baryon trangpgwrtdetails of this
analysis are described in [15].

5. Transverse momentum spectra in pp

Perturbative Quantum Chromo Dynamics (pQCD) is a framework for thetijatve descrip-
tion of parton interactions at large momentum transfers. However, evdd@tenergies, a large
fraction of the particles produced in pp and PbPb collisions are prodacsaft interactions for
which pQCD is not well suited. These soft interactions are usually desttibing a phenomeno-
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Figure 4: Figure reproduced from [16]. Energy dependence of the gedransverse momentum of primary
charged particles in pp anup collisions.

logical approach. The event generators using a phenomenologjpalaa (e.g. PYTHIA and
PHOJET) need to be tuned in order to describe the particle productioanyrop

The inclusive charged particle transverse momentum distribution was redgd] for pp
collisions at,/s=0.9 TeV. This measurement used the central detedipfs<(0.8) covering the
pr range from 0.15 until 10 Ge¥. For p; below 3 GeVyc the spectrum is well described by
a modified Hagedorn fit while at highgx the data is best described by a powerlaw [16]. The
powerlaw shape of the spectrum is suggests that the pQCD approximatoagicable in this
region. The average transverse momentum4884-0.001(staf + 0.007(sysh GeV/c for inelastic
and 0489+ 0.001(staf + 0.007(sysh GeV/c for non-single diffractive events,see figure 4. These
values are larger than measurements in wider pseudorapidity intervale Bartie collision energy.
A similar increase for a smaller rapidity window is seen for the Tevatron reisuiiigure 4. None
of the models compared simultaneously describeptispectrum and the correlation between the
averagep; and the multiplicity. In particular in the loys; region the models require further tuning.
Recent results fop; spectra of identified stable charged and neutral strange particlesljish@v
that in most cases PHOJET as well as the PYTHIA tunes are well below thesizecially for the
heavier particles. The ratio a?f/Kg agrees with the STAR data but is below the data measured by
UA1 and CDF. This difference could be due to differences in the feashdmrrections applied by
the experiments or in the acceptance or triggers and will be investigatedrfurth

The measured charged particle spectraip< 0.8 and 0.39<20 GeVc in PbPb collisions
at 2.76 GeV collision energy were compared to the expectation in pp collisidims same energy,
scaled by the number of underlying nucleon—nucleon collisions. For thgaoson the pp results
were scaled to the equivalent PbPb energy, see also [18]. The deomparexpressed in terms of
the nuclear modification factord?. Figure 5 shows the comparison of the nuclear modification
factor in central collisions to the results of the PHENIX and STAR experimédntsentral colli-



ALICE results P.G. Kuijer

g T T T ‘ L ‘ T T T ‘ T T T
o . ALICE Pb-Pb \[s =2.76 TeV (0 - 5%)

* STAR Au-Au \[s = 200 GeV (0 - 5%)
. PHENIX Au-Au \[S = 200 GeV (0 - 10%)

i 3 t
R R R
* .1 ¥ 22 1
0.17\ L L L ‘ L L L L ‘ L L L L ‘ L L L L
10 15 20
P, (GeVic)

Figure 5: Figures reproduced from [18]. Comparison gfsRin central PbPb collisions to measurements
by PHENIX and STAR at RHIC. The error representation of thd @ data is as in the left panel. Error
bars indicate the statistical uncertainties, the boxeta@othe systematic errors. For further details see text.
The statistical and systematic errors of the PHENIX datashmvn as error bars and boxes, respectively.
The statistical and systematic errors of the STAR data armbowed and shown as boxes. The vertical bars
around Ra =1 indicate thep; independent scaling errors onR

sions, Ra reaches a minimum of about 0.14 at about 6 GeV/c and the measuredssippref
high p; particles is stronger than that observed at lower collision energiestelésp much flatter
p; spectrum in pp at the LHC. The strong suppression of intermegigtarticles suggests that a
very dense medium is formed in central PbPb collisions at the LHC. At Iggle nuclear modi-
fication factor increases significantly. A quantitative determination of theggriess and medium
density will require further investigation of gluon shadowing and saturatidhe present energy
range and detailed theoretical modelling.

6. Femtoscopy

The spatial extent of the system at decoupling is accessible via intensitigioteetry. This
technique uses the Bose-Einstein enhancement of identical bosons eraétbg im phasespace.
The measured radii are connected to the volume of homogeneity and then dystéme. This
method was applied to the ALICE data from pp collisions [19] as well as to ttefdam PbPb
collisions [20] using pions. The results in pp interactions show similar tretitisrespect to e.g.
multiplicity or pair momentum as the PbPb results. However, the interpretation githesults
is controversial. A systematic study of both pp and PbPb data will shed ligtiteonature, the
similarities and the differences of their dynamics.

The product of the radii measured in PbPb collisions, see left panguwtf, shows a linear
dependence on the charged-particle pseudorapidity density and is twolgirges at the LHC
than at RHIC. Within a hydrodynamic scenario the decoupling time for piongdtrapidity can
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Figure 6: Figures reproduced from [20]. Left panel: Product of the¢hHBT radii at k=0.3 GeVc. The
ALICE result is compared to results form experiments at logreergies. Right panel: The decoupling time
compared to results from other experiments at lower colliginergies.

be estimated from B,y because both are connected by the longitudinal velocity gradient of the
expanding system. The decoupling time extracted is shown in the right pafigue 6 and
compared to values published by experiments at lower energies. Thendyfstéime increases
linearly with Rqng, i.€. with the cube root of the charged particle pseudo rapidity as expected
the hydrodynamical scenario. A more detailed study of the radii as a funefithe pion pair
momentum confirms the agreement with hydrodynamical models. Within the hytdrprietation

the system life time increases by about 20% with respect to the RHIC results.

7. Flow

When nuclei collide at finite impact parameter the geometrical overlap regibnherefore
the initial matter distribution is anisotropic. If the matter is interacting this spatial tofsois
converted into an anisotropic momentum distribution. The second Fourifficard of the az-
imuthal distribution of the final state hadrons is called elliptic flow. For varyingeichparameters
of the collision the initial shape and therefore the strength of the elliptic flovesaallowing a
detailed comparison with models and extraction of the equation of state of thpstdteed in the
collision.

The top panel of figure 7 shows the second harmonit rweasured [22] using two and four
particle correlations compared to measurements by the STAR experimentl@t RHile the
Vo{2}( py) measurement is still biased by effects which are not correlated to the iretahetry,
simulations and analytical estimates show that{é}( p;) measurement is essentially unbiased.
The lower panel of figure 7 shows{4}( p) measurement for various centralities compared to
the STAR measurements. Tpedependence of the flow coefficient does not change significantly
when the beam energy is increased from 0.2 TeV to 2.76 TeV. The rigie pafigure 7 shows
that thepy integrated value for the 20%-30% centrality class increases about 30%esfihct to
the RHIC energy.

Models based on ideal relativistic hydrodynamics with zero shear visaasityassuming an
equation of state compatible with QGP formation describe the data from RH&Gnakly well.
The models that describe the data at RHIC energies predict a modestsimafethep; integrated
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Figure 7: Figures reproduced from [22]. Top left paned(p) for the centrality bin 40-50% from the 2- and
4-particle cumulant methods for this measurement and féxAeollisions at,/Syy = 200 GeV. Bottom left
panel:vo{4}( py) for various centralities compared to STAR measuremerttg. data points in the 20-30%
centrality bin are shifted ip; for visibility. Right panel: Integrated elliptic flow at 267TeV in PbPb 20—-30%
centrality class compared with results from lower enertagen at similar centralities

elliptic flow at the LHC. In these hydrodynamic models the charged particle elfijgtic as a
function of p; does not change significantly. Hydrodynamic calculations show an sei&ahe
radial flow on top of the increase of the averagewhich is also seen in pp collisions. Thus
the p; integrated flow increases due to the increase in the avgrag€his also leads to a mass
dependence of the{4}( p;) which will be measured in future analysis using the excellent ALICE
particle identification capabilities.
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