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Abstract

We reportthe first measurement of the net—charge fluctusitidb—Pb collisions gysyy =2.76 TeV,
measured with the ALICE detector at the CERN Large Hadrotides! The dynamical fluctuations
per unit entropy are observed to decrease when going froipheeal to central collisions. An addi-
tional reduction in the amount of fluctuations is seen in carigon to the results from lower energies.
We examine the dependence of fluctuations on the pseuddityaipterval, which may account for
the dilution of fluctuations during the evolution of the st We find that the ALICE data points
are between the theoretically predicted values for a haglasrand a Quark—Gluon Plasma.

*See Appendix A for the list of collaboration members
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The ALICE experiment [1] at the Large Hadron Collider (LHG)a multi—purpose detector designed to
study the formation and evolution of nuclear matter at hayhperatures and energy densities. One of
the major goals of the experiment is to explore as many sigaslpossible towards characterizing the
properties of the Quark—Gluon Plasma (QGP), the deconfitatd of quarks and gluons, produced in
high energy heavy—ion collisions. The study of event—bgnré¥luctuations provides a powerful tool to
characterize the thermodynamic properties of the systdm.fllictuations of conserved quantities, like
net—charge of the system, are predicted to be one of the mwsitise signals of the QGP formation and
phase transition, and may provide complementary undefistgrof strong interactions [2, 3, 4, 5, 6, 7,
8, 9].

In the QGP phase, the charge carriers are quarks with fredticharges, whereas the particles in a
hadron gas (HG) carry unit charge. The fluctuations in theahetrge depend on the squares of the
charge states present in the system. Consequently, thehaege fluctuations in the QGP phase are
significantly smaller compared to that of a HG [2]. At the saim, if the initial QGP phase is strongly
gluon dominated, the fluctuation per entropy may further dguced as the hadronization of gluons
increases the entropy [3]. Thus the net—charge fluctuatiomstrongly dependent on which phase they
originate from. However, the net—charge fluctuations mayadfected by uncertainties arising from
volume fluctuations, so one considers the fluctuations ofatie, R= N, /N_. HereN, andN_ are the
numbers of positive and negative particles respectivedasured in a specific transverse momentp (
and pseudo—rapidity) window. The parameteRis related to the fluctuations of the net—charge via the
D—-measure as per the following expression [2, 4, 5]:
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which provides a measure of the charge fluctuations per ntribgy. Here the...) denotes an average
of the quantity over an ensemble of events. The t&d@?) is the variance of net charg®,= N, — N_
andN., = N +N_. TheD—measure has been estimated for several different theairetinsiderations
including those of the lattice calculations. In a simpletywie by neglecting quark—quark interactions,
D is found to be approximately 4 times smaller for a QGP contp&vea HG [2]. Lattice calculations
which include the quark—quark interactions give a quatintiély different estimate for a QGP phase, still
significantly smaller than for a HG. It has been shown that 4 for an uncorrelated pion gas, and
after taking resonance yields into account, the value dseetd ~ 3. For a QGPD is significantly
lower and has been calculated to Be~ 1.0-1.5 where the uncertainty arises from the uncertainty of
relating the entropy to the number of charged particles éfitlal state [5]. Thus, a measurementof
can be effectively used as a probe for distinguishing theptases, the HG and the QGP. However in
reality, these fluctuations may get diluted in the rapidlpanding medium due to diffusion of particles
in rapidity space [8, 9]. Several other effects, such adstofi dynamics, radial flow and final state
interactions may also affect the amount of measured fluong{2, 10, 11].

D = (Nen) (6R?) ~ 4

(1)

In the experiment, the net—charge fluctuations are besiest(iti3, 14, 15, 12, 11, 16] by calculating the
quantityv, _ g4y defined as:
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which is a measure of the relative correlation strength digla pairs. A negative value of , _ 4y Sig-
nifies the dominant contribution from correlations betwpairs of opposite charges. On the other hand,
a positive value indicates the significance of the same ehpag correlations. The . _ 4, has been
found to be robust against random efficiency losses [16, 8]/ [-measure and, _ 4, are related to
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each other by [5]:
(Nen)V(4 - dyn # D —4. 3)

The values o¥, _ 4y Need to be corrected for global charge conservation [168. prkdictions for the
D—-measure are based on the assumption of vanishing netednattge system. However, in a realistic
situation, the system under consideration has a small hite fiet—charge. A correction due to finite
net—charge effect also needs to be applied [4].

In this letter, we report the first measurements of net-ehérgtuations, by calculating, _ 4y, and
the D—measure, as a function of collision centrality in Pb—Plisiohs at,/Syy = 2.76 TeV at the LHC
with the ALICE detector. We also make a comparison of the gwpmntal results to the theoretical
predictions.

Details of the ALICE experiment and its detectors can be domn1]. For this analysis, we have used
the Time Projection Chamber (TPC) [19] to reconstruct chdngarticle tracks. The detector provides a
uniform acceptance with an almost constant tracking effwgief about 80% in the analyzed phase space
(ln] <0.8and 0.2 GeW < p; < 5 GeVk). The interaction vertex was measured using the SilicorlPix
Detector (SPD), the innermost detector of the Inner Trac8gstem (ITS) of ALICE. In the analysis,
we have considered events with a vertex < 10 cm to ensure a uniform acceptance in the central
pseudo-rapidity region. The minimum bias trigger of ALIC&hsisted of a coincidence of at least one
hit on each of the two VZERO scintillator detectors, positd on both sides of the interaction point,
while at the startup of data taking period an additional megpient of having a coincidence with a signal
from the SPD was also introduced. The background eventsngpfrom parasitic beam interactions are
removed by a standard offline event selection proceduresharieiquires the VZERO timing information
and hits in the SPD.

We present the results as a function of centrality that resfldze collision geometry. The collision
centrality is determined by cuts on the VZERO multiplicity described in [20]. A study based on
Glauber model fits [21, 22, 23] to the multiplicity distrilierd in the region corresponding to 90% of
the most central collisions, where the vertex reconswuads fully efficient, facilitates the determination
of the cross section percentile and the number of partitipaithe resolution in centrality is found
to be < 0.5% RMS for the most central (0-5%) collisions, increasingands 2% RMS for peripheral

(70-80%) collisions [20].

We require tracks in the TPC to have at least 80 reconstrisgiade points with &2 per TPC cluster
of the momentum fit less than 4. We reject tracks with distasfadosest approachd¢a) to the vertex
larger than 3 cm both in the transverse plane and in the ladigial direction. We have performed an
alternative analysis with tracks reconstructed using tmhined tracking of ITS and TPC. In this case,
the dca cuts were 0.3 cm in the transverse plane as well as in thetlaligal direction. The results
obtained with both tracking approaches are in agreement.

The data analysis has been performed for Pb—Pb collisiop&al = 2.76 TeV and pp collisions at the
same centre—of-mass energy. An identical analysis proedths been followed for both Pb—Pb and pp
data. We calculate the,, _ 4, from the experimental measurements of positive and negaharged
particles counted i\ windows, defined around mid-rapidity (for example; = 1 corresponds to
—0.5<n <0.5) and in thep range from 0.2 to 5.0 Ge¥/ In Figure 1, we present the_ _ 4y, as

a function of centrality, expressed in terms of the numbepaoticipating nucleons. Moving from left
to right along thex—axis of the figure corresponds to moving from peripheraletati@l collisions. The
results are presented fan = 1 and 1.6, for both Pb—Pb and pp collisions. In all cases, thgnitude
of v(,_ 4yn) is observed to be negative, indicating the dominance of dneelation term in Eq. 2. The
absolute values of . _ 4y for pp collisions are larger compared to those measuredfePB collisions.
When going from peripheral to central events, the absolataes ofv, _ 4, are seen to decrease
monotonically.
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Fig. 1: Dynamical net—charge fluctuations,, _ 4y, and their corrected valuesfjr’” dyn)’ for charged particles
produced in Pb—Pb collisions gfsyn = 2.76 TeV as a function of centrality expressed in terms of thamer of
participating nucleonsvffrj’dyn) points are shifted along x-axis for better representat®umperimposed are the
results for pp collisions a{/s = 2.76 TeV. The results are shown for two differefry windows. The statistical

(bar) and systematic (box) errors are plotted.

The values o, _ 4y have to be corrected for global charge conservation ane: fadteptance [16].
If all charges are accepted, the global charge conservatmrid lead to vanishing fluctuations. This
will yield the minimum value ofv, _ 4 to be -4{Niotar), Where(Nita) is the average total number of
charged particles multiplicity produced over full phasasp The corrected value of, _ 4y is then:

4
Vi aym = Ve F TR .

Since the value ofNyta), has not been reported by experiments, we have obtained #aéses from
HIJING [24] and PYTHIA [25] event generators for Pb—Pb anatpllisions, respectively. The corrected
values, v(Corr dyn)» @re calculated and plotted in Figure 1 as a function of thmber of participating
nucleons for Pb—Pb as well as pp collisions. The absoluteegabfv P dyn@re smaller compared to

V(+—dynin all cases. The differences are more apparent for pp anﬂlmal Pb—Pb collisions than for
central collisions.

The calculations of thB—-measure were consequently done starting from the codreatees ofv__ gyr) in
Eqg. 3. A systematic check of correcting tbe-measure has been performed by udirgD/(C,C;),

whereC,, = N2 andc, — 1— Me” 4], A difference of 3-7% (depending on s window) has
H (N2 N Nm

been included as one of the systematic erroi3.téor the rest of the manuscript the corrected values of
V(+—dyn) @ndD are presented.

The systematic uncertainties have additional contrilstibpom the following sources: (a) uncertainty in
the determination of the interaction vertex, (b) differaraggnetic field polarities, (c) contamination from
secondary tracksd€a cuts), (d) centrality definition using different detectqes) selection criteria at the
track level, and (f) different tracking scenarios. Theltsjestematic error om(‘f" dyn) amounts to 6-10%
in going from peripheral to central collisions. The errortbe product of number of charged particles
and v(‘f” dyn) remains within 7-13% at all centralities. The systematid statistical uncertainties in
all the figures are represented by boxes and error barscteghe The statistical errors are small and
within the sizes of the symbols in most cases.

Figure 2 presents the values )V Cf" dyn)andD in the left and right axes, respectively, as a function

of the number of participating nucleons. Tié.,) values have been measured for different centralities
andAn windows, and corrected for detector inefficiencies [20]tiBie results from the Pb—Pb and pp
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Fig. 2: (Nch>v(°j3rj dyn) (left axis) andD (right axis) as a function of the number of participantsfgr=1 and 16 in
Pb—Pb collisions a}/Syn = 2.76 TeV and pp collisions ay's= 2.76 TeV. Also shown are results from the HIJING

event generator for both ti&) windows. Both statistical (error bar) and systematic (lerxdrs are shown.

analyses are shown. The shaded bands in the figure indi@aatictions for a HG and a QGP. The
figure also shows the results from the HIJING event genefatahn = 1 and 1.6, which are observed
to be close to the HG line and at the same time independentntfatiey. The pp results foAn = 1.6
agrees very well with the HG prediction. The experimentalles for Pb—Pb for both th&n windows
are observed to be below the HG predictions and above thabe @GP. The values @ for An = 1.6
are lower compared to those fn = 1 for all centralities.

A decreasing trend dD has been observed while going from peripheral to centrdisamis, as seen in
Figure 2. This centrality dependence may arise partly sxafithe presence of radial flow [10]. The
radial flow velocity could lead to the kinetic focussing oéthroduced particles, causing a narrowing
of the opening angles. Therefore, it is expected that thebeurof positive and negative particles may
get redistributed in a finite phase space. This may affectrthgnitude of net—charge fluctuations. The
effect of radial flow onv, _ 4y, has been estimated by using two different methods. Firsthave
used an afterburner [26] on the HIJING events where theghesthet a boost in the transverse momenta
because of the radial flow velocity. The magnitudes/of_4,; andD are observed to be close to each
other for both HIJING and HIJING with the afterburner. In $econd method) is calculated using the
AMPT model [27]. Both versions of this generator, the stiinglting and the default, were studied. The
observed centrality dependence in the data are not seernh&thMPT model. These studies indicate
that the presence of radial flow may not be responsible focéinérality dependence of tli-measure.

The measured fluctuations may get diluted during the ewnlutif the system from hadronization to
kinetic freeze-out because of the diffusion of charged twaglin rapidity. In ref. [8, 9], this has been
addressed where a diffusion equation has been proposedtiyothe rapidity dependence of net—charge
fluctuations. It has been conjectured that, taking the pligisin into account, the asymptotic value of
fluctuations may be close to the primordial fluctuations mydarapidity windows corresponding to the
hadronization stage. This has been explored for the ALIGE paints by plottingNcp) v(cfr_r7dyn) andD

as a function ofAn for three centrality bins, as shown in Figure 3. We obseraéftir a given centrality
bin, theD—measure shows a strong decreasing trend with the incréase. dn fact, the curvature of
D has a decreasing slope with a flattening tendency at rgeiindows. Following the prescriptions
of [8, 9], we fit the data points with the functional form, &(/+/80d;), which represents the diffusion
in rapidity space. Hereg:; characterizes the diffusion at freeze—out. The resultialges ofo; are
0.42+0.04, 048+ 0.06 and 05634-0.05 for the 0-5%, 30-40% and 50-60% centralities, respdgtivdne
fitted curves are shown as solid lines in Figure 3. The dashed &re extrapolations of the fitted curves
to higherAn, which yield the asymptotic values BX. For the top 5% centrality, the measured values of
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Fig. 3: (Nch) v(cfr”j dyn) (left axis) andD (right axis) as a function ohn window for three different centrality bins
in Pb—Pb collisions af/Syn = 2.76 TeV. The data points are fitted with the functional forni(&n /v/8cr). The
dashed lines correspond to the extrapolation of the fittedesu Both statistical (error bar) and systematic (box)

errors are shown.
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Fig. 4: Energy dependence of the net—charge fluctuations, meaisutexans 0f<Nch>v(+7’dyn) (left axis) andD

(right axis), for the top central collisions. The resultsrfrthe STAR [11] and ALICE experiments are presented
for An = 1 after the correction for charge conservation. The ALIC&utes are further extrapolated to obtain the
asymptotic value, shown by the solid red circle. Both stigs (error bar) and systematic (box) errors are shown.

D are 247+ 0.01(stat) + 0.13(sys) for An = 1 and 210+ 0.02(stat) + 0.12(sys) for An = 1.6. The
extrapolated value db is 199+ 0.09(stat) +0.17(sys).

The evolution of the net—charge fluctuations with beam gneag be studied by combining the ALICE
data for Pb—Pb collisions with those of the STAR experimédf for Au—Au collisions at four RHIC
energies. In Figure 4, we present the valuesNgf,) v(Cf:dyn) (left axis) andD (right axis) for the top
central collisions from ALICE at/Syn = 2.76 TeV and for STAR, Au-Au collisions at four different
energies. The ALICE data points correspondip= 1 and 1.6, whereas for STAR the valuesfaor =1
are shown. For the STAR dat@iNen/dn)vi” o is plotted instead ofNen) V(Cj:'_"dym, wheredNg,/dn

is approximately equal tdNc,) for An = 1 at central rapidity. The theoretical predictions for aroad

gas and a QGP are also indicated in the figure.

In Figure 4, we observe a monotonic decrease in the magnitidee net—charge fluctuations with
increasing beam energy. For the top RHIC energy/gfin = 200 GeV, the measured data of STAR is
close to the prediction for a hadron gas. Below this enelhgydata points are above the hadron gas value.
We note that the STAR results are obtainedZgr= 1 where the fluctuations may still be significantly



6 The ALICE Collaboration

affected by diffusion. At 2.76 TeV, we observe that the valaéD for both theAn windows are within
the predictions for a hadron gas and a QGPAAt= 1.6 the value ofD is closer to that of the QGP
prediction.

In summary, we have presented the first measurements of dymatr-charge fluctuations at the LHC
in Pb—Pb collisions af/Syn = 2.76 TeV in terms oy, _ 4, and their corrected value\ss(Corr dyn) (cor-
rected for charge conservation and finite acceptance gffé@tte results for pp collisions at the same
center—of-mass energy are found to be in agreement witlohgds prediction. The valuesw@f, _ 4, and
v(Cfr_r7dyn>are seen to be negative in all cases, indicating the doménahthe correlation of positive and
negative charges. A decrease in fluctuations is observdd gaing from peripheral to central collisions.
The D-measure, which gives the charge fluctuations per entremaléulated fronve™ | vr) and from
the measured average charged particle multiplicity. A ekesing trend ob is observed in going from
peripheral to central collisions. Model studies indicdtattthe presence of radial flow may not be the
cause of this decrease. The dissipation of signal duringtbhition of the fireball from the hadroniza-
tion to freeze-out has been estimated by fittihgs a function of thé\n window. The extrapolation
of the fit function yields the asymptotic value Bf which is not very different from the measurement
atAn = 1.6. The beam energy dependence of charge fluctuations hasteied by comparing the
ALICE data with those from the STAR experiment at RHIC for Aw-collisions at four energies. A
monotonic decrease in the valuedf measured ahn = 1, has been observed. The STAR data points
at RHIC top energy are close to the prediction for a hadron @ass may be due to the fact that the
fluctuation may be not strong enough to be measured or becduke dilution of fluctuation during
the evolution process. The ALICE data points are below tlegliption for a hadron gas and above that
of the QGP. Moreover, these data points show an additionaedse oD at An = 1.6. For the top
central collisions, the measured valuelfurns out to be 20+ 0.02(stat) +0.12(sys) which is to be
compared with theoretical predictions.
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