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Event-by-event mean p fluctuations in pp and Pb—Pb collisions at the LHC
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Abstract. The ALICE detector at the LHC is used to study the properties of the Quark-Gluon Plasma produced
in heavy-ion collisions. As a reference measurement, also the analysis of proton-proton (pp) collisions is very
important. In the study presented here, event-by-event fluctuations of the mean transverse momentum are
analysed in pp collisions at /s = 0.9, 2.76 and 7 TeV, and Pb—Pb collisions at /sxn = 2.76 TeV as a function
of the charged-particle multiplicity. In both systems, dynamical fluctuations beyond the statistical expectation
are observed. In pp collisions, no significant dependence on collision energy is found, even in comparison to
inclusive results at much lower collision energies. Likewise, central A—A collisions show only little dependence
on collision energy. The multiplicity dependence observed in peripheral Pb—Pb data is in agreement with that
in pp collisions. Going to more central Pb—Pb collisions, a clear deviation from this trend is found, reaching a
significant reduction of the fluctuations in most central collisions. Comparisons to Monte Carlo event generators
show good agreement in pp, but rather large differences in Pb—Pb collisions.

1 Introduction

At LHC energies, not only heavy-ion (A—A) collisions, but
also pp collisions produce a large number of particles in
the final state. The ALICE detector [1] is well suited for
the investigation of both systems and can cope in partic-
ular with the very large number of particles produced in
central Pb—Pb collisions. Its main purpose is the study
of the Quark-Gluon Plasma, where the quarks and glu-
ons are believed to exist in a quasi-free state and are re-
combined into colorless objects at the phase transition to a
Hadron Gas. This phase transition may go along with crit-
ical fluctuations of thermodynamic quantities which could
be observed via event-by-event fluctuation measurements.
These analyses may also reveal collective effects like the
onset of thermalization of a system and are therefore pro-
posed for the investigation of the hot and dense matter gen-
erated in heavy-ion collisions [2-5].

Recently, ALICE has measured event-by-event fluc-
tuations of the mean transverse momentum ({pt)) of
final-state charged particles as a function of the aver-
age charged-particle multiplicity density ((dN.,/dn)) [6].
Many kinds of correlations among the transverse mo-
menta of the final-state particles may lead to such fluc-
tuations, e.g. jets, resonance decays and quantum correla-
tions. These are already present in pp collisions, which can
hence serve as a model-independent baseline of the inves-
tigation of additional effects in A—A collisions. We present
results for pp collisions at +/s = 0.9, 2.76 and 7 TeV, and
Pb—Pb collisions at 4/sny =2.76 TeV together with a com-
parison of both systems. Furthermore, we compare to pre-
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vious measurements at lower collision energies and to sev-
eral Monte Carlo (MC) event generators.

2 ALICE detector and analysis details

The results presented are based on data measured at the
CERN Large Hadron Collider (LHC) [7] with the ALICE
detector [1] taking into account 19 X 10° Pb—Pb events at
VSN = 2.76 TeV, and 6.9 x 10%, 66 x 10° and 290 x 10°
pp events at /s = 0.9, 2.76 and 7 TeV, respectively.

Charged-particle tracking is performed with the Time
Projection Chamber (TPC) [8] in the pseudo-rapidity
range |g| < 0.8. The transverse momentum range is re-
stricted to 0.15 < pr < 2 GeV/c, both to guarantee a good
tracking efficiency and momentum resolution and because
the focus of this study is on bulk particle production. With
the upper pr cut, high pt particles originating from initial
hard scatterings are reduced.

For the determination of the primary vertex, the In-
ner Tracking System (ITS) is used in addition to the TPC.
Events are only accepted in the analysis, when at least one
charged-particle track is contributing to the primary ver-
tex reconstruction, which itself has to be within =10 cm
from the nominal interaction point along the beam direc-
tion to ensure a uniform pseudo-rapidity acceptance within
the TPC. In Pb—Pb collisions, an additional requirement of
at least 10 reconstructed tracks inside the acceptance re-
moves the largest fraction of non-hadronic events. The two
forward scintillator systems VZERO-A (2.8 < n < 5.1)
and VZERO-C (-3.7 < n < —1.7) are used for the central-
ity determination in Pb—Pb as outlined in [9].

On the level of single charged particles, a set of dif-
ferent track selection criteria assures a good quality of the
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accepted tracks. The number of accepted tracks in one
event within the 77 and pr ranges given above is denoted as
Nace-

The determination of a quantity like the mean trans-
verse momentum (prt) on an event-by-event level is sub-
ject to efficiency loss of particle tracks as well as to the fi-
nite momentum resolution. Therefore, the event-by-event
mean transverse momentum is approximated by the mean
value Mgpe(pr)r of the transverse momenta pr; of the
Nacesk accepted charged particles in event k:

Nace ok

Pr.i - ey
i=1

Meve(pr)i =
Nacc sk

In general, both statistical and dynamical fluctuations
of Mgpe(pr)r are present. A measure for only the dy-
namical contribution is the two-particle correlator C =
(Apr,i, Apr,j;» [10-12]. In this analysis, the correlator C,,
is used, which is defined in multiplicity classes m. The
mean transverse momentum of all tracks in all events of
class m is denoted as M(pr),, and defined as

Mevm Nace i
M(ptIn = o N PT.i
k=1 ‘Yacek 41 =]
Nevm
1 ,

= S D Mo Mae(pr)e . (2)

Nev,m
ki] Nacc,k k=1

Furthermore, ney ,, is the number of events in multiplicity
class m and N} = 0.5 - Nucesk “(Nacesk —1) is the number
of particle pairs in event k. With this, the two-particle cor-
relator C,,, which is the mean of covariances of all pairs
of particles i and j in the same event with respect to the
inclusive M(pt),, can be defined as

1 Tevan Nacesk Nace sk

Cm = Hey.m Npairs ’
k=1 """k

(pri = M(p1)w) - (p1,j — M(PT)i) - 3)

By construction, C,, vanishes, if only statistical fluctua-
tions are present. The dimensionless ratio VC,,/M(pt)m
is used for the presentation of the results which quantifies
the strength of the dynamical fluctuations in units of the
average transverse momentum M(pr),.

k=1 i=1 j=i+l

3 Results in pp collisions

The inclusive relative dynamical fluctuation VC/M(pr),
which is not subdivided into multiplicity classes m, is
shown as a function of +/s in figure 1 for pp collisions
at vs =0.9,2.76 and 7 TeV. Significant dynamical M(pr)
fluctuations are observed with a magnitude of about 12 %
of M(pr), independent of the collision energy.

The ALICE results are compared to a similar quan-
tity R measured by the Split Field Magnet (SFM) detector
at the ISR in pp collisions at much lower collision ener-
gies of /s = 30.8, 45, 52, and 63 GeV [13]. R is deter-
mined by extrapolating the multiplicity-dependent disper-
sion D(Mgyge(pr)i) to infinite multiplicity and normaliza-
tion by the inclusive mean transverse momentum. This
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Figure 1. Relative dynamical mean transverse momentum fluc-
tuations in pp collisions as a function of /s. The ALICE results
for VC/M(pr) are compared to the quantity R measured at the
ISR (see text and [13]).
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Figure 2. Relative fluctuation +C,,/M(pr), as a function of
(dN/dn) in pp collisions at /s = 0.9, 2.76 and 7 TeV.

is an alternative estimate of dynamical mean transverse
momentum fluctuations. The comparison of ALICE and
ISR results at collision energies separated by two orders
of magnitude does not reveal any significant dependence
of the fluctuations on the collision energy.

At LHC energies and with the large statistics collected
by ALICE so far, it is possible to study event-by-event
observables in a more differential way. As a first step,
the ALICE data are analysed as a function of the aver-
age charged-particle multiplicity density (dN.,/dn) in pp
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Figure 3. Left: Relative dynamical fluctuation vC,,/M(pr),, for data and different event generators in pp collisions at /s =7 TeV as a
function of (dN.,/dn). Right: Ratio models to data. The red error band indicates the statistical and systematic data uncertainties added

in quadrature.

collisions at /s =0.9,2.76 and 7 TeV. In figure 2, the rela-
tive dynamical fluctuation vC,,/M(pt) is presented as a
function of (dN.,/dn) for all three collision energies. Dy-
namical fluctuations are observed over the entire multiplic-
ity range. At low multiplicities, the fluctuation strength
reaches values of 12—14 %, similar to the inclusive results,
but with increasing multiplicity the fluctuations decrease
to about 5 % at the highest multiplicities. Itis the first time,
that M(pr) fluctuations in pp collisions are analysed as a
function of multiplicity and that this substructure underly-
ing the inclusive values is observed. The independence of
the results on the collision energy is preserved when going
to the multiplicity dependent results.

In pp collisions at very high energies as reached at the
LHC the occurence of multiple hard scatterings in a sin-
gle collision may be possible, due to the large number of
partons within the ultra-relativistically moving particles.
High-multiplicity events in pp collisions at LHC energies
are believed to be driven by such multi-parton interactions
(MPIs) [14]. These multiple hard scatterings are indepen-
dent processes in the initial state of the collision. How-
ever, the particles originating from different hard scatter-
ings may be recombined via the color-reconnection mech-
anism, which could lead to correlations in the final state.

These mechanisms cannot be studied directly in the
experimental results. Instead, a comparison with several
Monte Carlo (MC) event generators is performed in pp
collisions at /s = 7 TeV. PHOJET [15] and several ver-
sions and tunes of PYTHIA [16, 17] are used, in partic-
ular PYTHIA6 with the Perugia-0 and Perugia-11 tunes
and PYTHIAS8. In the case of PYTHIAG6 Perugia-11,
the default tune is compared with another version, where
the color-reconnection mechanism is switched off. In
PYTHIA, color reconnections are responsible for the in-

crease of M(pr) with multiplicity [18, 19] which hence
could lead to interesting results in the case of M(pr) fluc-
tuations.

The relative dynamical fluctuation +C,,/M(pr),, as
a function of the charged-particle multiplicity density
(dNn/dn) from ALICE in pp collisions at /s = 7 TeV is
compared to the MC generators in figure 3 (left panel) and
the ratio of the MC generators to ALICE data is shown
in figure 3 (right panel). +C,,/M(pr). as function of
(dNgp/dn) shows a power-law behavior in data which is
reproduced by most of the MC generators. A power-law
fit to the ALICE data in the interval 5 <(dN.,/dn) < 30
yields b = —0.431 £ 0.001 (stat.) £0.021 (syst.). A simple
superposition scenario, as would be expected in the case
of independent MPIs, would lead to a power-law index of
b = —0.5, which is clearly not found. An interesting obser-
vation is, that both PYTHIAG6 Perugia-0 tunes — with and
without the color-reconnection mechanism — show a very
similar behavior and are both in agreement with the data.
Unlike the behavior in M(pr), where color reconnections
are necessary to describe the increase with multiplicity,
in M(pr) fluctuations the color-reconnection mechanism
seems to have no significant influence.

4 From pp to heavy-ion collisions

The analysis of event-by-event M(pr) fluctuations in pp
collisions already shows some interesting behavior and ef-
fects. Relative dynamical fluctuations decreasing with in-
creasing multiplicity are found. The comparison to MC
generators shows no hint for a significant role of the mech-
anism of color reconnections. The influence of multi-
parton interactions is subject to future studies.
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Figure 4. Mean transverse momentum fluctuations in central
heavy-ion collisions as a function of +/syy. The ALICE data
point is compared to data from the CERES [10] and STAR [11]
experiments. For STAR only statistical uncertainties are avail-
able.

Going on to the investigation of heavy-ion collisions it
is interesting to study, whether the trend in pp collisions
may serve as a baseline for heavy ions, and to search for
effects beyond those observed in pp. In heavy-ion colli-
sions, a lot of nucleons collide, leading to a large number
of initial hard scatterings. It may also be possible, that
in some of those collisions multi-parton interactions take
place, but this effect is expected to be negligible with re-
spect to the large number of nucleon—nucleon collisions.
Other effects unique to heavy ions may originate from the
phase transition from a Quark-Gluon Plasma to a Hadron
Gas, from fluctuations in the initial state of the collisions
and from collective effects like the thermalization of the
system.

As a first step, most central Pb—Pb collisions at
/SNy = 2.76 TeV are analysed and compared to results
in A—A collisions at lower collision energies measured by
the CERES [10] and STAR [11] experiments, which is
shown in figure 4. As in pp, significant dynamical fluctua-
tions and no significant dependence on the collision energy
are observed. The scale of the fluctuations is about 1%
of M(pr), which is about one order of magnitude smaller
than in inclusive pp collisions.

Figure 5 presents the relative dynamical fluctuation
VC,.,/M(pr)m as a function of the average charged-particle
multiplicity density (dN,/dn) in pp and Pb—Pb collisions
at /sy = 2.76 TeV measured by ALICE. A strong de-
crease of the fluctuation strength with increasing multi-
plicity is, as in pp, as well observed in Pb—Pb collisions.
Furthermore, the slope of this decrease shows a power-law
behavior in peripheral Pb—Pb collisions, which is in very
good agreement with the extrapolation of a power-law fit
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Figure 5. Relative dynamical fluctuation \C,./M(pr), as
a function of (dN./dnp) in pp and Pb-Pb collisions at
Vsun = 2.76 TeV. Also shown are results from HIJING and
power-law fits to pp (solid line) and HIJING (dashed line) (see
text).

to pp data at /s = 2.76 TeV in the interval 5 < (dN.,/dn)
< 25, with b = —0.405 + 0.002 (stat.) +£0.036 (syst.). This
agreement holds up to (dN.,/dn) ~ 100, from where on a
slight enhancement over the pp extrapolation is observed
up to (dNc,/dn) ~ 500. Going to even higher multiplici-
ties, corresponding to collision centralities < 40%, a strong
decrease of the fluctuations below the pp extrapolation is
found.

In addition, the result of a HIJING [20] MC simulation
is shown in figure 5. The HIJING version is 1.36 and no jet
quenching is taken into account. Like for the pp data, also
for the HIJING simulation a power-law fit is performed,
taking the interval 30 < (dN.,/di) < 1500. An exponent
b = —0.499 + 0.003 (stat.) +0.005 (syst.) is found which
is in agreement with a simple superposition expectation of
b = —0.5. The HIJING results are described very well
by this fit with the exception of very low multiplicities.
Obviously, HIJING cannot describe the behavior observed
in Pb—Pb data.

5 Results in Pb—Pb collisions

One of the effects, which may be important in heavy-ion
collisions and is not present in pp collisions, is the fluc-
tuation of the initial conditions. This may be related to
event-by-event fluctuations of radial flow and azimuthal
asymmetries, which could have an influence on the event-
by-event M(pr) fluctuations, although the corresponding
event-averaged quantities are not expected to give rise to
strong M(pr) fluctuations in azimuthally symmetric detec-
tors [10, 21].

In figure 6, a comparison of the pp and Pb—Pb data
at /ssy = 2.76 TeV to HIJING and two versions of
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Figure 6. Relative dynamical fluctuation \C,./M(pr),, normal-
ized to (dNg,/dn) ~*3 (see text) as a function of (dN,/dn) in pp
and Pb-Pb collisions at +/sxy = 2.76 TeV. The ALICE data are
compared to results from HIJING and AMPT.

the AMPT [22] simulation, which include collective ef-
fects, is presented. The relative dynamical fluctuation
\C,,/M(p1),, is normalized to the result of a fit of
A«(dNg,/dn) =93 to the HIJING simulation in the interval
30 <(dNc/dn) < 1500. HIJING agrees with the data
only at very low multiplicities up to (dN.,/dn) ~ 30 and
shows a very good agreement with the simple superposi-
tion expectation above. The rise of the Pb—Pb data with
respect to this expectation as well as the strong decrease
towards central events is clearly visible in this representa-
tion. Both AMPT calculations agree qualitatively with the
behavior observed in the data, but quantitatively all MC
generators fail to describe it. The default AMPT calcula-
tion shows much larger fluctuations than the data, while
the results of the AMPT simulation including the string
melting mechanism do not reach the values of the data.
In the string melting scenario, partons are not only gen-
erated from (hard) mini-jets as in the default version, but
also from (soft) strings. In addition, the partons are recom-
bined by a hadronic coalescence scheme after rescattering.

The ALICE results for vC,,/M(pt). in Pb-Pb col-
lisions at +/sx\e = 2.76 TeV are compared to re-
sults by the STAR experiment in Au—Au collisions at
v/snn = 200 GeV [11] in figure 7 as a function of the
average charged-particle multiplicity density (dNc,/dn)
(left panel) and as a function of the average number of
participating nucleons (Npa) (right panel). As a func-
tion of (dN.,/dn), a clear difference of the results is ob-
served. At same multiplicities, a higher fluctuation sig-
nal is found in the ALICE data, but also the multiplic-
ity reach is much higher than in STAR. Despite this dif-
ference, the STAR data exhibit a very similar scaling
with (dN.,/dn) as the ALICE data at much higher en-

ergy. In the left panel, also the fit to the ALICE pp re-
sults is shown, and a corresponding fit to the STAR data
with the same exponent b = —0.405. Besides this agree-
ment in the peripheral region, also the deviation of the
behavior with an additional decrease of the fluctuations
towards central collisions is observed in the STAR mea-
surements, although it is not as pronounced as in the AL-
ICE heavy-ion data. In the right panel of figure 7, i.e.
the representation as a function of (Npa), both measure-
ments are compatible within the rather large experimen-
tal uncertainties on (Np) in STAR. Here, a power-law fit
VCu/M(p1)m o (Npart) © is only performed on the ALICE
data (in the interval 10 <(Npa) < 40), resulting in an
exponent b = —0.472 + 0.007 (stat.) £0.037 (syst.). Both
ALICE and STAR data agree with this fit in the periph-
eral region and show a deviation from the fit at the same
{Npart), 1.€. the same centralities, which hints to a relation
between the measured fluctuation signals and the collision
geometry.

6 Conclusions

Event-by-event mean transverse momentum fluctuations
measured in pp collisions at /s = 0.9,2.76 and 7 TeV and
Pb—Pb collisions at /sy = 2.76 TeV by ALICE at the
LHC are presented. In both collisions systems, significant
dynamical fluctuations are observed, which decrease with
increasing multiplicity. No significant collision energy de-
pendence is found in pp collisions as a function of the av-
erage charged-particle multiplicity density (dN.,/dn) and
for inclusive results, also in comparison to results at much
lower collision energies measured at the ISR. The results
in central A—A collisions, compared to lower collision en-
ergy data from CERES at SPS and STAR at RHIC, seem
to be independent of the collision energy as well.

The trend of relative dynamical fluctuations as a func-
tion of (dN./dn) observed in pp collision follows a power-
law like behavior with an exponent b being different from
a simple superposition expectation. An extrapolation of
this trend agrees very well with peripheral Pb—Pb data. At
higher multiplicities, a slight increase above this pp base-
line is followed by a clear additional decrease of the fluc-
tuation strength towards most central collisions. This be-
havior is similar to the one observed in Au—Au collisions
at STAR at much lower collision energies, especially as a
function of a geometric quantity like (Npar), Which points
to a relation between the fluctuations and the collision ge-
ometry.

In pp collisions, the behavior of the measured data is
rather well described by a set of different Monte Carlo
event generators. Especially, there is no significant differ-
ence observed between tunes in PYTHIA6 (Perugia-11)
with and without the color reconnection mechanism. Pb—
Pb data are quantitatively neither described by HIJING,
nor by AMPT. Qualitatively, both AMPT versions under
study agree better with the data than HIJING, which points
to the importance of including collective effects in the
models.
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