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using the different vertex estimators is negligible in Pb–
Pb collisions. In pp collisions, this effect is small with the
exception of the lowest multiplicity bin, where it reaches
2 % in

√
Cm/M(pT)m . Additionally, the cut on the differ-

ence between the z-positions of the reconstructed vertices
obtained from global tracks and TPC-only tracks is varied.
This shows a sizable effect only in peripheral Pb–Pb and
low-multiplicity pp collisions (2–3 % in

√
Cm/M(pT)m).

In addition, variations of the following track quality cuts
are performed: the number of space points per track in the
TPC, the χ2 per degree of freedom of the momentum fit, and
the DCA of each track to the primary vertex, both along the
beam direction and in the transverse plane. Neither of these
contributions to the total systematic uncertainty exceeds 3 %
in

√
Cm/M(pT)m .

The difference between the results obtained from Pb–Pb
data taken at the two magnetic field polarities is included
into the systematic uncertainties. The effect is small (0.5 %
in

√
Cm/M(pT)m). The corresponding uncertainty in pp is

assumed to be the same as in Pb–Pb collisions. Finally, the
effect of finite centrality intervals in Pb–Pb, and the corre-
sponding variation of M(pT) within these intervals, is taken
into account by including the difference between the analyses
in 5 and 10 % centrality intervals [30,31] into the systematic
uncertainty. The total uncertainty on

√
Cm/M(pT)m for each

data set was obtained by adding in quadrature the individual
contributions in Table 1.

3 Results in pp collisions

The relative dynamical fluctuation
√

Cm/M(pT)m as a func-
tion of the average charged-particle multiplicity ⟨dNch/dη⟩ in
pp collisions at

√
s = 0.9, 2.76 and 7 TeV is shown in Fig. 1.

The non-zero values of
√

Cm/M(pT)m indicate significant
dynamical event-by-event M(pT) fluctuations. The fluctua-
tion strength reaches a maximum of 12–14 % in low mul-
tiplicity collisions and decreases to about 5 % at the high-
est multiplicities. No significant beam energy dependence is
observed for the relative fluctuation

√
Cm/M(pT)m .

The beam energy dependence of relative dynamical
mean transverse momentum fluctuations in pp collisions
was studied at lower collision energies by the Split Field
Magnet (SFM) detector at the Intersection Storage Rings
(ISR). The SFM experiment measured relative fluctua-
tions in inclusive pp collisions at

√
s = 30.8, 45, 52,

and 63 GeV [40]. The fluctuations are expressed by the
quantity R that is extracted from the multiplicity depen-
dence of the event-by-event M(pT) dispersion. The mea-
sure R = [D(MEbE(pT)k)/M(pT)]n→∞ is obtained from
an extrapolation of the multiplicity-dependent dispersion
D(MEbE(pT)k) to infinite multiplicity, normalized by the
inclusive mean transverse momentum. It is an alternative
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Fig. 2 Relative dynamical mean transverse momentum fluctuations in
pp collisions as a function of

√
s. The ALICE results for

√
C/M(pT) are

compared to the quantity R measured at the ISR (see text and [40])

approach to extract dynamical transverse momentum fluc-
tuations in inclusive pp collisions.

To allow for a comparison to ISR results, an inclu-
sive analysis of ALICE pp data is performed. The rela-
tive fluctuation

√
C/M(pT) is computed at each collision

energy as in (2), however, without subdivision into multi-
plicity classes m. Monte Carlo studies of pp collisions at√

s = 7 TeV using PYTHIA8 have shown that results for R
and

√
C/M(pT) agree within 10–15 %. The ALICE results

for the inclusive
√

C/M(pT) as a function of
√

s are shown
in Fig. 2, along with the ISR results for R from [40]. No
significant dependence of the relative transverse momentum
fluctuations on the collision energy is observed over this large
energy range.

The results in pp at
√

s = 7 TeV are compared with results
from different event generators. In particular, PYTHIA6
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using the different vertex estimators is negligible in Pb–
Pb collisions. In pp collisions, this effect is small with the
exception of the lowest multiplicity bin, where it reaches
2 % in

√
Cm/M(pT)m . Additionally, the cut on the differ-

ence between the z-positions of the reconstructed vertices
obtained from global tracks and TPC-only tracks is varied.
This shows a sizable effect only in peripheral Pb–Pb and
low-multiplicity pp collisions (2–3 % in

√
Cm/M(pT)m).

In addition, variations of the following track quality cuts
are performed: the number of space points per track in the
TPC, the χ2 per degree of freedom of the momentum fit, and
the DCA of each track to the primary vertex, both along the
beam direction and in the transverse plane. Neither of these
contributions to the total systematic uncertainty exceeds 3 %
in
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The difference between the results obtained from Pb–Pb
data taken at the two magnetic field polarities is included
into the systematic uncertainties. The effect is small (0.5 %
in

√
Cm/M(pT)m). The corresponding uncertainty in pp is

assumed to be the same as in Pb–Pb collisions. Finally, the
effect of finite centrality intervals in Pb–Pb, and the corre-
sponding variation of M(pT) within these intervals, is taken
into account by including the difference between the analyses
in 5 and 10 % centrality intervals [30,31] into the systematic
uncertainty. The total uncertainty on

√
Cm/M(pT)m for each

data set was obtained by adding in quadrature the individual
contributions in Table 1.

3 Results in pp collisions

The relative dynamical fluctuation
√

Cm/M(pT)m as a func-
tion of the average charged-particle multiplicity ⟨dNch/dη⟩ in
pp collisions at

√
s = 0.9, 2.76 and 7 TeV is shown in Fig. 1.

The non-zero values of
√

Cm/M(pT)m indicate significant
dynamical event-by-event M(pT) fluctuations. The fluctua-
tion strength reaches a maximum of 12–14 % in low mul-
tiplicity collisions and decreases to about 5 % at the high-
est multiplicities. No significant beam energy dependence is
observed for the relative fluctuation

√
Cm/M(pT)m .

The beam energy dependence of relative dynamical
mean transverse momentum fluctuations in pp collisions
was studied at lower collision energies by the Split Field
Magnet (SFM) detector at the Intersection Storage Rings
(ISR). The SFM experiment measured relative fluctua-
tions in inclusive pp collisions at

√
s = 30.8, 45, 52,

and 63 GeV [40]. The fluctuations are expressed by the
quantity R that is extracted from the multiplicity depen-
dence of the event-by-event M(pT) dispersion. The mea-
sure R = [D(MEbE(pT)k)/M(pT)]n→∞ is obtained from
an extrapolation of the multiplicity-dependent dispersion
D(MEbE(pT)k) to infinite multiplicity, normalized by the
inclusive mean transverse momentum. It is an alternative
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approach to extract dynamical transverse momentum fluc-
tuations in inclusive pp collisions.

To allow for a comparison to ISR results, an inclu-
sive analysis of ALICE pp data is performed. The rela-
tive fluctuation

√
C/M(pT) is computed at each collision

energy as in (2), however, without subdivision into multi-
plicity classes m. Monte Carlo studies of pp collisions at√

s = 7 TeV using PYTHIA8 have shown that results for R
and

√
C/M(pT) agree within 10–15 %. The ALICE results

for the inclusive
√

C/M(pT) as a function of
√

s are shown
in Fig. 2, along with the ISR results for R from [40]. No
significant dependence of the relative transverse momentum
fluctuations on the collision energy is observed over this large
energy range.

The results in pp at
√

s = 7 TeV are compared with results
from different event generators. In particular, PYTHIA6
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√
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(tunes Perugia-0 and Perugia-11), PYTHIA8.150 and PHO-
JET have been used.

It has been pointed out that high-multiplicity events in pp
collisions at LHC energies are driven by multi-parton inter-
actions (MPIs) [41]. This picture is also suggested by recent
studies of the event sphericity in pp collisions [42]. MPIs are
independent processes on the perturbative level. However,
the color reconnection mechanism between produced strings
may lead to correlations in the hadronic final state. Color
reconnection is also the driving mechanism in PYTHIA for
the increase of ⟨pT⟩ as a function of Nch [43,44].

The default PYTHIA6 Perugia-11 tune including the
color-reconnection mechanism is compared to results of
the same tune without color-reconnection (NOCR). Fig-

ure 3 shows model calculations for ⟨pT⟩m as a function of
⟨dNch/dη⟩ in 0.15 < pT < 2 GeV/c and |η| < 0.8 in pp col-
lisions at

√
s = 7 TeV. The MC generators yield qualitatively

different results for the multiplicity dependence, in particular
PHOJET and the NOCR version of PYTHIA6 Perugia-11
show only little increase of ⟨pT⟩m with multiplicity. Good
agreement between PYTHIA8 and ALICE results in pp col-
lisions at

√
s = 7 TeV was demonstrated [44], albeit in a

different η and pT interval.
Results for the relative dynamical fluctuation measure√

Cm/M(pT)m in pp at
√

s = 7 TeV are compared to model
calculations in Fig. 4. The data exhibit a clear power-law
dependence with ⟨dNch/dη⟩ except for very small multi-
plicities. A power-law fit of

√
Cm/M(pT)m ∝⟨dNch/dη⟩b

in the interval 5 < ⟨dNch/dη⟩< 30 yields b = −0.431 ±
0.001 (stat.)±0.021 (syst.). The deviation of the power-law
index from b = −0.5 indicates that the observed multiplic-
ity dependence of M(pT) fluctuations in pp does not follow
a simple superposition scenario, contrary to what might be
expected for independent MPIs. All PYTHIA tunes under
study agree with this finding to the extent that they exhibit
a similar power-law index as the data. This is also true for
the NOCR calculation which excludes the color reconnec-
tion mechanism in its present implementation in PYTHIA
as a dominant source of correlations beyond the independent
superposition scenario.

4 Results in Pb–Pb collisions

Results for the relative dynamical fluctuation√
Cm/M(pT)m in Pb–Pb collisions at

√
sNN = 2.76 TeV

as a function of ⟨dNch/dη⟩ are shown in Fig. 5. As for
pp collisions, significant dynamical fluctuations as well
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study agree with this finding to the extent that they exhibit
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tion mechanism in its present implementation in PYTHIA
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Fig. 5 Relative dynamical fluctuation
√

Cm/M(pT)m as a function
of ⟨dNch/dη⟩ in pp and Pb–Pb collisions at

√
sNN = 2.76 TeV. Also

shown are results from HIJING and power-law fits to pp (solid line) and
HIJING (dashed line) (see text)

as a strong decrease with multiplicity are observed. Also
shown in Fig. 5 is the result of a HIJING [39] simulation
(version 1.36) without jet-quenching. A power-law fit in
the interval 30 < ⟨dNch/dη⟩< 1500 describes the HIJING
results very well, except at low multiplicities, and yields
b = −0.499 ± 0.003 (stat.)±0.005 (syst.). The approximate
⟨dNch/dη⟩−0.5 scaling reflects the basic property of HIJING
as a superposition model of independent nucleon-nucleon
collisions. The HIJING calculation, in particular the mul-
tiplicity dependence, is in obvious disagreement with the
data.

In peripheral collisions
(⟨dNch/dη⟩ < 100

)
, the Pb–

Pb results are in very good agreement with the extrapola-
tion of a power-law fit to pp data at

√
s = 2.76 TeV in

the interval 5 < ⟨dNch/dη⟩< 25, with b = −0.405 ±
0.002 (stat.)±0.036 (syst.). This is remarkable because sig-
nificant differences in ⟨pT⟩ are observed between pp and
Pb–Pb in this multiplicity range [44]. At larger multiplic-
ities, the Pb–Pb results deviate from the pp extrapolation.
An enhancement in 100 < ⟨dNch/dη⟩< 500 is followed by
a pronounced decrease at ⟨dNch/dη⟩>500, corresponding
to centralities <40 %, which indicates a strong reduction of
fluctuations towards central collisions.

Measurements of mean transverse momentum fluctua-
tions in central A–A collisions at the SPS [13] and at
RHIC [18] are compared to the ALICE result in Fig. 6. As
in pp, there is no significant dependence on

√
sNN observed

over a wide range of collision energies.
Figure 7 shows a comparison of the ALICE results for√

Cm/M(pT)m to measurements in Au–Au collisions at√
sNN = 200 GeV by the STAR experiment at RHIC [18].

In the peripheral region, the STAR data show very similar
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Fig. 6 Mean transverse momentum fluctuations in central heavy-ion
collisions as a function of

√
sNN. The ALICE data point is compared

to data from the CERES [13] and STAR [18] experiments. For STAR
only statistical uncertainties are available

scaling with ⟨dNch/dη⟩ as the ALICE data, as shown on
the left panel of Fig. 7. Also shown are the fit to pp data at√

s = 2.76 TeV from Fig. 5 and the result of a power-law
fit to the STAR data in ⟨dNch/dη⟩<200 where the power is
fixed to b = −0.405. Good agreement of the ALICE and
STAR data with the fits is observed in peripheral collisions.
The decrease of fluctuations in central collisions is similar in
ALICE and STAR, however, no significant enhancement in
semi-central events is observed in the STAR data. In the right
panel of Fig. 7, the results for

√
Cm/M(pT)m in ALICE and

STAR are shown as a function of the mean number of partic-
ipating nucleons ⟨Npart⟩. In this representation, the measure-
ments of

√
Cm/M(pT)m from ALICE and STAR are com-

patible within the rather large experimental uncertainties on
⟨Npart⟩ in STAR. A power-law fit

√
Cm/M(pT)m ∝⟨Npart⟩b

to the ALICE data in the interval 10 < ⟨Npart⟩< 40 yields
b = −0.472 ± 0.007 (stat.)±0.037 (syst.). The agreement
between ALICE and STAR data as a function of ⟨Npart⟩points
to a relation between the observed fluctuation patterns and
the collision geometry.

Transverse momentum correlations and fluctuations may
be modified as a consequence of collective flow in A–A colli-
sions. It should be noted, however, that event-averaged radial
flow and azimuthal asymmetries are not expected to give rise
to strong transverse momentum fluctuations in azimuthally
symmetric detectors [13,16]. On the other hand, M(pT) fluc-
tuations may occur due to fluctuating initial conditions that
are also related to event-by-event fluctuations of radial flow
and azimuthal asymmetries. We compare our results to cal-
culations from the AMPT model [45] which has been demon-
strated to give a reasonable description of inclusive and event-
averaged bulk properties in Pb–Pb collisions at LHC ener-
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to centralities <40 %, which indicates a strong reduction of
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scaling with ⟨dNch/dη⟩ as the ALICE data, as shown on
the left panel of Fig. 7. Also shown are the fit to pp data at√

s = 2.76 TeV from Fig. 5 and the result of a power-law
fit to the STAR data in ⟨dNch/dη⟩<200 where the power is
fixed to b = −0.405. Good agreement of the ALICE and
STAR data with the fits is observed in peripheral collisions.
The decrease of fluctuations in central collisions is similar in
ALICE and STAR, however, no significant enhancement in
semi-central events is observed in the STAR data. In the right
panel of Fig. 7, the results for

√
Cm/M(pT)m in ALICE and

STAR are shown as a function of the mean number of partic-
ipating nucleons ⟨Npart⟩. In this representation, the measure-
ments of

√
Cm/M(pT)m from ALICE and STAR are com-

patible within the rather large experimental uncertainties on
⟨Npart⟩ in STAR. A power-law fit

√
Cm/M(pT)m ∝⟨Npart⟩b

to the ALICE data in the interval 10 < ⟨Npart⟩< 40 yields
b = −0.472 ± 0.007 (stat.)±0.037 (syst.). The agreement
between ALICE and STAR data as a function of ⟨Npart⟩points
to a relation between the observed fluctuation patterns and
the collision geometry.

Transverse momentum correlations and fluctuations may
be modified as a consequence of collective flow in A–A colli-
sions. It should be noted, however, that event-averaged radial
flow and azimuthal asymmetries are not expected to give rise
to strong transverse momentum fluctuations in azimuthally
symmetric detectors [13,16]. On the other hand, M(pT) fluc-
tuations may occur due to fluctuating initial conditions that
are also related to event-by-event fluctuations of radial flow
and azimuthal asymmetries. We compare our results to cal-
culations from the AMPT model [45] which has been demon-
strated to give a reasonable description of inclusive and event-
averaged bulk properties in Pb–Pb collisions at LHC ener-
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√

Cm/M(pT)m as a function
of ⟨dNch/dη⟩ in pp and Pb–Pb collisions at

√
sNN = 2.76 TeV. Also

shown are results from HIJING and power-law fits to pp (solid line) and
HIJING (dashed line) (see text)

as a strong decrease with multiplicity are observed. Also
shown in Fig. 5 is the result of a HIJING [39] simulation
(version 1.36) without jet-quenching. A power-law fit in
the interval 30 < ⟨dNch/dη⟩< 1500 describes the HIJING
results very well, except at low multiplicities, and yields
b = −0.499 ± 0.003 (stat.)±0.005 (syst.). The approximate
⟨dNch/dη⟩−0.5 scaling reflects the basic property of HIJING
as a superposition model of independent nucleon-nucleon
collisions. The HIJING calculation, in particular the mul-
tiplicity dependence, is in obvious disagreement with the
data.

In peripheral collisions
(⟨dNch/dη⟩ < 100

)
, the Pb–

Pb results are in very good agreement with the extrapola-
tion of a power-law fit to pp data at

√
s = 2.76 TeV in

the interval 5 < ⟨dNch/dη⟩< 25, with b = −0.405 ±
0.002 (stat.)±0.036 (syst.). This is remarkable because sig-
nificant differences in ⟨pT⟩ are observed between pp and
Pb–Pb in this multiplicity range [44]. At larger multiplic-
ities, the Pb–Pb results deviate from the pp extrapolation.
An enhancement in 100 < ⟨dNch/dη⟩< 500 is followed by
a pronounced decrease at ⟨dNch/dη⟩>500, corresponding
to centralities <40 %, which indicates a strong reduction of
fluctuations towards central collisions.

Measurements of mean transverse momentum fluctua-
tions in central A–A collisions at the SPS [13] and at
RHIC [18] are compared to the ALICE result in Fig. 6. As
in pp, there is no significant dependence on

√
sNN observed

over a wide range of collision energies.
Figure 7 shows a comparison of the ALICE results for√

Cm/M(pT)m to measurements in Au–Au collisions at√
sNN = 200 GeV by the STAR experiment at RHIC [18].

In the peripheral region, the STAR data show very similar
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scaling with ⟨dNch/dη⟩ as the ALICE data, as shown on
the left panel of Fig. 7. Also shown are the fit to pp data at√

s = 2.76 TeV from Fig. 5 and the result of a power-law
fit to the STAR data in ⟨dNch/dη⟩<200 where the power is
fixed to b = −0.405. Good agreement of the ALICE and
STAR data with the fits is observed in peripheral collisions.
The decrease of fluctuations in central collisions is similar in
ALICE and STAR, however, no significant enhancement in
semi-central events is observed in the STAR data. In the right
panel of Fig. 7, the results for

√
Cm/M(pT)m in ALICE and

STAR are shown as a function of the mean number of partic-
ipating nucleons ⟨Npart⟩. In this representation, the measure-
ments of

√
Cm/M(pT)m from ALICE and STAR are com-

patible within the rather large experimental uncertainties on
⟨Npart⟩ in STAR. A power-law fit

√
Cm/M(pT)m ∝⟨Npart⟩b

to the ALICE data in the interval 10 < ⟨Npart⟩< 40 yields
b = −0.472 ± 0.007 (stat.)±0.037 (syst.). The agreement
between ALICE and STAR data as a function of ⟨Npart⟩points
to a relation between the observed fluctuation patterns and
the collision geometry.

Transverse momentum correlations and fluctuations may
be modified as a consequence of collective flow in A–A colli-
sions. It should be noted, however, that event-averaged radial
flow and azimuthal asymmetries are not expected to give rise
to strong transverse momentum fluctuations in azimuthally
symmetric detectors [13,16]. On the other hand, M(pT) fluc-
tuations may occur due to fluctuating initial conditions that
are also related to event-by-event fluctuations of radial flow
and azimuthal asymmetries. We compare our results to cal-
culations from the AMPT model [45] which has been demon-
strated to give a reasonable description of inclusive and event-
averaged bulk properties in Pb–Pb collisions at LHC ener-
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Fig. 2: Average transverse momentum ⟨pT⟩ versus charged-particle multiplicity Nch in pp, p–Pb, and Pb–Pb
collisions for |η | < 0.3. The boxes represent the systematic uncertainties on ⟨pT⟩. The statistical errors are
negligible.

√
s = 7 TeV, p–Pb collisions at √sNN = 5.02 TeV and Pb–Pb collisions at

√sNN = 2.76 TeV. For pp
collisions, calculations using PYTHIA 8 with tune 4C are shown with and without the CR mechanism.
As shown earlier [26, 29], the model only gives a fair description of the data when the CR mechanism is
included. Qualitatively, the difference between p–Pb and Pb–Pb collisions seen in Fig. 2 is similar to the
difference seen in pp collisions between the cases with CR and without CR. The predictions using the
EPOSmodel (1.99, v3400) describe the data well, as expected, given the recent tuning based on the LHC
data [50]. In this model collective effects are introduced via parametrizations, for the sake of computation
time; a full hydrodynamics treatment is available in other versions of this model, see [50]. In p–Pb
collisions, none of the three models, DPMJET [38] (v3.0), HIJING [44] (v1.383), or AMPT [52] (v2.25,
with the string melting option), describes the data. These models predict values of ⟨pT⟩ significantly
below the p–Pb data. The predictions of the EPOS model describe the magnitude of the data but show
a different trend than data at moderate multiplicities (Nch < 20). In addition to predictions from event
generators, results of a calculation in a Glauber approach are shown. In this approach, p–Pb collisions
are assumed to be a superposition of independent nucleon-nucleon collisions, each characterized in terms
of measured multiplicity distributions in pp collisions [45, 46] and the ⟨pT⟩ values as a function of Nch
for

√
s =7 TeV shown in Fig. 1 (for a similar approach, see [53]). This calculation (continuous line in

Fig. 3) underpredicts the data, producing, interestingly, results similar to those of event generators. The
conclusion that ⟨pT⟩ in p–Pb collisions is not a consequence of an incoherent superposition of nucleon-
nucleon collisions invites an analogy to the observation that ⟨pT⟩ in pp collisions cannot be described by
an incoherent superposition of multiple parton interactions. Whether initial state effects, as considered
for the measurement of the nuclear modification factor of charged-particle production [4], or final state
effects analogous to the CRmechanism are responsible for this observation, remains to be further studied.
In Pb–Pb collisions, the DPMJET, HIJING, and AMPT models fail to describe the data, predicting, as in
p–Pb collisions, lower values of ⟨pT⟩ than the measurement. The EPOS model overpredicts the data and
shows an opposite trend versus Nch; note, however, that the present model [50] includes collective flow
via parametrizations and not a full hydrodynamic treatment. Also the Glauber MC model with inputs
from ⟨pT⟩ data at

√
s= 2.76 TeV and the measured multiplicity distribution at

√
s= 2.36 TeV [45] fails

to describe the data.
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√

Cm/M(pT)m as a function
of ⟨dNch/dη⟩ in pp and Pb–Pb collisions at

√
sNN = 2.76 TeV. Also

shown are results from HIJING and power-law fits to pp (solid line) and
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as a strong decrease with multiplicity are observed. Also
shown in Fig. 5 is the result of a HIJING [39] simulation
(version 1.36) without jet-quenching. A power-law fit in
the interval 30 < ⟨dNch/dη⟩< 1500 describes the HIJING
results very well, except at low multiplicities, and yields
b = −0.499 ± 0.003 (stat.)±0.005 (syst.). The approximate
⟨dNch/dη⟩−0.5 scaling reflects the basic property of HIJING
as a superposition model of independent nucleon-nucleon
collisions. The HIJING calculation, in particular the mul-
tiplicity dependence, is in obvious disagreement with the
data.

In peripheral collisions
(⟨dNch/dη⟩ < 100

)
, the Pb–

Pb results are in very good agreement with the extrapola-
tion of a power-law fit to pp data at

√
s = 2.76 TeV in

the interval 5 < ⟨dNch/dη⟩< 25, with b = −0.405 ±
0.002 (stat.)±0.036 (syst.). This is remarkable because sig-
nificant differences in ⟨pT⟩ are observed between pp and
Pb–Pb in this multiplicity range [44]. At larger multiplic-
ities, the Pb–Pb results deviate from the pp extrapolation.
An enhancement in 100 < ⟨dNch/dη⟩< 500 is followed by
a pronounced decrease at ⟨dNch/dη⟩>500, corresponding
to centralities <40 %, which indicates a strong reduction of
fluctuations towards central collisions.

Measurements of mean transverse momentum fluctua-
tions in central A–A collisions at the SPS [13] and at
RHIC [18] are compared to the ALICE result in Fig. 6. As
in pp, there is no significant dependence on

√
sNN observed

over a wide range of collision energies.
Figure 7 shows a comparison of the ALICE results for√

Cm/M(pT)m to measurements in Au–Au collisions at√
sNN = 200 GeV by the STAR experiment at RHIC [18].

In the peripheral region, the STAR data show very similar
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scaling with ⟨dNch/dη⟩ as the ALICE data, as shown on
the left panel of Fig. 7. Also shown are the fit to pp data at√

s = 2.76 TeV from Fig. 5 and the result of a power-law
fit to the STAR data in ⟨dNch/dη⟩<200 where the power is
fixed to b = −0.405. Good agreement of the ALICE and
STAR data with the fits is observed in peripheral collisions.
The decrease of fluctuations in central collisions is similar in
ALICE and STAR, however, no significant enhancement in
semi-central events is observed in the STAR data. In the right
panel of Fig. 7, the results for

√
Cm/M(pT)m in ALICE and

STAR are shown as a function of the mean number of partic-
ipating nucleons ⟨Npart⟩. In this representation, the measure-
ments of

√
Cm/M(pT)m from ALICE and STAR are com-

patible within the rather large experimental uncertainties on
⟨Npart⟩ in STAR. A power-law fit

√
Cm/M(pT)m ∝⟨Npart⟩b

to the ALICE data in the interval 10 < ⟨Npart⟩< 40 yields
b = −0.472 ± 0.007 (stat.)±0.037 (syst.). The agreement
between ALICE and STAR data as a function of ⟨Npart⟩points
to a relation between the observed fluctuation patterns and
the collision geometry.

Transverse momentum correlations and fluctuations may
be modified as a consequence of collective flow in A–A colli-
sions. It should be noted, however, that event-averaged radial
flow and azimuthal asymmetries are not expected to give rise
to strong transverse momentum fluctuations in azimuthally
symmetric detectors [13,16]. On the other hand, M(pT) fluc-
tuations may occur due to fluctuating initial conditions that
are also related to event-by-event fluctuations of radial flow
and azimuthal asymmetries. We compare our results to cal-
culations from the AMPT model [45] which has been demon-
strated to give a reasonable description of inclusive and event-
averaged bulk properties in Pb–Pb collisions at LHC ener-
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√
s = 7 TeV, p–Pb collisions at √sNN = 5.02 TeV and Pb–Pb collisions at

√sNN = 2.76 TeV. For pp
collisions, calculations using PYTHIA 8 with tune 4C are shown with and without the CR mechanism.
As shown earlier [26, 29], the model only gives a fair description of the data when the CR mechanism is
included. Qualitatively, the difference between p–Pb and Pb–Pb collisions seen in Fig. 2 is similar to the
difference seen in pp collisions between the cases with CR and without CR. The predictions using the
EPOSmodel (1.99, v3400) describe the data well, as expected, given the recent tuning based on the LHC
data [50]. In this model collective effects are introduced via parametrizations, for the sake of computation
time; a full hydrodynamics treatment is available in other versions of this model, see [50]. In p–Pb
collisions, none of the three models, DPMJET [38] (v3.0), HIJING [44] (v1.383), or AMPT [52] (v2.25,
with the string melting option), describes the data. These models predict values of ⟨pT⟩ significantly
below the p–Pb data. The predictions of the EPOS model describe the magnitude of the data but show
a different trend than data at moderate multiplicities (Nch < 20). In addition to predictions from event
generators, results of a calculation in a Glauber approach are shown. In this approach, p–Pb collisions
are assumed to be a superposition of independent nucleon-nucleon collisions, each characterized in terms
of measured multiplicity distributions in pp collisions [45, 46] and the ⟨pT⟩ values as a function of Nch
for

√
s =7 TeV shown in Fig. 1 (for a similar approach, see [53]). This calculation (continuous line in

Fig. 3) underpredicts the data, producing, interestingly, results similar to those of event generators. The
conclusion that ⟨pT⟩ in p–Pb collisions is not a consequence of an incoherent superposition of nucleon-
nucleon collisions invites an analogy to the observation that ⟨pT⟩ in pp collisions cannot be described by
an incoherent superposition of multiple parton interactions. Whether initial state effects, as considered
for the measurement of the nuclear modification factor of charged-particle production [4], or final state
effects analogous to the CRmechanism are responsible for this observation, remains to be further studied.
In Pb–Pb collisions, the DPMJET, HIJING, and AMPT models fail to describe the data, predicting, as in
p–Pb collisions, lower values of ⟨pT⟩ than the measurement. The EPOS model overpredicts the data and
shows an opposite trend versus Nch; note, however, that the present model [50] includes collective flow
via parametrizations and not a full hydrodynamic treatment. Also the Glauber MC model with inputs
from ⟨pT⟩ data at

√
s= 2.76 TeV and the measured multiplicity distribution at

√
s= 2.36 TeV [45] fails

to describe the data.
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Fig. 5 Relative dynamical fluctuation
√

Cm/M(pT)m as a function
of ⟨dNch/dη⟩ in pp and Pb–Pb collisions at

√
sNN = 2.76 TeV. Also

shown are results from HIJING and power-law fits to pp (solid line) and
HIJING (dashed line) (see text)

as a strong decrease with multiplicity are observed. Also
shown in Fig. 5 is the result of a HIJING [39] simulation
(version 1.36) without jet-quenching. A power-law fit in
the interval 30 < ⟨dNch/dη⟩< 1500 describes the HIJING
results very well, except at low multiplicities, and yields
b = −0.499 ± 0.003 (stat.)±0.005 (syst.). The approximate
⟨dNch/dη⟩−0.5 scaling reflects the basic property of HIJING
as a superposition model of independent nucleon-nucleon
collisions. The HIJING calculation, in particular the mul-
tiplicity dependence, is in obvious disagreement with the
data.

In peripheral collisions
(⟨dNch/dη⟩ < 100

)
, the Pb–

Pb results are in very good agreement with the extrapola-
tion of a power-law fit to pp data at

√
s = 2.76 TeV in

the interval 5 < ⟨dNch/dη⟩< 25, with b = −0.405 ±
0.002 (stat.)±0.036 (syst.). This is remarkable because sig-
nificant differences in ⟨pT⟩ are observed between pp and
Pb–Pb in this multiplicity range [44]. At larger multiplic-
ities, the Pb–Pb results deviate from the pp extrapolation.
An enhancement in 100 < ⟨dNch/dη⟩< 500 is followed by
a pronounced decrease at ⟨dNch/dη⟩>500, corresponding
to centralities <40 %, which indicates a strong reduction of
fluctuations towards central collisions.

Measurements of mean transverse momentum fluctua-
tions in central A–A collisions at the SPS [13] and at
RHIC [18] are compared to the ALICE result in Fig. 6. As
in pp, there is no significant dependence on

√
sNN observed

over a wide range of collision energies.
Figure 7 shows a comparison of the ALICE results for√

Cm/M(pT)m to measurements in Au–Au collisions at√
sNN = 200 GeV by the STAR experiment at RHIC [18].

In the peripheral region, the STAR data show very similar
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scaling with ⟨dNch/dη⟩ as the ALICE data, as shown on
the left panel of Fig. 7. Also shown are the fit to pp data at√

s = 2.76 TeV from Fig. 5 and the result of a power-law
fit to the STAR data in ⟨dNch/dη⟩<200 where the power is
fixed to b = −0.405. Good agreement of the ALICE and
STAR data with the fits is observed in peripheral collisions.
The decrease of fluctuations in central collisions is similar in
ALICE and STAR, however, no significant enhancement in
semi-central events is observed in the STAR data. In the right
panel of Fig. 7, the results for

√
Cm/M(pT)m in ALICE and

STAR are shown as a function of the mean number of partic-
ipating nucleons ⟨Npart⟩. In this representation, the measure-
ments of

√
Cm/M(pT)m from ALICE and STAR are com-

patible within the rather large experimental uncertainties on
⟨Npart⟩ in STAR. A power-law fit

√
Cm/M(pT)m ∝⟨Npart⟩b

to the ALICE data in the interval 10 < ⟨Npart⟩< 40 yields
b = −0.472 ± 0.007 (stat.)±0.037 (syst.). The agreement
between ALICE and STAR data as a function of ⟨Npart⟩points
to a relation between the observed fluctuation patterns and
the collision geometry.

Transverse momentum correlations and fluctuations may
be modified as a consequence of collective flow in A–A colli-
sions. It should be noted, however, that event-averaged radial
flow and azimuthal asymmetries are not expected to give rise
to strong transverse momentum fluctuations in azimuthally
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and models to the result of a fit of A·⟨dNch/dη⟩−0.5 to the
HIJING simulation in the interval 30 < ⟨dNch/dη⟩< 1500.
For ⟨dNch/dη⟩<30, HIJING agrees well with the results
from pp and Pb–Pb. At larger multiplicities, none of the mod-
els shows quantitative agreement with the Pb–Pb data. The
default AMPT calculation gives rise to increased fluctuations
on top of the underlying HIJING scenario exceeding those

observed in the data, except for very peripheral collisions. In
contrast, the AMPT calculation with string melting, where
partons after rescattering are recombined by a hadronic coa-
lescence scheme, predicts smaller fluctuations. On the other
hand, both AMPT versions exhibit a pronounced fall-off in
central collisions which is in qualitative agreement with the
data.

In a recent approach [24], initial spatial fluctuations of
glasma flux tubes have been related to mean transverse
momentum fluctuations of final state hadrons via their cou-
pling to a collective flow field. A comparison of these calcula-
tions to data from ALICE and STAR is shown in [24]. Good
agreement is found in the semi-central and central region,
where the data deviate from the pp extrapolation.

5 Summary and conclusions

First results on event-by-event fluctuations of the mean trans-
verse momentum of charged particles in pp and Pb–Pb col-
lisions at the LHC are presented. Expressed in terms of the
relative dynamical fluctuation
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Cm/M(pT)m , little energy

dependence of the mean transverse momentum fluctuations
is observed in pp at
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s = 0.9, 2.76 and 7 TeV. The results

are also compatible with similar measurements at the ISR.
For the first time, mean transverse momentum fluctuations
in pp are studied as a function of ⟨dNch/dη⟩. A character-
istic decrease of

√
Cm/M(pT)m following a power law is

observed. The decrease is weaker than expected from a super-
position of independent sources. The nature of such sources
in pp is subject to future studies, but a connection to the con-
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from pp and Pb–Pb. At larger multiplicities, none of the mod-
els shows quantitative agreement with the Pb–Pb data. The
default AMPT calculation gives rise to increased fluctuations
on top of the underlying HIJING scenario exceeding those

observed in the data, except for very peripheral collisions. In
contrast, the AMPT calculation with string melting, where
partons after rescattering are recombined by a hadronic coa-
lescence scheme, predicts smaller fluctuations. On the other
hand, both AMPT versions exhibit a pronounced fall-off in
central collisions which is in qualitative agreement with the
data.

In a recent approach [24], initial spatial fluctuations of
glasma flux tubes have been related to mean transverse
momentum fluctuations of final state hadrons via their cou-
pling to a collective flow field. A comparison of these calcula-
tions to data from ALICE and STAR is shown in [24]. Good
agreement is found in the semi-central and central region,
where the data deviate from the pp extrapolation.
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is observed in pp at
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hand, both AMPT versions exhibit a pronounced fall-off in
central collisions which is in qualitative agreement with the
data.
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glasma flux tubes have been related to mean transverse
momentum fluctuations of final state hadrons via their cou-
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tions to data from ALICE and STAR is shown in [24]. Good
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  Increased	
  fluct.	
  on	
  top	
  of	
  HIJING	
  
	
  	
  	
  	
  	
  	
  	
  except	
  for	
  peripheral	
  collisions	
  
Ø  	
  Pronounced	
  fall-­‐off	
  in	
  central	
  
	
  	
  	
  	
  	
  	
  	
  collisions	
  
Ø  	
  Qualita0ve	
  agreement	
  with	
  the	
  	
  
	
  	
  	
  	
  	
  	
  	
  data	
  but	
  fail	
  in	
  terms	
  of	
  absolute	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  values	
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ü  	
  Mean	
  pT	
  fluctua6ons	
  provide	
  valuable	
  informa0on	
  on	
  collision	
  dynamics.	
  	
  
	
  

ü  	
  Significant	
  dynamical	
  fluctua0ons	
  decreasing	
  with	
  mul6plicity	
  observed	
  	
  
	
  	
  	
  	
  	
  	
  in	
  pp	
  and	
  Pb–Pb	
  	
  collisions.	
  	
  
	
  

ü  	
  No	
  significant	
  energy	
  dependence	
  	
  
	
  	
  	
  	
  	
  	
  found	
  in	
  pp	
  and	
  Pb–Pb	
  collisions.	
  	
  
	
  

ü  	
  Peripheral	
  Pb–Pb	
  collisions	
  agree	
  	
  
	
  	
  	
  	
  	
  	
  with	
  pp	
  extrapola6on	
  while	
  central	
  	
  
	
  	
  	
  	
  	
  	
  Pb–Pb	
  deviates	
  significantly.	
  	
  
	
  

ü  	
  Monte	
  Carlo	
  generators:	
  	
  
Ø  	
  pp:	
  described	
  rather	
  well	
  
Ø  	
  Pb–Pb:	
  	
  not	
  described	
  by	
  HIJING,	
  	
  
	
  	
  	
  	
  	
  	
  but	
  qualita6vely	
  by	
  AMPT.	
  	
  

² 	
  Connec6on	
  between	
  the	
  	
  pT	
  fluctua6ons	
  and	
  azimuthal	
  	
  
	
  	
  	
  	
  	
  	
  correla6ons,	
  and	
  their	
  rela6on	
  to	
  the	
  ini0al	
  state	
  fluctua0ons.	
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Fig. 5 Relative dynamical fluctuation
√

Cm/M(pT)m as a function
of ⟨dNch/dη⟩ in pp and Pb–Pb collisions at

√
sNN = 2.76 TeV. Also

shown are results from HIJING and power-law fits to pp (solid line) and
HIJING (dashed line) (see text)

as a strong decrease with multiplicity are observed. Also
shown in Fig. 5 is the result of a HIJING [39] simulation
(version 1.36) without jet-quenching. A power-law fit in
the interval 30 < ⟨dNch/dη⟩< 1500 describes the HIJING
results very well, except at low multiplicities, and yields
b = −0.499 ± 0.003 (stat.)±0.005 (syst.). The approximate
⟨dNch/dη⟩−0.5 scaling reflects the basic property of HIJING
as a superposition model of independent nucleon-nucleon
collisions. The HIJING calculation, in particular the mul-
tiplicity dependence, is in obvious disagreement with the
data.

In peripheral collisions
(⟨dNch/dη⟩ < 100

)
, the Pb–

Pb results are in very good agreement with the extrapola-
tion of a power-law fit to pp data at

√
s = 2.76 TeV in

the interval 5 < ⟨dNch/dη⟩< 25, with b = −0.405 ±
0.002 (stat.)±0.036 (syst.). This is remarkable because sig-
nificant differences in ⟨pT⟩ are observed between pp and
Pb–Pb in this multiplicity range [44]. At larger multiplic-
ities, the Pb–Pb results deviate from the pp extrapolation.
An enhancement in 100 < ⟨dNch/dη⟩< 500 is followed by
a pronounced decrease at ⟨dNch/dη⟩>500, corresponding
to centralities <40 %, which indicates a strong reduction of
fluctuations towards central collisions.

Measurements of mean transverse momentum fluctua-
tions in central A–A collisions at the SPS [13] and at
RHIC [18] are compared to the ALICE result in Fig. 6. As
in pp, there is no significant dependence on

√
sNN observed

over a wide range of collision energies.
Figure 7 shows a comparison of the ALICE results for√

Cm/M(pT)m to measurements in Au–Au collisions at√
sNN = 200 GeV by the STAR experiment at RHIC [18].

In the peripheral region, the STAR data show very similar
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Fig. 6 Mean transverse momentum fluctuations in central heavy-ion
collisions as a function of

√
sNN. The ALICE data point is compared

to data from the CERES [13] and STAR [18] experiments. For STAR
only statistical uncertainties are available

scaling with ⟨dNch/dη⟩ as the ALICE data, as shown on
the left panel of Fig. 7. Also shown are the fit to pp data at√

s = 2.76 TeV from Fig. 5 and the result of a power-law
fit to the STAR data in ⟨dNch/dη⟩<200 where the power is
fixed to b = −0.405. Good agreement of the ALICE and
STAR data with the fits is observed in peripheral collisions.
The decrease of fluctuations in central collisions is similar in
ALICE and STAR, however, no significant enhancement in
semi-central events is observed in the STAR data. In the right
panel of Fig. 7, the results for

√
Cm/M(pT)m in ALICE and

STAR are shown as a function of the mean number of partic-
ipating nucleons ⟨Npart⟩. In this representation, the measure-
ments of

√
Cm/M(pT)m from ALICE and STAR are com-

patible within the rather large experimental uncertainties on
⟨Npart⟩ in STAR. A power-law fit

√
Cm/M(pT)m ∝⟨Npart⟩b

to the ALICE data in the interval 10 < ⟨Npart⟩< 40 yields
b = −0.472 ± 0.007 (stat.)±0.037 (syst.). The agreement
between ALICE and STAR data as a function of ⟨Npart⟩points
to a relation between the observed fluctuation patterns and
the collision geometry.

Transverse momentum correlations and fluctuations may
be modified as a consequence of collective flow in A–A colli-
sions. It should be noted, however, that event-averaged radial
flow and azimuthal asymmetries are not expected to give rise
to strong transverse momentum fluctuations in azimuthally
symmetric detectors [13,16]. On the other hand, M(pT) fluc-
tuations may occur due to fluctuating initial conditions that
are also related to event-by-event fluctuations of radial flow
and azimuthal asymmetries. We compare our results to cal-
culations from the AMPT model [45] which has been demon-
strated to give a reasonable description of inclusive and event-
averaged bulk properties in Pb–Pb collisions at LHC ener-
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• <pT> increases with multiplicity in WITHCR and is almost flat in NOCR 
• Behavior in PYTHIA8 4CX is very similar to PYTHIA6 Perugia-11 
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Net	
  Charge	
  Fluctua0ons	
  

QGP	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  à	
  q	
  =	
  ±(1/3),	
  	
  ±(2/3)	
  
Hadron	
  Gas	
  à	
  q	
  =	
  ±1	
  	
   NCF ~ q2 NCFQGP < NCFHG

Observable	
  

ν (+−,dyn)
corr =ν (+−,dyn) +

4
Ntotal

Ø  Global	
  Charge	
  conserva0on	
  

Ø  Independent	
  of	
  detector	
  efficiency	
  under	
  	
  
	
  	
  	
  	
  	
  	
  uniform	
  phase	
  space	
  coverage.	
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may not be responsible for the centrality dependence of the
D measure.

The measured fluctuations may get diluted during the
evolution of the system from hadronization to kinetic
freeze-out because of the diffusion of charged hadrons in
rapidity. This has been addressed in Refs. [8,9], where a
diffusion equation has been proposed to study the depen-
dence of the net-charge fluctuations on the width of the
rapidity window. Taking the dissipation into account, the
asymptotic value of fluctuations may be close to the pri-
mordial fluctuations. This has been explored for the
ALICE data points by plotting hNchi!corr

ðþ#;dynÞ and D as a

function of !" for three centrality bins, as shown in Fig. 3.
We observe that, for a given centrality bin, the D measure
shows a strong decreasing trend with the increase of!". In
fact, the curvature of D has a decreasing slope with a
flattening tendency at large !" windows. Following the
prescriptions of [8,9], we fit the data points with the func-

tional form, erfð!"=
ffiffiffi
8

p
#fÞ, which represents the diffusion

in rapidity space. Here, #f characterizes the diffusion at

freeze-out. The resulting values of #f are 0:41% 0:05,
0:44% 0:05, and 0:48% 0:07 for the 0%–5%, 20%–30%,
and 40%–50% centralities, respectively. The fitted curves
are shown as solid lines in Fig. 3. The dashed lines are
extrapolations of the fitted curves to higher !", which
yield the asymptotic values ofD. For the top 5% centrality,
the measured values of D are 2:6% 0:02ðstatÞ % 0:15ðsystÞ
for !"¼1 and 2:3%0:02ðstatÞ%0:21ðsystÞ for !" ¼ 1:6.
The extrapolated value of D is 2:24% 0:09ðstatÞ%
0:21ðsystÞ.

The evolution of the net-charge fluctuations with beam
energy can be studied by combining the ALICE data with

those of the STAR experiment [12] at RHIC. In Fig. 4, we
present the values of hNchi!corr

ðþ#;dynÞ (left axis) and D

(right axis) for the top central collisions from ALICE atffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV and, for STAR, Au-Au collisions at
four different energies. The ALICE data points correspond
to !" ¼ 1 and 1.6, whereas, for STAR, the values
for !" ¼ 1 are shown. For the STAR data,
ðdNch=d"Þ!corr

ðþ#;dynÞ are plotted instead of hNchi!corr
ðþ#;dynÞ,

as the dNch=d" values are approximately equal to hNchi for
!" ¼ 1 at central rapidity. The theoretical predictions for
a HG and a QGP are indicated in the figure. In the absence
of any dynamic model, these predictions do not have a
dependence on the beam energy.
Figure 4 shows a monotonic decrease in the magnitude

of the net-charge fluctuations with increasing beam energy.
For the top RHIC energy of

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, the mea-
sured value of fluctuation is observed to be close to the
HG prediction, whereas, at lower energy, the results are
above the HG value. At

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV, we observe
significantly lower fluctuations compared to those of
lower energies.
In summary, we have presented the first measurements

of dynamic net-charge fluctuations at the LHC in Pb-Pb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV in terms of !ðþ#;dynÞ and
their corrected values !corr

ðþ#;dynÞ (corrected for charge con-

servation and finite acceptance effects). The results for pp
collisions at the same center-of-mass energy are found to
be in agreement with hadron gas prediction. The values of
!ðþ#;dynÞ and !corr

ðþ#;dynÞ are seen to be negative in all cases,

indicating the dominance of the correlation of positive and
negative charges. A decrease in fluctuations is observed
while going from peripheral to central collisions. The D
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FIG. 3 (color online). hNchi!corr
ðþ#;dynÞ (left axis) and D (right

axis) as a function of the !" window for three different central-
ity bins in the Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV. The data
points are fitted with the functional form erfð!"=

ffiffiffi
8

p
#fÞ. The

dashed lines correspond to the extrapolation of the fitted curves.
The points are shifted minimally along the x axis for a clear
view. Both statistical (error bars) and systematic (boxes) errors
are shown.
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Ø  	
  Comparison	
  of	
  most	
  central	
  	
  
	
  	
  	
  	
  	
  	
  events	
  
	
  

Ø  	
  Both	
  results	
  from	
  the	
  STAR	
  and	
  	
  
	
  	
  	
  	
  	
  	
  ALICE	
  are	
  presented	
  for	
  ∆︎η	
  =	
  1	
  	
  η	
  =	
  1	
  	
  
	
  	
  	
  	
  	
  	
  auer	
  the	
  correc0on	
  for	
  charge	
  	
  
	
  	
  	
  	
  	
  	
  conserva0on.	
  	
  

ü  	
  Decreasing	
  trend	
  with	
  increasing	
  beam	
  energy	
  
	
  

ü  STAR	
  data:	
  close	
  to	
  predic6on	
  for	
  Hadron	
  gas	
  
	
  

ü  ALICE	
  data:	
  in	
  between	
  HRG	
  and	
  QGP	
  predic6ons	
  
Ø  	
  for	
  ∆︎η	
   ︎︎	
  =	
  1.6	
  closer	
  to	
  QGP	
  	
  η	
   ︎︎	
  =	
  1.6	
  closer	
  to	
  QGP	
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which is a measure of the relative correlation strength of
particle pairs. A negative value of !ðþ#;dynÞ signifies the
dominant contribution from correlations between pairs of
opposite charges. On the other hand, a positive value
indicates the significance of the same charge pair correla-
tions. The !ðþ#;dynÞ has been found to be robust against
random efficiency losses [17–19]. The D measure and
!ðþ#;dynÞ are related to each other by [5]

hNchi!ðþ#;dynÞ % D# 4: (3)

The values of !ðþ#;dynÞ need to be corrected for global
charge conservation [17]. The predictions for the D mea-
sure are based on the assumption of vanishing net charge in
the system. However, in a realistic situation, the system
under consideration has a small but finite net charge. A
correction due to the finite net-charge effect also needs to
be applied [4].

In this Letter, we report the first measurements of net-
charge fluctuations by calculating !ðþ#;dynÞ and theDmea-
sure, as a function of collision centrality in Pb-Pb collisions
at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV at the LHC with the ALICE detector.
We also make a comparison of the experimental results to
the theoretical predictions.

Details of the ALICE experiment and its detectors can
be found in [1]. For this analysis, we have used the time
projection chamber (TPC) [20] to reconstruct charged
particle tracks. The detector provides a uniform acceptance
with an almost constant tracking efficiency of about 80% in
the analyzed phase space (j"j< 0:8 and 0:2 GeV=c <
pT < 5 GeV=c). The interaction vertex was measured
using the silicon pixel detector (SPD), the innermost de-
tector of the inner tracking system. In the analysis, we have
considered events with a vertex jvzj< 10 cm to ensure a
uniform acceptance in the central pseudorapidity region.
The minimum bias trigger consisted of a coincidence of at
least one hit on each of the two VZERO scintillator detec-
tors, positioned on both sides of the interaction point, while
at the startup of the data taking period an additional require-
ment of having a coincidence with a signal from the SPD
was also introduced. The background events coming from
parasitic beam interactions are removed by a standard off-
line event selection procedure, which requires the VZERO
timing information and hits in the SPD.

We present the results as a function of centrality that
reflects the collision geometry. The collision centrality is
determined by cuts on the VZERO multiplicity [21]. A
study based on Glauber model fits [22–24] to the multi-
plicity distribution in the region corresponding to 90% of
the most central collisions, where the vertex reconstruction
is fully efficient, facilitates the determination of the cross
section percentile and the number of participants. The
resolution in centrality is found to be <0:5% rms for the
most central (0%–5%) collisions, increasing toward 2%
rms for peripheral (70%–80%) collisions [21].

We require tracks in the TPC to have at least 80 recon-
structed space points with a #2 per TPC cluster of the
momentum fit less than 4. We reject tracks with a distance
of closest approach (DCA) to the vertex larger than 3 cm
both in the transverse plane and in the longitudinal direc-
tion. We have performed an alternative analysis with tracks
reconstructed using the combined tracking of the inner
tracking system and the TPC. In this case, the DCA cuts
were 0.3 cm in the transverse plane as well as in the
longitudinal direction. The results obtained with both
tracking approaches are in agreement.
The data analysis has been performed for Pb-Pb colli-

sions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV and pp collisions at the same
center-of-mass energy. An identical analysis procedure has
been followed for both the data sets. We calculate the
!ðþ#;dynÞ from the experimental measurements of positive
and negative charged particles counted in !" windows,
defined around midrapidity (for example, !" ¼ 1 corre-
sponds to #0:5 ' " ' 0:5), and in the pT range from 0.2
to 5:0 GeV=c. Consistency checks had been performed for
another pT window, viz. 0:3 GeV=c < pT < 1:5 GeV=c.
The differences in the fluctuation results are small and
included in the systematic errors. In Fig. 1, we present
the !ðþ#;dynÞ as a function of centrality, expressed in terms
of the number of participating nucleons. Moving from left
to right along the x axis of the figure corresponds to moving
from peripheral to central collisions. The results are pre-
sented for !" ¼ 1 and 1.6, for both Pb-Pb and pp colli-
sions. In all cases, the magnitude of !ðþ#;dynÞ is observed to
be negative, indicating the dominance of the correlation
term in Eq. (2). The absolute values of !ðþ#;dynÞ for pp
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FIG. 1 (color online). Dynamical net-charge fluctuations
!ðþ#;dynÞ and their corrected values !corr

ðþ#;dynÞ for charged parti-

cles produced in Pb-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV as a
function of centrality, expressed as the number of participating
nucleons. The !corr

ðþ#;dynÞ points are shifted along the x axis for

better representation. Superimposed are the results for pp colli-
sions at

ffiffiffi
s

p ¼ 2:76 TeV. The statistical (bar) and systematic
(box) errors are plotted.
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collisions are larger compared to those measured for Pb-Pb
collisions. When going from peripheral to central events,
the absolute values of !ðþ#;dynÞ are seen to decrease
monotonically.

The values of !ðþ#;dynÞ have to be corrected for global
charge conservation and finite acceptance [17]. If all
charges were accepted, the global charge conservation
would lead to vanishing fluctuations. This will yield the
minimum value of !ðþ#;dynÞ to be #4=hNtotali, where
hNtotali is the average total number of charged particles
produced over a full phase space. The corrected !ðþ#;dynÞ is

!corr
ðþ#;dynÞ ¼ !ðþ#;dynÞ þ

4

hNtotali
: (4)

The values of hNtotali for Pb-Pb collisions have been esti-
mated from the experimental data [25], whereas, for pp
collisions, it is taken from the PYTHIA [26] event generator.
As a reference, hNchi for !" ¼ 1 and hNtotali values are
1637& 61 and 17 165& 772 for the most central
(0%–5%) Pb-Pb collisions and 4:8& 0:2 and 36.0 for pp
collisions. These are systematic errors; the statistical errors
are negligible. The corrected values !corr

ðþ#;dynÞ are plotted in

Fig. 1 as a function of the number of participating nucleons
for Pb-Pb and pp collisions. The absolute values of
!corr
ðþ#;dynÞ are smaller compared to !ðþ#;dynÞ in all cases.

The differences are more apparent for pp and peripheral
Pb-Pb collisions than for central collisions.

Taking the above corrections into account, we obtain

D0 ¼ hNchi!corr
ðþ#;dynÞ þ 4: (5)

Alternatively, corrections to the D measure may also be
obtained using [4]

D00 ¼ ðhNchi!ðþ#;dynÞ þ 4Þ=ðC#C"Þ; (6)

where C# (¼ hNþi2
hN#i2 ) corrects for the effects of the finite net

charge and C" (¼ 1# hNchi
hNtotali ) accounts for finite bin size in

rapidity as well as global charge conservation. The differ-
ences in the two corrected values D0 and D00 are within
4%–9%, depending on !". Subsequently, the mean
values of D0 and D00 are plotted in the figures as D,
and the differences of those have been included as system-
atic errors.

The systematic uncertainties have additional contribu-
tions from the following sources: (a) uncertainty in the
determination of the interaction vertex, (b) different mag-
netic field polarities, (c) contamination from secondary
tracks (DCA cuts), (d) centrality definition using different
detectors, (e) selection criteria at the track level,
(f) different tracking scenarios, and (g) two different pT

windows. The total systematic error on !corr
ðþ#;dynÞ amounts

to 6%–10% in going from peripheral to central collisions.
The error on the product of the number of charged particles
and !corr

ðþ#;dynÞ remains within 7%–13% at all centralities.

The systematic and statistical uncertainties in all the fig-
ures are represented by boxes and error bars, respectively.
The statistical errors are small and within the sizes of the
symbols in most cases.
Figure 2 presents the values of hNchi!corr

ðþ#;dynÞ and D in

the left and right axes, respectively, as a function of the
number of participating nucleons. The hNchi values have
been measured for different centralities and !" windows
and corrected for detector inefficiencies [21]. Both the
results from the Pb-Pb and pp analyses are shown. The
shaded bands in the figure indicate the predictions for a HG
and a QGP. The results from the HIJING event generator
[27] at !" ¼ 1 and 1.6 are observed to be close to the HG
line and at the same time independent of centrality. The pp
results agree well with the HG prediction. The experimen-
tal results for Pb-Pb for both the !"windows are observed
to be below the HG predictions and above those of the
QGP. The values ofD for!" ¼ 1:6 are lower compared to
those for !" ¼ 1 for all centralities.
A decreasing trend of D has been observed while going

from peripheral to central collisions, as seen in Fig. 2. This
centrality dependence may arise partly because of the
presence of radial flow [10]. The radial flow velocity could
lead to the kinetic focusing of the produced particles,
causing a narrowing of the opening angles. This may affect
the magnitude of the net-charge fluctuations. The effect
of radial flow on !ðþ#;dynÞ has been estimated by using an
afterburner [28] on the HIJING events, where the particles
get a boost in the transverse momenta because of the radial
flow velocity. We observe no significant difference
between the results from pure HIJING and HIJING with the
afterburner. This indicates that the presence of radial flow
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FIG. 2 (color online). hNchi!corr
ðþ#;dynÞ (left axis) and D (right

axis) as a function of the number of participants for !" ¼ 1 and
1.6 in Pb-Pb at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV and pp collisions at
ffiffiffi
s

p ¼
2:76 TeV. The corresponding results from the HIJING and PYTHIA

event generators are also presented. The data points are shifted
minimally along the x axis for a clear view. Both statistical (error
bars) and systematic (boxes) errors are plotted.
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Fig. 2. (Color online.) Balance function as a function of !η for different centrality classes: 0–5% (a), 30–40% (b) and 70–80% (c). Mixed events results, not corrected for the
detector effects, are shown by open squares. See text for details.

Fig. 3. (Color online.) Balance function as a function of !ϕ for different centrality classes: 0–5% (a), 30–40% (b) and 70–80% (c). Mixed events results, not corrected for the
detector effects, are shown by open squares. See text for details.

of the assigned systematic uncertainty on the width of the balance
function, calculated for each centrality and for both !η and !ϕ ,
will be discussed in the next paragraph.

The data sample was analyzed separately for two magnetic field
configurations. The two data samples had comparable statistics.
The maximum value of the systematic uncertainty, defined as half
of the difference between the balance functions in these two cases,
is found to be less than 1.3% over all centralities. In addition, we
estimated the contribution to the systematic uncertainty originat-
ing from the centrality selection, by determining the centrality not
only with the VZERO detector but alternatively using the multi-
plicity of the TPC tracks or the number of clusters of the second
SPD layer. This resulted in an additional maximum contribution
to the estimated systematic uncertainty of 0.8% over all centrali-
ties. Furthermore, we investigated the influence of the ranges of
the cuts in parameters such as the position of the primary vertex
in the z coordinate (|V z| < 6–12 cm), the dca (dxy < 1.8–2.4 cm
and dz < 2.6–3.2 cm), and the number of required TPC clusters
(Nclusters(TPC) > 60–90). This was done by varying the relevant
ranges, one at a time, and again assigning half of the difference be-
tween the lower and higher value of the width to the systematic
uncertainty. The maximum contribution from these sources was
estimated to be 1.3%, 1.1% and 1.3% for the three parameters, re-
spectively. We also studied the influence of the different tracking

modes used by repeating the analysis using tracks reconstructed
by the combination of the TPC and the ITS (global tracking). The
resulting maximum contribution to the systematic uncertainty of
the width from this source is 1.1%, again over all centralities. Fi-
nally, the applied acceptance corrections result in large fluctuations
of the balance function points for some centralities towards the
edge of the acceptance (i.e. large values of !η), which originates
from the division of two small numbers. To account for this, we
average over several bins at these high values of !η to extract
the weighted average. This procedure results in an uncertainty
that has a maximum value of 5% over all centralities. All these
contributions are summarized in Table 1. The final systematic un-
certainty for each centrality bin was calculated by adding all the
different sources in quadrature. The resulting values for the 0–5%,
30–40% and 70–80% centrality bins were estimated to be 2.5%, 3.0%
and 3.6%, respectively, in ⟨!η⟩ (1.9%, 1.2% and 2.4%, respectively,
in ⟨!ϕ⟩).

5. Discussion

5.1. Centrality dependence

The width of the balance function (Eq. (3)) as a function of
the centrality percentile is presented in Fig. 4. Central (peripheral)
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of the assigned systematic uncertainty on the width of the balance
function, calculated for each centrality and for both !η and !ϕ ,
will be discussed in the next paragraph.

The data sample was analyzed separately for two magnetic field
configurations. The two data samples had comparable statistics.
The maximum value of the systematic uncertainty, defined as half
of the difference between the balance functions in these two cases,
is found to be less than 1.3% over all centralities. In addition, we
estimated the contribution to the systematic uncertainty originat-
ing from the centrality selection, by determining the centrality not
only with the VZERO detector but alternatively using the multi-
plicity of the TPC tracks or the number of clusters of the second
SPD layer. This resulted in an additional maximum contribution
to the estimated systematic uncertainty of 0.8% over all centrali-
ties. Furthermore, we investigated the influence of the ranges of
the cuts in parameters such as the position of the primary vertex
in the z coordinate (|V z| < 6–12 cm), the dca (dxy < 1.8–2.4 cm
and dz < 2.6–3.2 cm), and the number of required TPC clusters
(Nclusters(TPC) > 60–90). This was done by varying the relevant
ranges, one at a time, and again assigning half of the difference be-
tween the lower and higher value of the width to the systematic
uncertainty. The maximum contribution from these sources was
estimated to be 1.3%, 1.1% and 1.3% for the three parameters, re-
spectively. We also studied the influence of the different tracking

modes used by repeating the analysis using tracks reconstructed
by the combination of the TPC and the ITS (global tracking). The
resulting maximum contribution to the systematic uncertainty of
the width from this source is 1.1%, again over all centralities. Fi-
nally, the applied acceptance corrections result in large fluctuations
of the balance function points for some centralities towards the
edge of the acceptance (i.e. large values of !η), which originates
from the division of two small numbers. To account for this, we
average over several bins at these high values of !η to extract
the weighted average. This procedure results in an uncertainty
that has a maximum value of 5% over all centralities. All these
contributions are summarized in Table 1. The final systematic un-
certainty for each centrality bin was calculated by adding all the
different sources in quadrature. The resulting values for the 0–5%,
30–40% and 70–80% centrality bins were estimated to be 2.5%, 3.0%
and 3.6%, respectively, in ⟨!η⟩ (1.9%, 1.2% and 2.4%, respectively,
in ⟨!ϕ⟩).

5. Discussion

5.1. Centrality dependence

The width of the balance function (Eq. (3)) as a function of
the centrality percentile is presented in Fig. 4. Central (peripheral)
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Table 1
The maximum value of the systematic uncertainties on the width of the balance
function over all centralities for each of the sources studied.

Systematic uncertainty

Category Source Value (max)

Magnetic field (++)/(−−) 1.3%
Centrality estimator VZERO, TPC, SPD 0.8%
Cut variation dca 1.3%

Nclusters(TPC) 1.1%
!V z 1.3%

Tracking TPC, Global 1.1%
Binning Extrapolation to large !η 5.0%

Fig. 4. (Color online.) The centrality dependence of the width of the balance function
⟨!η⟩ and ⟨!ϕ⟩, for the correlations studied in terms of the relative pseudorapidity
(a) and the relative azimuthal angle (b), respectively. The data points are compared
to the predictions from HIJING [27], and AMPT [28].

collisions correspond to small (large) centrality percentile. The
width is calculated in the entire interval where the balance func-
tion was measured (i.e. 0.0 < !η < 1.6 and 0◦ < !ϕ < 180◦).
Both results in terms of correlations in the relative pseudorapid-
ity (⟨!η⟩-upper panel, Fig. 4(a) and the relative azimuthal angle
(⟨!ϕ⟩-lower panel, Fig. 4(b) are shown. The experimental data
points, represented by the full red circles, exhibit a strong cen-
trality dependence: more central collisions correspond to narrower
distributions (i.e. moving from right to left along the x-axis) for
both !η and !ϕ . Our results are compared to different model
predictions, such as HIJING [27] and different versions of a multi-
phase transport model (AMPT) [28]. The error bars in the results
from these models represent the statistical uncertainties.

The points from the analysis of HIJING Pb–Pb events at
√

sN N =
2.76 TeV, represented by the blue triangles, show little central-
ity dependence in both projections. The slightly narrower balance
functions for central collisions might be related to the fact that
HIJING is not just a simple superposition of single pp collisions;
jet-like effects as well as increased resonance yields in central col-
lisions could be reflected as additional correlations. The balance
function widths generated by HIJING are much larger than those
measured in the data, consistent with the fact that the model lacks
collective flow.

In addition, we compare our data points to the results from
the analysis of events from three different versions of AMPT in
Fig. 4. The AMPT model consists of two different configurations:
the default and the string melting. Both are based on HIJING to de-
scribe the initial conditions. The partonic evolution is described by
the Zhang’s parton cascade (ZPC) [29]. In the default AMPT model,
partons are recombined with their parent strings when they stop
interacting, and the resulting strings are converted to hadrons us-
ing the Lund string fragmentation model. In the string melting con-
figuration a quark coalescence model is used instead to combine
partons into hadrons. The final part of the whole process, common
between the two configurations, consists of the hadronic rescatter-
ing which also includes the decay of resonances.

The filled green squares represent the results of the analysis of
the string melting AMPT events with parameters tuned [30] to re-
produce the measured elliptic flow (v2) values of non-identified
particles at the LHC [3]. The width of the balance functions when
studied in terms of the relative pseudorapidity exhibit little cen-
trality dependence despite the fact that the produced system ex-
hibits significant collective behavior [30]. However, the width of
the balance function in !ϕ is in qualitative agreement with the
centrality dependence of the experimental points. This is consis-
tent with the expectation that the balance function when studied
as a function of !ϕ can be used as a measure of radial flow of
the system, as suggested in [12,17]. We also studied the same
AMPT configuration, i.e. the string melting, this time switching off
the last part where the hadronic rescattering takes place, without
altering the decay of resonances. The resulting points, indicated
with the orange filled stars in Fig. 4, demonstrate a similar quali-
tative behavior as in the previous case: no centrality dependence
of ⟨!η⟩ and a significant decrease of ⟨!ϕ⟩ for central collisions.
On a quantitative level though, the widths in both projections are
larger than the ones obtained in the case where hadronic rescat-
tering is included. This can be explained by the fact that within
this model, a significant part of radial flow of the system is built
during this very last stage of the system’s evolution. Therefore,
the results are consistent with the picture of having the balanc-
ing charges more focused under the influence of this collective
motion, which is reflected in a narrower balance function distri-
bution. In addition, we analyzed AMPT events produced using the
default configuration, which results in smaller vn flow coefficients
but harder spectra than the string melting. The extracted widths of
the balance functions are represented by the open brown squares
and exhibit similar behavior as the results from the string melting
configuration. In particular, the width in !η shows little central-
ity dependence while the values are in agreement with the ones
calculated from the string melting. The width in !ϕ shows similar
(within the statistical uncertainties) quantitative centrality depen-
dence as the experimental data points. This latter effect is con-
sistent with the observation of having a system exhibiting larger
radial flow with the default version.3

Finally, we fit the experimentally measured values with a ther-
mal blast-wave model [31,32]. This model, assumes that the radial
expansion velocity is proportional to the distance from the cen-
ter of the system and takes into account the resonance production
and decay. It also incorporates the local charge conservation, by
generating ensembles of particles with zero total charge. Each par-
ticle of an ensemble is emitted by a fluid element with a common

3 We recently confirmed that AMPT does not conserve the charge. The influ-
ence of this effect to our measurement cannot be easily quantified. However we
still consider interesting and worthwhile to point out that this model describes
in a qualitative (and to some extent quantitative) way the centrality dependence
of ⟨!ϕ⟩.
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Table 2
The values of ση and σϕ extracted by fitting the centrality dependence of both ⟨$η⟩
and ⟨$ϕ⟩ with the blast-wave parameterization of [31,32].

Results from the fit with the blast-wave model

Centrality ση σϕ

0–5% 0.28 ± 0.05 0.30 ± 0.10
5–10% 0.32 ± 0.05 0.35 ± 0.07

10–20% 0.31 ± 0.05 0.36 ± 0.08
20–30% 0.36 ± 0.03 0.43 ± 0.05
30–40% 0.43 ± 0.04 0.52 ± 0.05
40–50% 0.42 ± 0.04 0.54 ± 0.06
50–60% 0.44 ± 0.07 0.64 ± 0.06
60–70% 0.52 ± 0.07 0.76 ± 0.01

Fig. 5. (Color online.) The balance functions for the 5% most central Pb–Pb collisions
measured by ALICE as a function of the relative pseudorapidity (a) and the rela-
tive azimuthal angle (b). The experimental points are compared to predictions from
HIJING [27], AMPT [28] and from a thermal blast wave [31,32].

collective velocity following the single-particle blast-wave param-
eterization with the additional constraint of being emitted with a
separation at kinetic freeze-out from the neighboring particle sam-
pled from a Gaussian with a width denoted as ση and σϕ in the
pseudorapidity space and the azimuthal angle, respectively. The
procedure that we followed started from tuning the input param-
eters of the model to match the average pT values extracted from
the analysis of identified particle spectra [35] as well as the v2
values for non-identified particles reported by ALICE [3]. We then
adjust the widths of the parameters ση and σϕ to match the ex-
perimentally measured widths of the balance function, ⟨$η⟩ and
⟨$ϕ⟩. The resulting values of ση and σϕ are listed in Table 2. We
find that ση starts from 0.28±0.05 for the most central Pb–Pb col-
lisions reaching 0.52±0.07 for the most peripheral, while σϕ starts
from 0.30 ± 0.10 evolving to 0.76 ± 0.01 for the 60–70% centrality
bin.

Fig. 5 presents the detailed comparison of the model results
with the measured balance functions as a function of $η (a) and
$ϕ (b) for the 5% most central Pb–Pb collisions. The data points

Fig. 6. (Color online.) The centrality dependence of the balance function width ⟨$η⟩
(a) and ⟨$ϕ⟩ (b). The ALICE points are compared to results from STAR [16]. The
STAR results have been corrected for the finite acceptance as suggested in [33].

are represented by the full markers and are compared with HI-
JING (dashed black line), AMPT string melting (full green line) and
the thermal blast-wave (full black line). The distributions for HI-
JING and AMPT are normalized to the same integral to facilitate
the direct comparison of the shapes and the widths. It is seen
that for correlations in the relative pseudorapidity, both HIJING
and AMPT result in similarly wider distributions. As mentioned be-
fore, the blast-wave model is tuned to reproduce the experimental
points, so it is not surprising that the relevant curve not only re-
produces the same narrow distribution but describes fairly well
also its shape. For the correlations in $ϕ the HIJING curve clearly
results in a wider balance function distribution. On the other hand,
there is a very good agreement between the AMPT curve and the
measured points, with the exception of the first bins (i.e. small
relative azimuthal angles) where the magnitude of B+−($ϕ) is
significantly larger in real data. This suggests that there are ad-
ditional correlations present in these small ranges of $ϕ in data
than what the model predicts.

5.2. Energy dependence

Fig. 6 presents the comparison of our results for the central-
ity dependence (i.e. as a function of the centrality percentile)
of the width of the balance function, ⟨$η⟩ (Fig. 6(a) and ⟨$ϕ⟩
(Fig. 6(b), with results from STAR [16] in Au–Au collisions at√

sN N = 200 GeV (stars). The ALICE points have been corrected for
acceptance and detector effects, using the correction factors fab ,
discussed in the introduction. To make a proper comparison with
the STAR measurement, where such a correction was not applied,
we employ the procedure suggested in [33] to the RHIC points.
Based on the assumption of a boost-invariant system the balance
function studied in a given pseudorapidity window B+−($η|ηmax)
can be related to the balance function for an infinite interval ac-
cording to the formula of Eq. (4)

B+−($η|ηmax) = B+−($η|∞) ·
(

1 − $η

ηmax

)
. (4)
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