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Abstract

Two-particle correlations in high-energy collision experiments enable the extraction of
particle source radii by using the Bose-Einstein enhancement of pion production at low
relative momentum q ∝ 1/R. It was previously observed that in pp collisions at

√
s = 7

TeV the average pair transverse momentum kT range of such analyses is limited due to
large background correlations which were attributed to mini-jet phenomena. To investi-
gate this further, an event-shape dependent analysis of Bose-Einstein correlations for pion
pairs is performed in this work. By categorizing the events by their transverse sphericity
ST into spherical (ST > 0.7) and jet-like (ST < 0.3) events a method was developed that
allows for the determination of source radii for much larger values of kT for the first time.
Spherical events demonstrate little or no background correlations while jet-like events are
dominated by them. This observation agrees with the hypothesis of a mini-jet origin of
the non-femtoscopic background correlations and gives new insight into the physics inter-
pretation of the kT dependence of the radii. The emission source size in spherical events
shows a substantially diminished kT dependence, while jet-like events show indications of
a negative trend with respect to kT in the highest multiplicity events. Regarding the emis-
sion source shape, the correlation functions for both event sphericity classes show good
agreement with an exponential shape, rather than a Gaussian one.
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1 Introduction

Bose-Einstein correlations for pairs of identical bosons with low relative momentum are essen-
tial tools for understanding particle production in ultra-relativistic collision experiments [1–3].
They allow one to extract the dimensions of the freeze-out stage of the reaction, usually known
as the “source radii”. A linear dependence of this volume on the charged-particle multiplicity
produced in the event was observed in pp, p–Pb, and Pb–Pb collisions at the Large Hadron
Collider (LHC) [4–10]. Interestingly, pp collisions at the LHC have reached multiplicities sim-
ilar to the ones obtained in peripheral p–Pb and Pb–Pb collisions, thus allowing for a direct
comparison of their source radii [7–9].

In proton-proton collisions, correlations of non-identical pions (π+π−) show significant devi-
ations from unity particularly in low multiplicity events and at high pair transverse momentum
kT = 1

2 |p1 +p2|T, which are attributed to the fragmentation of mini-jets from low momentum-
transfer scatterings [7, 8]. These correlations are a dominant background to the Bose-Einstein
correlations between pairs of identical pions (π+π++π−π−) and make interferometry analyses
at the LHC challenging for kT greater than about 0.6 GeV/c. However, the three-pion cumulant
approach significantly suppresses the mini-jet related backgrounds in pp and p-Pb collisions [9],
though it can suffer from statistical limitations.

In this paper, we introduce a new way of reducing the mini-jet background in pp collisions by
selecting events based on their transverse sphericity [11, 12], an observable that is sensitive to
particle collimation and as such can differentiate between jet-like (hard) and spherical (soft)
event topologies. Such a differential measurement based on sphericity, kT, and multiplicity,
will offer new insights into (mini-jet induced) background correlations and offer invaluable
information needed to improve the accuracy of event generators, such as PYTHIA [13, 14]. As
will be shown, this advancement can significantly extend the kT reach of interferometry analyses
in general.

This paper presents two-particle correlation functions (CFs) as a function of the pair relative

three-momentum q =
√

(p1 − p2)
i (p1 − p2)i and the source radius parameter for different in-

tervals of dNch/dη and kT for jet-like and spherical event topologies. In particular, the kT de-
pendence of the radii in spherical events is investigated since small background correlations in
these events allows for the study of possible signs of collectivity in pp collisions.

2 Experimental setup and data selection

Approximately 5×108 pp collisions at
√

s = 7 TeV were analyzed, which were recorded by the
ALICE experiment at the LHC [15, 16] during the 2010 running period.

The main detectors used for this analysis are: the Inner Tracking System (ITS) [17], the Time
Projection Chamber (TPC) [18], the Time-Of-Flight detector (TOF) [19], and the V0 [20]. The
ITS is a six-layer cylindrical silicon detector used for precise vertex and track reconstruction
close to the interaction point. It provides full azimuthal coverage and spans the pseudorapidity
range |η| < 0.9. The TPC is the main tracking detector in ALICE and measures the specific
ionization energy loss of particles in the TPC gas for particle identification (PID). It covers the
whole azimuth and provides a radial coverage of 159 possible space points for tracks. It fully
covers the |η|< 0.9 range while extending out to |η|< 1.5 with a smaller number of potentially
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reconstructed space points. The TOF uses multigap resistive plate chambers to measure particle
arrival time and thus particle velocity. It extends the PID capabilities to the intermediate pT

range where the pion, proton, and kaon energy loss signals are similar in the TPC. The V0
detectors are used for triggering on collision events. They are composed of two small-angle
scintillator arrays, located at 340 cm and −90 cm from the nominal interaction point along the
beam line. The minimum-bias trigger, which is used in this analysis, requires at least one hit in
the V0 or either of the two first layers of the ITS in coincidence with two beam bunches crossing
in the ALICE interaction region, which is measured by a beam-pickup system. An offline event
selection is applied to reject beam-halo induced events and beam-gas collisions.

Accepted events have their primary vertex reconstructed within ±8 cm from the center of the
detector along the beam line in order to ensure uniform tracking performance. Charged particle
tracks are reconstructed with the ITS and TPC detectors, requiring that each TPC track segment
is reconstructed from at least 70 out of the 159 possible space points. To guarantee that mainly
primary particles are selected it is required that the track has its Distance of Closest Approach
(DCA) to the primary vertex smaller than (0.0182+ 0.35 · p−1.01

T ) cm in the transverse plane,
with pT in GeV/c, and 0.2 cm in the longitudinal direction. Tracks with a kink topology in the
TPC, indicating weak decays of charged kaons, are rejected. Two-track effects such as merging
and splitting are minimized using pion pair selection criteria as described in [7] and are known
to be negligible in this pT range for q greater than about 100 MeV/c, which is much less than
the expected width of the Bose-Einstein correlation peak.

3 Analysis technique

The interferometry analysis was performed using pions with pseudorapidity |η|< 1.2 and trans-
verse momentum 0.13 < pT < 4.0 GeV/c. Pions were identified by their specific ionization
energy loss in the TPC as well as the measured pion arrival time in the TOF detector. The PID
selection criteria are the same as described in [7]. They are optimized to maximize efficiency
while producing a high-purity of the pion sample of about 99% for pT < 2.5 GeV/c. The pT

resolution is about 1% or better in the relevant pT range.

Transverse sphericity is calculated by using all charged tracks with |η| < 0.8 and pT > 0.5
GeV/c. In order to avoid a bias from the boost along the beam axis [12], the event shape is
calculated only in the transverse plane. The transverse sphericity matrix SXY is defined as

SXY =
1

∑i pi
T

∑
i

1

pi
T

(
(pi

x)
2 pi

x · pi
y

pi
x · pi

y (pi
y)

2

)
, (1)

where i runs over all charged particle tracks in the event. By using the transverse sphericity
matrix eigenvalues λ1 and λ2 [11], the transverse sphericity is computed as

ST =
2 ·min(λ1, λ2)

λ1 +λ2
. (2)

It is a bounded scalar observable that is sensitive to the event shape, and in particular particle
collimation. An event with only one hard scattering will in general produce a jet-like distribution
that yields low sphericity while multiple soft scatterings are expected to yield high sphericity
events. Events with several independent hard scatterings can also yield higher sphericity as
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each (mini-)jet axis is oriented randomly. Transverse sphericity is known to be correlated with
the number of hard parton-parton interactions in an event [11]. In this work jet-like events with
ST < 0.3 and spherical events with ST > 0.7 are analyzed, which comprise 18% and 28% of the
total minimum-bias data set, respectively.

The resolution in ST due to finite track reconstruction efficiency is found to be better than 0.1
based on Monte-Carlo (MC) simulations with the PYTHIA 6.4 Perugia-0 tune [13, 14], for both
low- and high-sphericity events in any multiplicity interval. No significant effect from the finite
track momentum resolution was observed in simulations.

Table 1: Intervals of Nrec
ch and corresponding mid-rapidity 〈dNch/dη〉 with |η |< 1.2 and 0.13 < pT < 4.0

GeV/c for both sphericity ranges.

Nrec
ch 〈dNch/dη〉ST<0.3 〈dNch/dη〉ST>0.7

[1,13] 4.3±2.0 5.3±2.2
[14,21] 9.6±2.0 10.5±2.1
[22,30] 13.9±2.2 14.9±2.3
[31,54] 18.7±3.2 20.4±3.2

The multiplicity estimator Nrec
ch is defined as the number of reconstructed charged-particle tracks

that enter the interferometry analysis. The intervals and their corresponding corrected 〈dNch/dη〉
for both sphericity selections are shown in Table 1.

3.1 Two-pion correlation function analysis

The one-dimensional femtoscopic analysis presented in this paper was performed using the
invariant momentum difference q, which corresponds to the magnitude of the relative three-
momentum in the pair rest frame (PRF). The measured CFs are defined as the ratio of the q

distributions for same-event (A) and mixed-event (B) pion pairs times a normalization factor
(ξ ) [3],

C(q;Nrec
ch ,ST) = ξ (Nrec

ch ,ST) ·
A(q;Nrec

ch ,ST)

B(q;Nrec
ch ,ST)

. (3)

For the event mixing, pools of eight events of similar multiplicity and sphericity are formed. In
addition, it is also required that events in a mixed event pool have their vertex positions within
2 cm from each other in the beam direction. The mixed event distributions were then made
by pairing up pions from different events in a mixed event pool. Identical selection criteria are
applied to the same-event and mixed-event pion pairs, and both A(q) and B(q) are constructed
in the same ST interval.

Both distributions are normalized in the range 0.7 < q < 0.8 GeV/c, which is well outside the
relevant quantum statistical (QS) domain (q ∝ 1/R ≈ 0.3 GeV/c) and below the onset of the
high-q rise associated with energy and momentum conservation.

Figure 1 shows good agreement between the measured correlation functions for opposite-sign
pion pairs in pp collisions at

√
s = 7 TeV and PYTHIA simulations, which include the ALICE

detector response, for spherical and jet-like events at similar multiplicity. Opposite-sign CFs do
not include Bose-Einstein correlations but do include backgrounds, such as those induced by
mini-jets, which are also found in same-sign pair analyses [7]. They also show features due to
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two-body decays like K0
S and ρ → π+π− at about 412 and 723 MeV/c in q respectively, and a

wide three-body decay peak from ω → π+π−π0.

)c (GeV/q
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

)
q

C
(

1

1.5

2

2.5
 2.2± = 13.9 〉 η/d
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N d〈<0.3    TS

<0.3    PYTHIA 6.4 Perugia-0TS
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c<0.7 GeV/Tk=7 TeV,  0.5<sALICE,  pp 

 2.3± = 14.9 〉 η/d
ch

N d〈>0.7    TS

>0.7    PYTHIA 6.4 Perugia-0TS

Figure 1: Opposite-sign pion pair correlation functions in data and PYTHIA simulations for high and
low sphericity intervals. The error bars represent statistical uncertainties.

The C(q) in spherical events are relatively flat at unity, while the low ST CFs exhibit a very pro-
nounced slope. This finding supports previous assumptions about the mini-jet origin of back-
ground correlations in interferometry analyses [7] and demonstrates that PYTHIA describes
two-pion correlations well in the absence of Bose-Einstein correlations.

Figure 2 shows a comparison of CFs for same-sign pion pairs from data and PYTHIA simu-
lations for the two sphericity intervals at similar reconstructed multiplicity. The MC includes
neither quantum-statistical correlations nor final-state interactions (FSI).

Similar to the opposite-sign CF at ST > 0.7 shown in Fig. 1, the spherical-event same-sign
CF is rather flat outside the QS correlation region (q < 0.5 GeV/c). This indicates that the
background is small in spherical events for same-sign pairs.The shape of the same-sign C(q)
in spherical events is compatible with the expectation from Bose-Einstein correlations. There
are no novel features like peaks or depressions and the correlation function does not extend
outside the theoretically predicted values 1 ≤C(q) ≤ 2. On the other hand, for jet-like events,
the CF exhibits a pronounced slope over the full q range, indicating the presence of background.
The CF shape is well described by PYTHIA outside the QS correlation region. Moreover, it is
observed that the large-q correlation increases with kT and decreases with multiplicity, which
is consistent with previous findings in [7]. These results suggest that the primary source of
background correlations in two-pion femtoscopic analyses is related to semi-hard scattering
processes which predominantly populate jet-like event topologies.
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Figure 2: Comparison of same-sign correlation functions for data and PYTHIA simulations for both
sphericity intervals. The error bars represent statistical uncertainties and the shaded boxes are systematic
uncertainties. Note that the vertical axes have different scales in the two panels.

To extract the source size from the measured correlation functions, background correlations are
corrected with simulated CFs (CMC(q)). This procedure assumes that the signal and background
factorize and was used in a similar way by other experiments [4, 10]. The simulations used for
the corrections include the ALICE detector response and are analyzed exactly the same as the
data. The corrected correlation function C̃(q) can then be expressed as

C̃(q) =
Cdata(q)

CMC(q)
=

CBE+FSI(q) ·CES(q)

CMC
ES (q)

, (4)

where CBE+FSI and CES are contributions coming from Bose-Einstein correlations with FSI
effects and event shape dependent backgrounds, respectively. The corrected CFs, C̃(q), are
obtained separately for spherical and jet-like events. The femtoscopic correlations are then
determined using

C̃(q) =
[
(1− f 2

c )+ f 2
c K(q)CQS(q)

]
, (5)

as in [21], where f 2
c is the pair fraction from the core of the particle-emission source [22],

K(q) is the FSI correlation and CQS(q) is the extracted QS correlation. The K(q) factor is
well known and calculated using the two-pion FSI wave functions [23] that include Coulomb
and strong interactions. The values of f 2

c are estimated from EPOS-LHC MC model [24],
which is known to reproduce a variety of LHC measurements. The deviation of f 2

c from unity
quantifies the degree of dilution caused by pions from long-lived resonances and weak decays.
This effect is suppressed by the track selection used. In previous measurements [9], f 2

c showed
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little dependence on kT up to 0.7 GeV/c and calculations using EPOS-LHC agreed with this
observation at even larger values of kT. At all kT, the final value of f 2

c depended on the track
selection, leading to larger values of f 2

c in cases where a tighter DCA selection was used [25].
In this analysis, the f 2

c is fixed to 0.85 which corresponds to its kT-averaged value. Finally, a fit
is applied to the extracted CQS(q) correlations in order to determine the femtoscopic radii.

In past analyses [26], it was observed that a Gaussian form of CQS(q) does not describe the
observed one-dimensional CFs over the full q range. Previous analyses at the LHC showed that
this remains the case at much higher collision energy [4, 5]. Hence, a Levy fit is performed,
employing a free parameter α in the exponent, where α = 2 corresponds to a Gaussian distri-
bution. Figure 3 shows the fits of CQS(q) with Gaussian and exponential functional forms, and
it is observed that the 1D CFs are better described by α = 1 corresponding to an exponential
distribution. Therefore, femtoscopic radii are extracted assuming an exponential shape:

CQS(q) = 1+λ · e(−Rinv·q). (6)

In the fitting procedure, λ was first treated as a fit parameter and showed negligible kT depen-
dence. The mean value of λ was then obtained for each sphericity interval and fixed for the
final fitting. Since the expected dilution from long-lived resonance decays and weak decays
is explicitly removed in Eq. 5, the λ parameter is expected to be consistent with unity in the
case of fully chaotic emission and exponential 1D correlation functions. At kT < 0.7 GeV/c, the
mean value of λ is 0.97 for spherical and 1.0 for jet-like events, with small deviations consistent
with statistical fluctuation in each individual measurement.
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C
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Figure 3: Comparison of exponential and Gaussian fit results for CQS(q) functions in spherical and
jet-like events.

To extract radii the correlation functions are fit with the same functional form for each kT inter-
val while fixing λ to the aforementioned mean values. No additional normalization factors are
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used in fitting CQS(q).

A previous sphericity-integrated measurement [10], using a significantly different fitting pro-
cedure and thus having an alternative interpretation of the λ parameter to the one used in this
paper, observed a stronger kT dependence of both the radii and λ parameters. Considering the
different parameterizations used in [25], model calculations and previous measurements [25],
it is unlikely that there exists such a significant change in the fraction of long-lived emitters or
pion coherence to explain such a strong decrease of λ with kT.

3.2 Systematic uncertainty

Analyses were performed using data from different data-taking periods with varying experimen-
tal conditions (e.g. detector operating conditions, polarity of the magnetic field in the apparatus,
etc.) and showed negligible differences in the observed radii. Similarly, a 100% increase in the
number of events that are used in the mixing procedure also produced negligible differences
in the measured radii. Separate analyses for positively and negatively charged pions, which, at
LHC energies, are expected to give identical results, gave less than 0.2% differences in mea-
sured radii.

Regarding more substantial uncertainties in the measured radii a distinction was made between
point-by-point uncorrelated and correlated sources of systematic uncertainty. It was observed
that there are two significant sources of uncorrelated systematic uncertainty, the first one being
variations in the tracking procedure, and the second one being variations in the CF fit range.
The uncorrelated uncertainty due to the tracking procedure is evaluated by using an alternative
track selection for the analysis, in which only the TPC is used to reconstruct tracks as in [7],
and is estimated to be up to 10% on the measured radii. Concerning the uncertainty due to the
fit range selection, in this analysis q < 0.7 GeV/c was used as the default fit range while q < 0.4
GeV/c and q < 1.0 GeV/c were the variations. A difference in radii of up to 5% is observed in
this case with the smaller fit range always having a larger influence on the change of radii, as is
expected.

In this analysis, the correlated uncertainties in the measured radii are shown to be larger than the
uncorrelated ones and are estimated by varying f 2

c , sphericity ranges and Monte Carlo genera-
tors. A variation in f 2

c of ±0.05 produced a 5–10% uncertainty, with the largest deviation being
observed in the highest Nch and kT bin. The variation of the sphericity range, which was varied
by ±0.05, contributed up to 10% in the systematic uncertainty. The leading source of correlated
uncertainty, which shows a difference in the radii of up to 15% depending on the kT and mul-
tiplicity bin, is the choice of Monte Carlo generators for the background correlations. In this
analysis we used PYTHIA as the default and PHOJET [27] as the variation. As is expected, the
spherical event results are less effected by this variation than the jet-like event ones.

4 Results

Figure 4 shows the measured Rinv as a function of pair kT for spherical and jet-like events in dif-
ferent multiplicity intervals. In comparison to previously observed 1D radii [7], the multiplicity-
and kT-dependence observed in the event shape dependent analysis show both similarities and
significant differences depending on the sphericity selection. In spherical events the depen-
dence of the radii on kT is well described by a 0th-order polynomial. As is expected, the
fitted constant radius increases with multiplicity from 1.971± 0.006 (stat.)± 0.106 (sys.) fm
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in the lowest multiplicity bin to 2.410± 0.007 (stat.)± 0.050 (sys.) fm at the highest multi-
plicity. On the other hand, similar to previous sphericity-integrated results, the jet-like ra-
dius dependence on kT is not well described by a 0th-order polynomial (χ2/Ndof is larger
than 10), however a 1st-order polynomial does manage to describe the data better. The con-
stant of this fit is 1.97± 0.01 (stat.) ± 0.11 (sys.) fm at lowest multiplicity and increases to
2.40± 0.05 (stat.)± 0.05 (sys.) fm at highest multiplicity. The slope parameter is observed to
be negative except for the lowest multiplicity bin where it is consistent with zero. For higher
multiplicities the difference from a zero slope is observed as a 3σ , 7.3σ and 4.1σ effect con-
secutively.
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Figure 4: Measured 1D source radii as a function of pair kT for spherical and jet-like events in pp
collisions at

√
s = 7 TeV. Points are shifted horizontally for clarity. The vertical error bars represent the

statistical uncertainties of the measurement, while the shaded and open boxes represent the uncorrelated
and correlated systematic uncertainties, respectively.

In spherical events the overall size of the system grows with increasing event multiplicity. Such
a trend has been observed in all previous measurements in proton-proton and heavy-ion colli-
sions. Spherical events are expected to contain multiple scatterings, so a growth of system size
with multiplicity is naturally expected. On the other hand, jet-like events are typically domi-
nated by a single interaction with a large momentum transfer and subsequent fragmentation into
(mini-)jets where most of particle production occurs.

Our data suggest that the hard scattering process has a non-trivial space-time structure which is
consistent with some theoretical predictions [28]. It is not possible to provide a more direct in-
terpretation of the results, because the modeling of the space-time structure of the fragmentation
process is largely neglected in current Monte-Carlo codes such as PYTHIA and PHOJET.
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The kT dependence of Rinv in jet-like events is much less explored theoretically, due to the
reasons given above. Therefore, our measurements present a pioneering insight into the space-
time characteristics of fragmentation. It is observed that for higher multiplicity ranges the
kT dependence has a non-zero slope, for example −0.52±0.05 (stat.)±0.05 (sys.) fm/(GeV/c)
for the second highest multiplicity selection, obtained from a linear fit to the radii, taking into
account all sources of systematic uncertainties. These results raise an interesting question on
the origin of the kT dependence in minimum bias 1D measurements by ALICE [7], especially if
considered together with the lack of such a decrease in spherical events. It is confirmed that by
averaging the radii from spherical, jet-like and intermediate events (0.3 < ST < 0.7, not shown
in this work) it is possible to reproduce the dependence observed in the sphericity-integrated
analysis. The fact that in a differential measurement the slope is most prominent in jet-like
events suggests that it is this category of events that might be the dominant source of the non-
zero kT slope in the minimum-bias data set as well.

The development of a Monte-Carlo code that fully incorporates the space-time structure of
proton-proton collisions and the fragmentation process would be highly desirable, a candidate
for such an event generator would be EPOS [24]. The predictions of such a model, as a function
of event sphericity, should then be carefully compared with existing and future data on pion
Bose-Einstein correlations. Further improvements in the modeling of experimental transverse
sphericity distributions is also desirable.

In a three-dimensional analysis of femtoscopic radii in the Longitudinally Co-Moving System
(LCMS), which is the reference system where pair longitudinal momentum vanishes, with the
Pratt-Bertsch decomposition of the momentum difference, where the “long” direction is along
the beam, “out” is along pair transverse momentum and “side” is perpendicular to the other two,
a decreasing trend with kT is interpreted as evidence of hydrodynamic collectivity [29]. This
reasoning has also been applied to small systems [24], therefore this dependence is a critical test
of the interpretation of spherical and jet-like events presented above. However, it was shown
that the kT dependence in the PRF is additionally influenced by the boost factor between the
LCMS and the PRF [30, 31]. Therefore, in this work we are not able to draw conclusions about
collectivity in pp collisions based on the kT dependence observed in Fig. 4.

5 Summary

In summary, the measured pp collisions at
√

s = 7 TeV have been classified into sub-samples
with high (“spherical”) and low (“jet-like”) sphericity and source radii have been extracted for
both. An exponential fit function, as opposed to a Gaussian, was shown to better describe the
observed 1D correlation functions for both sphericity ranges. A significant suppression of non-
femtoscopic correlations was observed in “spherical” events, effectively doubling the kT range
of femtoscopic analyses for this sample. Substantial background correlations remained in the
“jet-like” sample, which is consistent with the hypothesis that the main source of these cor-
relations is mini-jets. PYTHIA and PHOJET describe this background, making an effective
background removal procedure feasible. As a consequence, radii for jet-like events have been
extracted for the first time. They tend to be smaller in comparison to source radii of spheri-
cal events, which may be a consequence of lower average multiplicities, and show a decrease
with kT, resembling the trend observed also in minimum-bias analyses. The extracted radii in
spherical events show an increase in the system size with multiplicity, in agreement with pre-
vious measurements and model expectations. They are also observed to have a flat trend in kT,
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which differs from the kT dependence that was previously observed in 1D minimum-bias analy-
ses [4–10]. This suggests that the observed slope in minimum-bias events could be arising from
the lower part of the transverse sphericity spectrum in pp collisions. This is novel and unique
information on the space-time characteristics of the fragmentation process. Future investiga-
tions will require more advanced modeling of the space-time properties of particle production
in Monte-Carlo codes, and a comparison of such theoretical predictions to a three-dimensional
pion femtoscopy measurement performed differentially in transverse sphericity.

Acknowledgements

The ALICE Collaboration would like to thank all its engineers and technicians for their invalu-
able contributions to the construction of the experiment and the CERN accelerator teams for
the outstanding performance of the LHC complex. The ALICE Collaboration gratefully ac-
knowledges the resources and support provided by all Grid centres and the Worldwide LHC
Computing Grid (WLCG) collaboration. The ALICE Collaboration acknowledges the fol-
lowing funding agencies for their support in building and running the ALICE detector: A. I.
Alikhanyan National Science Laboratory (Yerevan Physics Institute) Foundation (ANSL), State
Committee of Science and World Federation of Scientists (WFS), Armenia; Austrian Academy
of Sciences and Nationalstiftung für Forschung, Technologie und Entwicklung, Austria; Min-
istry of Communications and High Technologies, National Nuclear Research Center, Azerbai-
jan; Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), Universidade
Federal do Rio Grande do Sul (UFRGS), Financiadora de Estudos e Projetos (Finep) and Fun-
dação de Amparo à Pesquisa do Estado de São Paulo (FAPESP), Brazil; Ministry of Science
& Technology of China (MSTC), National Natural Science Foundation of China (NSFC) and
Ministry of Education of China (MOEC) , China; Croatian Science Foundation and Ministry
of Science and Education, Croatia; Centro de Aplicaciones Tecnológicas y Desarrollo Nuclear
(CEADEN), Cubaenergía, Cuba; Ministry of Education, Youth and Sports of the Czech Re-
public, Czech Republic; The Danish Council for Independent Research | Natural Sciences, the
Carlsberg Foundation and Danish National Research Foundation (DNRF), Denmark; Helsinki
Institute of Physics (HIP), Finland; Commissariat à l’Energie Atomique (CEA) and Institut
National de Physique Nucléaire et de Physique des Particules (IN2P3) and Centre National
de la Recherche Scientifique (CNRS), France; Bundesministerium für Bildung, Wissenschaft,
Forschung und Technologie (BMBF) and GSI Helmholtzzentrum für Schwerionenforschung
GmbH, Germany; General Secretariat for Research and Technology, Ministry of Education,
Research and Religions, Greece; National Research, Development and Innovation Office, Hun-
gary; Department of Atomic Energy Government of India (DAE), Department of Science and
Technology, Government of India (DST), University Grants Commission, Government of India
(UGC) and Council of Scientific and Industrial Research (CSIR), India; Indonesian Institute
of Science, Indonesia; Centro Fermi - Museo Storico della Fisica e Centro Studi e Ricerche
Enrico Fermi and Istituto Nazionale di Fisica Nucleare (INFN), Italy; Institute for Innovative
Science and Technology , Nagasaki Institute of Applied Science (IIST), Japan Society for the
Promotion of Science (JSPS) KAKENHI and Japanese Ministry of Education, Culture, Sports,
Science and Technology (MEXT), Japan; Consejo Nacional de Ciencia (CONACYT) y Tec-
nología, through Fondo de Cooperación Internacional en Ciencia y Tecnología (FONCICYT)
and Dirección General de Asuntos del Personal Academico (DGAPA), Mexico; Nederlandse
Organisatie voor Wetenschappelijk Onderzoek (NWO), Netherlands; The Research Council of
Norway, Norway; Commission on Science and Technology for Sustainable Development in the

11



Event-shape and multiplicity dependence of freeze-out radii in pp ALICE Collaboration

South (COMSATS), Pakistan; Pontificia Universidad Católica del Perú, Peru; Ministry of Sci-
ence and Higher Education and National Science Centre, Poland; Korea Institute of Science and
Technology Information and National Research Foundation of Korea (NRF), Republic of Ko-
rea; Ministry of Education and Scientific Research, Institute of Atomic Physics and Romanian
National Agency for Science, Technology and Innovation, Romania; Joint Institute for Nu-
clear Research (JINR), Ministry of Education and Science of the Russian Federation, National
Research Centre Kurchatov Institute, Russian Science Foundation and Russian Foundation for
Basic Research, Russia; Ministry of Education, Science, Research and Sport of the Slovak
Republic, Slovakia; National Research Foundation of South Africa, South Africa; Swedish Re-
search Council (VR) and Knut & Alice Wallenberg Foundation (KAW), Sweden; European Or-
ganization for Nuclear Research, Switzerland; National Science and Technology Development
Agency (NSDTA), Suranaree University of Technology (SUT) and Office of the Higher Edu-
cation Commission under NRU project of Thailand, Thailand; Turkish Atomic Energy Agency
(TAEK), Turkey; National Academy of Sciences of Ukraine, Ukraine; Science and Technology
Facilities Council (STFC), United Kingdom; National Science Foundation of the United States
of America (NSF) and United States Department of Energy, Office of Nuclear Physics (DOE
NP), United States of America.

References

[1] U. W. Heinz and B. V. Jacak, “Two particle correlations in relativistic heavy ion
collisions,” Ann. Rev. Nucl. Part. Sci. 49 (1999) 529–579,
arXiv:nucl-th/9902020 [nucl-th].

[2] U. A. Wiedemann and U. W. Heinz, “Particle interferometry for relativistic heavy ion
collisions,” Phys. Rept. 319 (1999) 145–230, arXiv:nucl-th/9901094 [nucl-th].

[3] M. A. Lisa, S. Pratt, R. Soltz, and U. Wiedemann, “Femtoscopy in relativistic heavy-ion
collisions,” Ann. Rev. Nucl. Part. Sci. 55 (2005) 357–402.

[4] CMS Collaboration, V. Khachatryan et al., “Measurement of Bose-Einstein correlations
with first CMS data,” Phys. Rev. Lett. 105 (2010) 032001,
arXiv:1005.3294 [hep-ex].

[5] ALICE Collaboration, K. Aamodt et al., “Two-pion Bose-Einstein correlations in pp
collisions at

√
s = 900 GeV,” Phys. Rev. D82 (2010) 052001.

[6] CMS Collaboration, V. Khachatryan et al., “Measurement of Bose-Einstein correlations
in pp collisions at

√
s = 0.9 and 7 TeV,” JHEP 1105 (2011) 029,

arXiv:1101.3518 [hep-ex].

[7] ALICE Collaboration, K. Aamodt et al., “Femtoscopy of pp collisions at
√

s = 0.9 and
7 TeV at the LHC with two-pion Bose-Einstein correlations,”
Phys. Rev. D84 (2011) 112004.

[8] ALICE Collaboration, J. Adam et al., “Two-pion femtoscopy in p-Pb collisions at√
sNN = 5.02 TeV,” Phys. Rev. C91 (2015) 034906.

12

http://dx.doi.org/10.1146/annurev.nucl.49.1.529
http://arxiv.org/abs/nucl-th/9902020
http://dx.doi.org/10.1016/S0370-1573(99)00032-0
http://arxiv.org/abs/nucl-th/9901094
http://dx.doi.org/10.1146/annurev.nucl.55.090704.151533
http://dx.doi.org/10.1103/PhysRevLett.105.032001
http://arxiv.org/abs/{1005.3294}
http://dx.doi.org/10.1103/PhysRevD.82.052001
http://dx.doi.org/10.1007/JHEP05(2011)029
http://arxiv.org/abs/{1101.3518}
http://dx.doi.org/10.1103/PhysRevD.84.112004
http://dx.doi.org/10.1103/PhysRevC.91.034906


Event-shape and multiplicity dependence of freeze-out radii in pp ALICE Collaboration

[9] ALICE Collaboration, B. Abelev et al., “Freeze-out radii extracted from three-pion
cumulants in pp, p–Pb and Pb–Pb collisions at the LHC,”
Phys. Lett. B739 (2014) 139–151, arXiv:1404.1194 [nucl-ex].

[10] ATLAS Collaboration, G. Aad et al., “Two-particle Bose-Einstein correlations in pp

collisions at
√

s = 0.9 and 7 TeV measured with the ATLAS detector,” Eur. Phys. J. C75

(2015) 466, arXiv:1502.07947 [hep-ex].

[11] ALICE Collaboration, B. Abelev et al., “Transverse sphericity of primary charged
particles in minimum bias proton-proton collisions at

√
s = 0.9, 2.76 and 7 TeV,”

Eur. Phys. J. C72 (2012) 2124, arXiv:1205.3963 [hep-ex].

[12] A. Banfi, G. P. Salam, and G. Zanderighi, “Resummed event shapes at hadron-hadron
colliders,” JHEP 0408 (2004) 062, arXiv:hep-ph/0407287.

[13] T. Sjostrand, S. Mrenna, and P. Z. Skands, “PYTHIA 6.4 Physics and Manual,”
JHEP 0605 (2006) 026, arXiv:hep-ph/0603175.

[14] P. Z. Skands, “Tuning Monte Carlo Generators: The Perugia Tunes,”
Phys. Rev. D82 (2010) 074018, arXiv:1005.3457 [hep-ph].

[15] ALICE Collaboration, K. Aamodt et al., “The ALICE experiment at the CERN LHC,”
JINST 3 (2008) S08002.

[16] ALICE Collaboration, B. Abelev et al., “Performance of the ALICE Experiment at the
CERN LHC,” Int. J. Mod. Phys. A 29 (2014) 1430044.

[17] ALICE Collaboration, K. Aamodt et al., “Alignment of the ALICE Inner Tracking
System with cosmic-ray tracks,” JINST 5 (2010) P03003,
arXiv:1001.0502 [physics.ins-det].

[18] J. Alme et al., “The ALICE TPC, a large 3-dimensional tracking device with fast readout
for ultra-high multiplicity events,” Nucl. Instrum. Meth. A622 (2010) 316–367.

[19] ALICE Collaboration, P. Cortese et al., “ALICE: Addendum to the technical design
report of the time of flight system (TOF),” http://cds.cern.ch/record/545834.

[20] ALICE Collaboration, E. Abbas et al., “Performance of the ALICE VZERO system,”
JINST 8 (2013) P10016, arXiv:1306.3130 [nucl-ex].

[21] Y. Sinyukov, R. Lednicky, S. Akkelin, J. Pluta, and B. Erazmus, “Coulomb corrections for
interferometry analysis of expanding hadron systems,” Phys. Lett. B432 (1998) 248–257.

[22] T. Csorgo, B. Lorstad, J. Schmid-Sorensen, and A. Ster, “Partial coherence in the core /
halo picture of Bose-Einstein n-particle correlations,” Eur. Phys. J. C9 (1999) 275–281,
arXiv:hep-ph/9812422.

[23] R. Lednicky, “Finite-size effects on two-particle production in continuous and discrete
spectrum,” Phys. Part. Nucl. 40 (2009) 307–352, arXiv:nucl-th/0501065.

[24] T. Pierog, I. Karpenko, J. M. Katzy, E. Yatsenko, and K. Werner, “EPOS LHC: Test of
collective hadronization with data measured at the CERN Large Hadron Collider,”
Phys. Rev. C92 (2015) 034906, arXiv:1306.0121 [hep-ph].

13

http://dx.doi.org/10.1016/j.physletb.2014.10.034
http://arxiv.org/abs/1404.1194
http://arxiv.org/abs/1502.07947
http://dx.doi.org/10.1140/epjc/s10052-012-2124-9
http://arxiv.org/abs/1205.3963
http://dx.doi.org/10.1088/1126-6708/2004/08/062
http://arxiv.org/abs/hep-ph/0407287
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/{hep-ph/0603175}
http://dx.doi.org/10.1103/PhysRevD.82.074018
http://arxiv.org/abs/1005.3457
http://dx.doi.org/10.1088/1748-0221/3/08/S08002
http://dx.doi.org/10.1088/1748-0221/5/03/P03003
http://arxiv.org/abs/1001.0502
http://dx.doi.org/10.1016/j.nima.2010.04.042
http://arxiv.org/abs/http://cds.cern.ch/record/545834
http://dx.doi.org/10.1088/1748-0221/8/10/P10016
http://arxiv.org/abs/1306.3130
http://dx.doi.org/10.1016/S0370-2693(98)00653-4
http://dx.doi.org/10.1007/s100529900024
http://arxiv.org/abs/hep-ph/9812422
http://dx.doi.org/10.1134/S1063779609030034
http://arxiv.org/abs/nucl-th/0501065
http://dx.doi.org/10.1103/PhysRevC.92.034906
http://arxiv.org/abs/1306.0121


Event-shape and multiplicity dependence of freeze-out radii in pp ALICE Collaboration

[25] ALICE Collaboration, B. Abelev et al., “Two and Three-Pion Quantum Statistics
Correlations in Pb–Pb Collisions at

√
sNN = 2.76 TeV at the LHC,”

Phys. Rev. C89 (2014) 024911, arXiv:1310.7808 [nucl-ex].

[26] A. Bialas, M. Kucharczyk, H. Palka, and K. Zalewski, “Mass dependence of HBT
correlations in e+ e- annihilation,” Phys. Rev. D62 (2000) 114007,
arXiv:hep-ph/0006290 [hep-ph].

[27] R. Engel, “Photoproduction within the two component dual parton model. 1. Amplitudes
and cross-sections,” Z. Phys. C66 (1995) 203–214.

[28] G. Paic and P. K. Skowronski, “Effect of hard processes on momentum correlations in pp
and p anti-p collisions,” J. Phys. G31 (2005) 1045–1054, arXiv:hep-ph/0504051.

[29] ALICE Collaboration, J. Adam et al., “Centrality dependence of pion freeze-out radii in
Pb-Pb collisions at

√
sNN = 2.76 TeV,” Phys. Rev. C93 no. 2, (2016) 024905,

arXiv:1507.06842 [nucl-ex].

[30] V. M. Shapoval, P. Braun-Munzinger, I. A. Karpenko, and Y. M. Sinyukov, “Femtoscopic
scales in p+p and p+Pb collisions in view of the uncertainty principle,”
Phys. Lett. B725 (2013) 139–147.
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