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ABSTRACT: Two-particle correlations in high-energy collision experiments enable the ex-
traction of particle source radii by using the Bose-Einstein enhancement of pion production
at low relative momentum ¢ o 1/R. It was previously observed that in pp collisions at
/s = TTeV 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
investigate 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 de-
veloped that allows for the determination of source radii for much larger values of kr 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 interpretation of the kr dependence of the radii. The emission source size
in spherical events shows a substantially diminished k1 dependence, while jet-like events
show indications of a negative trend with respect to kr in the highest multiplicity events.
Regarding the emission 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
essential tools for understanding particle production in ultra-relativistic collision exper-
iments [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 the volume defined
by such radii 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 similar 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 (717 ™) show significant
deviations from unity particularly in low multiplicity events and at high pair transverse
momentum k1 = % |p; + p2|p, which are attributed to resonance decays and fragmenta-
tion 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
(rT7T + 7~ 7~) and make interferometry analyses at the LHC challenging for kr 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,
kr, 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 ¢ = \/ (p1 — p2)" (p1 — p2); and the source radius parameter for
different intervals of dNg, /dn and k for jet-like and spherical event topologies. In particu-
lar, the k7 dependence 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 colli-
sions.

2 Experimental setup and data selection

Approximately 5 x 10® 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 VO [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 || < 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 |n| < 0.9 range while extending out
to |n| < 1.5 with a smaller number of potentially 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 pp range where the pion,
proton, and kaon energy loss signals are similar in the TPC. The VO 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 VO
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%l'm) cm in the transverse plane, with pr in GeV/¢, 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
pr range for ¢ greater than about 50 MeV /¢, which is much less than the expected width
of the Bose-Einstein correlation peak.



ch <chh/d77>sT<o.3 <chh/d77>sT>0.7
[1,13] 4.342.0 5.3+ 2.2
[14,21] 9.6 £2.0 105+ 2.1
[22,30] 13.94+2.2 149+ 2.3
[31,54] 18.7+ 3.2 20.4 £+ 3.2

Table 1. Intervals of N2° and corresponding mid-rapidity (dNe,/dn) with |n| < 1.2 and 0.13 <
pr < 4.0GeV/c¢ for both sphericity ranges.

3 Analysis technique

The interferometry analysis was performed using pions with pseudorapidity |n| < 1.2 and
transverse momentum 0.13 < pr < 4.0GeV/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
pr < 2.5GeV/c. The pr resolution is about 1% or better in the relevant pr range.

Transverse sphericity is calculated by using all charged tracks with || < 0.8 and
pr > 0.5GeV/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
Sxvy is defined as

1 1 iN2 i i

Sxy = - Z — (pr)l pxi pr ) (3.1)
2Pt 7 e \p vl ()

where 7 runs over all charged particle tracks in the event. By using the transverse sphericity

matrix eigenvalues A; and Ay [11], the transverse sphericity is computed as

ST _ 2- min()\l, )\2) ' (3'2)
A1+ A2

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 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.

The multiplicity estimator N3¢ is defined as the number of reconstructed charged-
particle tracks that enter the interferometry analysis. The intervals and their corresponding

corrected (dNg,/dn) 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 ¢, 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
g distributions for same-event (A) and mixed-event (B) pion pairs times a normalization
factor (&) [3],

. rec
Clq: NE<, S1) = E(NEEE, ) - m (3.3)
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 < ¢ < 0.8 GeV/¢, which is well
outside the relevant quantum statistical (QS) domain (¢ o< 1/R ~ 0.3GeV/¢) and below
the onset of the high-¢ 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 in-
clude 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 two-body decays like Kg and p — w7~ at about 412 and
723 MeV/c in q respectively, and a wide three-body decay peak from w — 77~ 70,

The C(q) in spherical events are relatively flat at unity, while the low St CFs exhibit
a very pronounced slope. This finding supports previous assumptions about the mini-
jet origin of background 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 CF's for same-sign pion pairs from data and PYTHIA
simulations 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 figure 1, the spherical-event same-
sign CF is rather flat outside the QS correlation region (¢ < 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 ¢ 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
kr 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
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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.

analyses is related to semi-hard scattering processes which predominantly populate jet-like
event topologies.

To extract the source size from the measured correlation functions, background corre-
lations are corrected with simulated CFs (Cnc(g)). This procedure assumes that the signal
and background factorize and was used in a similar way by other experiments [4, 10]. The
method also resembles [21] where the background signal is not extracted from MC sim-
ulations but fitted in the measured opposite-sign correlations and then removed out via
the fitting procedure in the same-sign analysis. In the case of our analysis this approach
showed to be unstable.

The simulations used for the corrections include the ALICE detector response and are
analyzed exactly the same as the data. The corrected correlation function C (¢) can then
be expressed as

Olg) = Cata(q) _ Cre+rsi(q) - CES((J)7
Cyce(q) CMEC(q)

(3.4)

where Cgr1rst and Cgg are contributions coming from Bose-Einstein correlations with FSI
effects and event shape dependent backgrounds, respectively. The corrected CF's, C (q), are
obtained separately for spherical and jet-like events. The femtoscopic correlations are then
determined using

Clg) = [(1— f2) + f2K (9)C¥(q)] , (3.5)
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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.

as in [22], where f2 is the pair fraction from the core of the particle-emission source [23],
K(q) is the FSI correlation and C?5(q) is the extracted QS correlation. The K (q) factor is
well known and calculated using the two-pion FSI wave functions [24] that include Coulomb
and strong interactions. The values of f2 are estimated from EPOS-LHC MC model [25],
which is known to reproduce a variety of LHC measurements. The deviation of f2 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],
f2 showed little dependence on kt up to 0.7GeV/c and calculations using EPOS-LHC
agreed with this observation at even larger values of kr. At all kr, the final value of f2
depended on the track selection, leading to larger values of f2 in cases where a tighter
DCA selection was used [26]. In this analysis, the f2 is fixed to 0.85 which corresponds to
its kr-averaged value. Finally, a fit is applied to the extracted C'?°(q) correlations in order
to determine the femtoscopic radii.

In past analyses [27], it was observed that a Gaussian form of C?5(q) does not de-
scribe the observed one-dimensional CFs over the full ¢ 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 « in the exponent, where @ = 2 cor-
responds to a Gaussian distribution. Figure 3 shows the fits of C9%(¢) with Gaussian
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Figure 3. Comparison of exponential and Gaussian fit results for C?9(q) functions in spherical
and jet-like events.

and exponential functional forms, and it is observed that the 1D CFs are better described
by a = 1 corresponding to an exponential distribution. Therefore, femtoscopic radii are
extracted assuming an exponential shape:

CB(g) =1+ \- el Finva), (3.6)

In the fitting procedure, A was first treated as a fit parameter and showed negligible k1 de-
pendence. The mean value of A 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. 3.5, the A parameter is expected to be consistent with
unity in the case of fully chaotic emission and exponential 1D correlation functions. At
kr < 0.7GeV/c, the mean value of X is 0.97 for spherical and 1.0 for jet-like events, with
small deviations consistent with statistical fluctuation in each individual measurement.

To extract radii the correlation functions are fit with the same functional form for each
kr interval while fixing A to the aforementioned mean values. No additional normalization
factors are used in fitting C95(q).

A previous sphericity-integrated measurement [10], using a significantly different fitting
procedure and thus having an alternative interpretation of the A parameter to the one used
in this paper, observed a stronger kt dependence of both the radii and A\ parameters.
Considering the different parameterizations used in [26], model calculations and previous
measurements [26], 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 A with k.



3.2 Systematic uncertainty

Analyses were performed using data from different data-taking periods with varying ex-
perimental 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 measured 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 ¢ < 0.7 GeV /¢ was
used as the default fit range while ¢ < 0.4GeV/c and ¢ < 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 f2, sphericity ranges and
Monte Carlo generators. A variation in f2 of £0.05 produced a 5-10% uncertainty, with
the largest deviation being observed in the highest N, and bkt 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 kr and multiplicity bin, is the choice of Monte
Carlo generators for the background correlations. In this analysis we used PYTHIA as the
default and PHOJET [28] 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 Rj,, as a function of pair kt for spherical and jet-like events
in different multiplicity intervals. In comparison to previously observed 1D radii [7], the
multiplicity- and kp-dependence observed in the event shape dependent analysis show both
similarities and significant differences depending on the sphericity selection. In spherical
events the dependence of the radii on k1 is well described by a constant. As is expected, the
fitted constant radius increases with multiplicity from 1.971+0.006 (stat.)£0.106 (sys.) fm
in the lowest multiplicity bin to 2.410 £ 0.007 (stat.) & 0.050 (sys.) fm at the highest mul-
tiplicity. On the other hand, similar to previous sphericity-integrated results, the jet-like
radius dependence on k is not well described by a Oth-order polynomial (x?/Ngef is larger
than 10), however a lst-order polynomial does manage to describe the data better. The
constant of this fit is 1.974+0.01 (stat.) £0.11 (sys.) fm at lowest multiplicity and increases
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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.

to 2.40 + 0.05 (stat.) = 0.05 (sys.) fm at highest multiplicity. The slope parameter is ob-
served 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 3o, 7.30 and 4.1¢
effect consecutively.

In spherical events the overall size of the system grows with increasing event multi-
plicity. Such a trend has been observed in all previous measurements in proton-proton and
heavy-ion collisions. 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 dominated 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 [29]. It is not possible to provide a
more direct interpretation 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.



The kt dependence of Rj,, 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 multiplic-
ity ranges the kp dependence has a non-zero slope, for example —0.52 4+ 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 k1 dependence in minimum bias 1D mea-
surements 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 struc-
ture of proton-proton collisions and the fragmentation process would be highly desirable,
a candidate for such an event generator would be EPOS [25]. 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-FEinstein 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 van-
ishes, 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 perpen-
dicular to the other two, a decreasing trend with kr is interpreted as evidence of hydrody-
namic collectivity [30]. This reasoning has also been applied to small systems [25], therefore
this dependence is a critical test of the interpretation of spherical and jet-like events pre-
sented 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 [31, 32]. Therefore, in this
work we are not able to draw conclusions about collectivity in pp collisions based on the
kt dependence observed in figure 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 k1 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 correlations is mini-jets. PYTHIA and PHOJET describe this
background, making an effective background removal procedure feasible. As a consequence,

~10 -



radii for jet-like events have been extracted for the first time. They tend to be smaller in
comparison to source radii of spherical events, which may be a consequence of lower average
multiplicities, and show a decrease with kr, 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 previous measurements and model expectations.
They are also observed to have a flat trend in bk, which differs from the k1 dependence
that was previously observed in 1D minimum-bias analyses [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 investigations 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.
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