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C. Klein-Bösingap, M. Kliemantab, A. Klovninga, A. Klugef, M.L. Knichels, K. Kochbk, M.K. Köhlers,
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J. Marešda, G.V. Margagliottibh, A. Margottiz, A. Marı́ns, I. Martashvilidb, P. Martinengof, M.I. Martı́nezbw,
A. Martı́nez Davalosh, G. Martı́nez Garcı́aaa, Y. Martynovp, A. Masaa, S. Masciocchis, M. Maseraah, A. Masonibu,
L. Massacrierbp, M. Mastromarcoce, A. Mastroseriof, Z.L. Matthewsan, A. Matyjaao,8, D. Mayaniby, G. Mazzan,

M.A. Mazzonich, F. Meddidc, A. Menchaca-Rochah, P. Mendez Lorenzof, J. Mercado Pérezbk, P. Mereun, Y. Miakebt,
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bwBenemérita Universidad Autónoma de Puebla, Puebla, Mexico
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1. Introduction1

Matter at extremely high energy density created in2

central collisions of heavy ions at the Large Hadron Col-3

lider (LHC) is the main object of study of ALICE (A4

Large Ion Collider Experiment) [1, 2, 3]. The highly5

compressed strongly-interacting system created in these6

collisions is expected to undergo longitudinal and trans-7

verse expansion. The expansion rate and the final size8

at the time of hadron decoupling are accessible via in-9

tensity interferometry, a technique which exploits the10

Bose–Einstein enhancement of identical bosons emitted11

close in phasespace. This approach, known as Hanbury12

Brown–Twiss analysis (HBT) [4, 5], has been success-13

fully applied in e+e− [6], hadron–hadron and lepton–14

hadron [7], and heavy-ion [8] collisions.15

2. Experiment and data analysis16

In this Letter, we report on the first measurement17

of HBT radii in central Pb–Pb collisions at
√

sNN =18

2.76 TeV. The data were collected in November 2010,19

during the first lead beam running period of the LHC.20

During the runs used for this analysis the two beams21

had 4 or 66 bunches colliding at the ALICE interac-22

tion point. The bunch intensity was typically 7× 107
23

Pb ions per bunch. The luminosity varied within 0.5−24

8× 1023 cm−2s−1.25

The detector readout was triggered by the LHC26

bunch crossing signal and a minimum-bias interaction27

trigger based on signals measured in the forward scin-28

tillators (VZERO) and in the Silicon Pixel Detector29

(SPD). The VZERO counters are placed along the beam30

line at +3.3 m and -0.9 m from the interaction point.31

They cover the region 2.8 < η < 5.1 (VZERO-A) and32

−3.7 < η < −1.7 (VZERO-C) recording the amplitude33

and time of signals produced by charged particles. The34
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13Now at Sezione INFN, Padova, Italy
14Deceased
15Also at Division of Experimental High Energy Physics, University of Lund, Lund, Sweden
16Also at University of Technology and Austrian Academy of Sciences, Vienna, Austria
17Also at European Organization for Nuclear Research (CERN),Geneva, Switzerland
18Now at Oak Ridge National Laboratory, Oak Ridge, Tennessee,United States
19Now at European Organization for Nuclear Research (CERN), Geneva, Switzerland
20Also at Wayne State University, Detroit, Michigan, United States
21Also at Frankfurt Institute for Advanced Studies, Johann Wolfgang Goethe-Universität Frankfurt, Frankfurt, Germany
22Now at Research Division and ExtreMe Matter Institute EMMI,GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany
23Also at Fachhochschule Köln, Köln, Germany
24Also at Institute of Experimental Physics, Slovak Academy of Sciences, Košice, Slovakia
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two layers of SPD cover the central pseudorapidity re-35

gions|η| < 2 (inner) and|η| < 1.4 (outer). The detector36

has a total of 9.8 million pixels read out by 1200 chips.37

Each chip provides a fast signal if at least one of its pix-38

els is hit. The signals from the 1200 chips are combined39

in a programmable logic unit which generates a trigger40

signal if hits are detected on at least two chips on the41

outer layer. The minimum-bias interaction trigger re-42

quired at least two out of the following three conditions:43

i) two pixel chips hit in the outer layer of the SPD ii)44

a signal in VZERO-A iii) a signal in VZERO-C. More45

details of the trigger and run conditions are discussed in46

Ref. [9].47

For the present analysis we have used 16 000 events48

selected by requiring a primary vertex reconstructed49

within ±12 cm of the nominal interaction point and ap-50

plying the centrality cut of 5% of the hadronic cross51

section. The centrality was derived from the total am-52

plitude measured in the VZERO detector. The charged-53

particle pseudorapidity density measured in this central-54

ity class is〈dNch/dη〉=1584± 4 (stat)± 76 (syst) as55

published in Ref. [9] where the centrality determination56

and the measurement of charged-particle pseudorapid-57

ity density are described in detail.58

The correlation analysis was performed using59

charged-particle tracks detected in the Time Projection60

Chamber (TPC). The TPC is a cylindrical drift detector61

with two readout planes on the endcaps. The active vol-62

ume covers 85< r < 247 cm and−250< z < 250 cm63

in the radial and longitudinal directions, respectively.64

A high voltage membrane atz = 0 divides the active65

volume into two halves and provides the electric drift66

field of 400 V/cm, resulting in a maximum drift time of67

94 µs. With the solenoidal magnetic field of 0.5 T the68

momentum resolution for particles withpT < 1 GeV/c69

is better than 1%. Tracks at the edge of the acceptance70

were suppressed by restricting the analysis to the region71

|η| < 0.8. Good track quality was ensured by requiring72

the tracks to have at least 90 clusters in the TPC (out of73

a maximum of 159), to have at least two matching hits74

in the Inner Tracking System (ITS) (out of a maximum75

of 6), and to point back to the primary interaction vertex76

within 1 cm. Although not critical for this analysis (see77

discussion of the systematic uncertainties below) pions78

were identified via their specific ionization (dE/dx) in79

the TPC gas. In central Pb–Pb collisions the dE/dx res-80

olution of the TPC is better than 7%.81

3. Two-pion correlation functions82

The two-particle correlation function is defined as83

the ratioC (q) = A (q) /B (q), whereA (q) is the mea-84

sured distribution of pair momentum differenceq =85

p2 − p1, with the three-momenta of the two particles86

p1 and p2, and B (q) is a similar distribution formed87

by using pairs of particles from different events (event88

mixing) [10]. The momentum difference was calcu-89

lated in the longitudinally co-moving system (LCMS),90

where the longitudinal pair momentum vanishes, and91

is decomposed into (qout, qside, qlong), with the “out”92

axis pointing along the pair transverse momentum, the93

“side” axis perpendicular to it in the transverse plane,94

and the “long” axis along the beam (Bertsch–Pratt con-95

vention [11, 12]). The correlation functions were stud-96

ied in bins of transverse momentum, defined as half the97

module of the vector sum of the two transverse mo-98

menta,kT = |pT,1 + pT,2|/2. During event mixing, ev-99

ery event was mixed with five other events, and all pion100

tracks from one event were paired with all pion tracks101

from the other event.102

Track splitting (incorrect reconstruction of a track103

left by one particle as two tracks) and track merging104

(reconstructing one track instead of two) in the event105

reconstruction generally lead to structures in the two-106

particle correlation functions if not properly treated.107

The track splitting effect is negligible in our data. The108

track merging, with the particular track selection used109

in this analysis, reduces the two-track reconstruction110

efficiency to 70–80% for track pairs with a distance111

of closest approach in the TPC of 1 cm or less. We112

have removed this effect by suppressing, in the numer-113

ator and the denominator of the correlation function, all114

track pairs separated by less than 1.2 cm transversally115

and 2.4 cm longitudinally at a radius of 1.2 m We have116

checked that by applying this cut one recovers the flat117

shape of the correlation function in Monte Carlo simu-118

lation.119

Projections of three-dimensional two-pion correla-120

tion functionsC(qout, qside, qlong) for sevenkT bins are121

shown in Fig. 1. The Bose–Einstein enhancement peak122

is manifest at lowq = |q|. The peak width increases123

when going from low to high transverse momenta. The124

three-dimensional correlation functions were fitted by a125

function accounting for the Bose–Einstein enhancement126

and for the Coulomb interaction between the two parti-127

cles:128

C(q) = (1− λ) + λK(qinv)(1+G(q)),

G(q) = exp(−(R2
outq

2
out+ R2

sideq
2
side+ R2

longq
2
long+

+|Rol|Rolqoutqlong)), (1)

with λ describing the correlation strength, andRout,129

Rside, andRlong being the Gaussian HBT radii [13]. The130
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Figure 1: Projections of the three-dimensionalπ−π− correlation func-
tion (points) and of the respective fits (line) for sevenkT bins. When
projecting on one axis the other two components were required to be
within (-0.3,0.3) GeV/c. The transverse momentumkT is indicated on
the right hand side axis in GeV/c.

parameterRol, that quantifies the cross term between132

qout andqlong, turned out to be consistent with zero, as133

expected for measurements at midrapidity in a symmet-134

ric system. This term was therefore set equal to zero in135

the final fits. The factorK is the squared Coulomb wave136

function averaged over a spherical source of size equal137

to the mean ofRout, Rside, andRlong. It is attenuated by138

the same factorλ as the Bose–Einstein peak. The fit139

function is shown as the solid line in Fig. 1.140

The obtained radii have to be corrected for the fi-141

nite momentum resolution that smears out the correla-142

tion peak. The effect was studied by applying weights143

to pairs of tracks in simulated events so as to produce144

the correlation function expected for a given value of145

the HBT radius. The weights are calculated using the146

original Monte Carlo momenta. The reconstructed radii147

were found to differ from the input ones by up to 4%,148

depending on the radius andkT . The corresponding cor-149

rection was applied to the experimental HBT radii and150

λ.151

4. Systematic uncertainties152

The systematic uncertainties on the HBT parame-153

ters were estimated by comparing the results obtained154

when varying the analysis procedure. Not requiring the155

ITS hits in the tracking leads to a variation of the trans-156

verse and longitudinal radii by up to 3% and 8%, respec-157

tively. The effect of contamination of the pion sample158

by electrons and kaons was tested by loosening the PID159

selection pion identification criteria. This was found to160

introduce radius variations by up to 5%. Changing the161

fit range inq from 0-0.3 GeV/c to 0-0.5 GeV/c results162

in a reduction of all three radii by about 3%. Varia-163

tion of the two-track separation condition by 50% re-164

sults in a change of the radii by up to 3%. Generating165

the denominator of the correlation function by rotating166

one of the two tracks by 180o rather than by event mix-167

ing results in a 6% increase ofRside at low kT and up to168

4% for Rout andRlong. The systematic error connected169

to the Coulomb correction was evaluated by modifying170

the source radius used for the correction by±2 fm. This171

was found to affects mostlyRout which changes by up172

to 4%. The correction for the momentum resolution is173

about 4%; the corresponding uncertainty on final radii,174

tested by modifying the momentum resolution by 20%175

and by using different parametrizations, is negligible.176

Finally, a completely independent analysis, including a177

different pair selection criterion, yields transverse radii178

andRlong that differ by up to 5% and 8%, respectively.179

The total systematic errors were calculated by adding180

up the mentioned contributions in quadrature and reach181

up to 10%.182

5. Transverse momentum dependence of the radii183

The HBT radii extracted from the fit to the two-184

pion correlation functions and corrected for the momen-185

tum resolution as described in the previous section are186

shown as a function ofkT in Table 1 and in Fig. 2. The187

fit parameters for positive and negative pion pairs agree188

within statistical errors and therefore the averages are189

presented here. The HBT radii for the most central 5%190

Pb–Pb collisions at
√

sNN = 2.76 TeV are found to be191

10-35% larger than those measured in central Au–Au192

collisions at
√

sNN = 200 GeV [14]. As also observed193

in heavy-ion collision experiments at lower energies [8],194

the HBT radii show a decreasing trend with increasing195

kT . This is a characteristic feature of expanding parti-196

cle sources since the HBT radii describe the homogene-197

ity length rather than the overall size of the particle-198

emitting system [15, 16]. The homogeneity length is199

defined as the size of the region that contributes to the200
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Table 1: Extracted pion HBT parameters as function ofkT .

〈kT〉 (GeV/c) λ Rout (fm) Rside (fm) Rlong (fm)
0.26 0.49±0.01(stat) 6.92±0.12(stat)±0.61(syst) 6.36±0.12(stat)±0.54(syst) 8.03±0.15(stat)±0.41(syst)
0.35 0.57±0.01(stat) 6.03±0.08(stat)±0.48(syst) 6.13±0.09(stat)±0.26(syst) 7.31±0.10(stat)±0.39(syst)
0.44 0.58±0.01(stat) 5.15±0.07(stat)±0.30(syst) 5.49±0.08(stat)±0.30(syst) 6.23±0.09(stat)±0.41(syst)
0.54 0.65±0.02(stat) 4.79±0.08(stat)±0.34(syst) 5.14±0.09(stat)±0.26(syst) 5.67±0.10(stat)±0.35(syst)
0.64 0.67±0.02(stat) 4.56±0.10(stat)±0.29(syst) 4.73±0.11(stat)±0.25(syst) 5.30±0.12(stat)±0.40(syst)
0.75 0.65±0.03(stat) 4.29±0.12(stat)±0.34(syst) 4.48±0.13(stat)±0.20(syst) 4.90±0.15(stat)±0.50(syst)
0.88 0.59±0.03(stat) 4.02±0.14(stat)±0.26(syst) 4.35±0.14(stat)±0.34(syst) 4.43±0.15(stat)±0.44(syst)
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ALICE Pb-Pb 2.76 TeV

STAR Au-Au 200 GeV

KRAKOW
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AZHYDRO

HRM

Figure 2: Pion HBT parameters for the most central 5% fraction of
Pb–Pb collisions at

√
sNN = 2.76 TeV, as function ofkT (red filled

dots). The shaded bands represent the systematic errors. For compar-
ison, parameters for Au–Au collisions at

√
sNN = 200 GeV [14] are

shown as blue open circles. The lines show model predictions(see
text for discussion).

pion spectrum at a particularp value. TheRout radius203

is comparable withRside and thekT dependence of the204

ratio Rout/Rside is flat within the systematic errors.Rlong205

is seen to be somewhat larger thanRout andRside and to206

decrease slightly faster with increasingkT .207

The extractedλ-parameter is found to range from208

0.49 to 0.67 and increases slightly with increasingkT .209

Somewhat lower values but a similarkT dependence210

was observed in Au–Au collisions at RHIC [14].211

Also shown in Fig. 2 are the predictions of three212

models incorporating hydrodynamic approach, AZHY-213

DRO [17], KRAKOW [18, 19], and HKM [20, 21], and214

of the hadronic-kinematics-based model HRM [22, 23].215

KRAKOW [18] and HRM [23] provide predictions for216

the energy of
√

sNN = 2.76 TeV; their calculations of217

dNch/dη are off by +36% and -24%, respectively. The218

HKM [20] calculation was performed for a charged-219

particle pseudorapidity density of dNch/dη=1500 close220

to the actual〈dNch/dη〉 of the event sample used in the221

present analysis. Out of the five sets of radii provided by222

AZHYDRO [17] the one with an initial entropy density223

of 458 fm−3 gives the closest charged-particle pseudora-224

pidity density (dNch/dη=1450) and thus is used for the225

comparison.226

All four models predict the decreasing trend of the227

radii with increasingkT . AZHYDRO underpredicts228

Rside but comes close to the data forRout and Rlong.229

KRAKOW and HKM predict values close to the exper-230

iment ones for all three radii. In particular, they predict231

Rout to increase less thanRside between RHIC and LHC232

central collisions, resulting in anRout/Rside ratio close to233

unity. In both models this is a consequence of the trans-234

formation from “inside-out” to “outside-in” freeze-out235

(or from negative to positiver − t correlation at freeze-236

out). The hadronic model HRM underpredicts the value237

of Rside and comes closer forRout andRlong.238

The predictions of theλ-parameter by HRM are also239

shown in Fig. 2. As seen, HRM comes close to the240

experimental values. In this model the value ofλ is241

mostly determined by the presence of long-lived reso-242

nances which decay into pions, e.g.η andη′.243

6. Energy dependence244

In the left panel of Fig. 3, we compare the three radii245

at 〈kT〉 = 0.3 GeV/c with experimental results at lower246

energies. The value of the radius at thiskT was obtained247
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Figure 3: Pion HBT radii atkT = 0.3 GeV/c for top central 5% Pb–
Pb at

√
sNN = 2.76 TeV (red filled dot) and the radii obtained for

central gold and lead collisions at lower energies at the AGS[24],
SPS [25, 26, 27], and RHIC [14, 28, 29, 30, 31, 32, 33, 34], plotted
versus the energy (panels a-c) and versus the cube root of charged-
particle pseudorapidity density (panels d-f). Model predictions are
shown as lines. For the ALICE point the error bar is dominatedby the
systematic uncertainties.

by parabolic interpolation of the measured or calculated250

radii. The radii were scaled to the Pb–Pb system (factor251

(2082/AB)1/3), with A and B denoting the mass num-252

bers of the colliding ions, and to the top 5% centrality253

(factor (N5%
part/〈Nmeas

part 〉)1/3). All three radii smoothly in-254

crease with energy, although the transverse radii change255

slower thanRlong. The ALICE measurement signifi-256

cantly broadens the range of the existing world system-257

atics of HBT radii.258

Since for hydrodynamical models the particle mul-259

tiplicity is a better variable than the collision energy, in260

order to compare our results to the models we plot, in261

the right panel of Fig. 3, the radii versus the cube root of262

charged-particle pseudorapidity density. For fixed target263

experiments and for those that quote the multiplicity in264

terms of dNch/dy we apply a conversion factor of 0.88265

so one can compare them to dNch/dη from collider ex-266

periments. The radii are found to increase roughly lin-267

early with 〈dNch/dη〉1/3. The increase is in fair agree-268

ment with the predictions of the four models.269

The collision energy dependence of the product of270

the three radii is shown in the top panel of Fig. 4. The271

product of the radii, which is connected with the volume272

of the homogeneity region, is nearly two times larger at273

the LHC that at RHIC. Because of expansion, the ho-274

mogeneity region represents only a fraction of the total275

particle-emitting system.276

The total longitudinal size of the system at the time277

when the midrapidity hadrons freeze-out can be esti-278

mated as explained in the following. The size of the279

homogeneity region is inversely proportional to the ve-280

locity gradient of the expanding system. The longitudi-281

nal velocity gradient in a high energy nuclear collision282

decreases with time as 1/τ. Therefore, the magnitude of283

Rlong is proportional to the total duration of the longi-284

tudinal expansion, i.e. to the decoupling timeτ f of the285

system [35]. The decoupling timeτ f can be obtained by286

fitting Rlong with287

Rlong
2(kT) =

τ2f T

mT

K2(mT/T)
K1(mT/T)

, mT =

√

m2
π + k2

T , (2)

wheremπ is the pion mass, T the kinetic freeze-out tem-288

perature taken to be 0.12 GeV, andK1 and K2 are the289

integer order modified Bessel functions [35, 36]. The290

lower panel of Fig. 4 shows the extracted expansion291

time τ f together with results of the same fit to the pub-292

lished HBT radii at lower energies. As can be seen,293

τ f follows a linear dependence with log(
√

sNN ) and294

reaches 10–11 fm/c at 2.76 GeV. Finally, since the two295

ends of the expanding system recede with the velocity296

of light, the total length at the time when the midrapidity297

hadrons decouple can be estimated as 2τ f c.
298

While Eq. (2) captures basic features of a longitu-299

dinally expanding particle-emitting system it should be300

noted that in the presence of transverse expansion and a301

finite chemical potential of pions it may underestimate302

the actual decoupling time by about 25% [37]. An-303

other uncertainty is connected to the value of the ki-304

netic freeze-out temperature used in the fit. While the305

value 0.12 GeV used is reasonably consistent with the306

temperature extracted from a simultaneous description307
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Figure 4: Product of the three pion HBT radii atkT = 0.3 GeV/c
(top) and the decoupling time extracted fromRlong(kT ) (bottom). The
ALICE results (red filled dots) are compared to those obtained for
central gold and lead collisions at lower energies at the AGS[24],
SPS [25, 26, 27], and RHIC [14, 28, 29, 30, 31, 32, 33, 34].

of transverse momentum spectra of different particle310

species at RHIC and SPS, analyses including experi-311

mental HBT radii typically lead to temperatures around312

0.1 GeV or below [38, 25, 14]. AssumingT=0.10 GeV313

leads to a 12% higher value forτ f .314

7. Summary315

In summary, we have presented the first analysis of316

the two-pion correlation functions in Pb–Pb collisions at317 √
sNN = 2.76 TeV at the LHC. The pion source radii de-318

duced from this measurement exceed the ones measured319

at RHIC by 10-35%. This behaviour is in fair agreement320

with model predictions. The decoupling time, that can321

be identified with the total duration of the reaction, ex-322

ceeds 10 fm/c which is 30% larger than at RHIC.323
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