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Outline
● Introduction (femtoscopy)

● ALICE Experiment

● Data sample & analysis

● Multiplicity and k
T
 selection

● Energy dependence of the correlation function

● Multiplicity dependence of the correlation function

● k
T
 dependence of the correlation function

● Investigation of non-femtoscopic background
(MC models, ΔηΔφ angular correlations)

● Gaussian and non-Gaussian fits to the experimental correlation 
functions

● k
T
 and multiplicity dependence of femtoscopic radii
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Bose-Einstein correlations

● In a collision a source from which particles are produced is formed.

● Femtoscopy is an analysis technique developed to study space-time 
characteristics of the source.

● Identical bosons (i.e. pions)  which are produced in a collision must obey the 
Bose-Einstein statistics – they are produced close together (have small 
momentum difference); fermions obey the Fermi-Dirac statistics.

● Hanburry-Brown, Twiss (HBT) interferometry is a technique developed to 
determine sizes of the source from such correlations (was firstly introduced in 
astronomy to study sizes of the stars (Nature, vol 178 (1956) 1046)).
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Pion femtoscopy (1) - theory

● Most of the particles produced in a collision are pions.

● Assume that we can combine all identical pions in pairs.

● Two identical particles with moment p
1
 and p

2
 are emitted from the 

source:

● As they travel to the detector they become correlated by the effects of 
quantum statistics (B-E or F-D) and FSI (Final State Interactions).

● The observed two-particle correlation function is given by the formula:

C ( p⃗1 , p⃗2)=
〈n( p⃗1 , p⃗2)〉

〈n ( p⃗1)〉 〈n( p⃗2)〉
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Pion femtoscopy (2) - theory

● The measurements are usually performed in 3 dimensional space.

● In most cases the LCMS (Longitudinal Co-Moving System) coordinate system 
is used:

● z axis is always in a beam direction,

● x and y axes are defined separately for each pair,

● x (out) axis is parallel to the average 
transverse momentum vector k

T
, 

● y (side) axis is perpendicular
to x and z.

 

kT=
∣ pT ,1 pT ,2∣

2
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● The correlation function is obtained from 
the source function and pair interaction. 
Inverting the relation one can learn about 
the source characteristics (e.g. HBT 
radii).

Pion femtoscopy (2) - theory

The Koonin-Pratt formula 
(S.E. Koonin, PLB70 (1977) 43; S.Pratt et al., PRC42 (1990) 
2646)
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Pion femtoscopy (3) – measurements

● The measured correlation function is a ratio between signal S to the 
background B.

● Signal is calculated by taking into account pairs from the same event.

● Background should contain pairs which are uncorrelated so it can be i.e. 
calculated by doing the so-called event mixing.

● We combine pairs of pions taken from different events.

●  Therefore, the measured correlation function is given by the equation:

 

 

C (q)=
〈n( p⃗1 , p⃗2)〉

〈n( p⃗1)〉 〈n( p⃗2)〉
=

S (single event)
B(mixed events)
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Pion femtoscopy (4) – 3D vs 1D

● In traditional way one needs to integrate over a range in 1 or 2 directions to get a 
dependence of the correlation function on the third direction (projection).

● Part of the information is lost because of such way of presenting the correlation function.

● The way how to deal with this is by introducing the Spherical Harmonics decomposition.

 (A.Kisiel. D.Brown Phys.Rev.C80:064911, 2009)

● The 3-dimensional space is converted into infinite set of 
1-dimensional functions (Y

l

m spherical harmonics functions).

● Pair symmetries make most of them vanish, only three important remains: 
C

0

0 (the average correlation function), C
2

0 (difference between transverse and long), 

C
2

2 (difference between out and side).
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Motivation

● The LHC allows to study pp and heavy-ion collisions in 
comparable multiplicity for the first time.

● Provide, with unprecedented detail, the analysis of the 
source size and shape in pp collisions, in 3D, vs. 
collision multiplicity and pair momentum.

● The pair momentum dependence in heavy-ions is 
understood as manifestation of flow. Check if 
similarities between pp and AA are observed at LHC: 
one of the important constraints for the hypothesis of 
collectivity in pp.

● Compare multiplicity scaling of the femtoscopic radii in 
pp and AA.
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The ALICE Experiment

● Main tracking 
and PID:
Time Projection 
Chamber

● Vertexing and 
tracking:
Inner Tracking 
System

● Trigger:
VZERO
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Data sample & analysis

● The proton-proton collisions recorded by ALICE in 2010 
and in the beginning of 2011 were used for the analysis:

● ~4M minimum bias events @ 900 GeV,
● ~20M minimum bias events @ 2.76 TeV,
● ~200M minimum bias events @ 7 TeV.

● Analysis was performed on primary particles within |η|<1.2  
and 0.13<p

T
<2 GeV/c, reconstructed by the combination of 

ALICE Time Projection Chamber (TPC) and Inner Tracking 
System (ITS).

● The analysis was performed using both 3D cartesian 
representation (not shown here) and Spherical Harmonics 
decomposition of the correlation function.
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Multiplicity and k
T
 selection 

● 8 multiplicity ranges 
(#events / #pairs for 7 TeV data): 

➢ Nch: 2-11 (31.4M / 48.7M)

➢ Nch: 12-16 (9.2M / 65M)

➢ Nch: 17-22 (7.4M / 105.7M)

➢ Nch: 23-28 (4.8M / 120.5M)

➢ Nch: 29-34 (3.0M / 116.3M)

➢ Nch: 35-41 (2.0M / 115.6M)

➢ Nch: 42-51 (1.3M / 114.5M)

➢ Nch: 52-151 (0.72M / 108.8M)

● 6 pair transverse momentum 
ranges: 

➢ kT: 0.12-0.2 GeV/c

➢ kT: 0.2-0.3 GeV/c

➢ kT: 0.3-0.4  GeV/c

➢ kT: 0.4-0.5 GeV/c

➢ kT: 0.5-0.6 GeV/c

➢ kT: 0.6-0.7 GeV/c

k T=
∣ ⃗pT , 1+ p⃗T ,2∣

2



28/09/2011, 11. Zimányi Łukasz Graczykowski – Warsaw University of Technology 13/26

● The correlation functions for 
900 GeV, 2.76 TeV and 7 TeV 
data for the same multiplicity 
and pair transverse 
momentum ranges.

● Correlation functions for all the 
energies are similar.

● The similarity is observed for 
all multiplicity and k

T
 ranges.

Energy dependence
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● The correlation functions for 7 TeV 
collisions for three multiplicity 
ranges and the same pair 
transverse momentum range.

● The dependence of the correlation 
function on the multiplicity is  
visible (decreasing width with 
increasing multiplicity).

● Changing the collision energy by 
an order of magnitude has less 
impact on correlation functions 
than changing the multiplicity by 
50%.

● The observation holds the same 
for every k

T
 range.

arXiv:1101.3665

Multiplicity dependence
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Pair transverse momentum (k
T
) dependence

● The correlation functions for 7 
TeV collisions for three k

T
 ranges 

and the same multiplicity range.

● There is strong dependence of 
the correlation function on the 
pair transverse momentum k

T 

(increase of the correlation width 
with increasing k

T
, development 

of long range structures at high 
k

T
).

● The observation holds the same 
for every multiplicity range.

arXiv:1101.3665



28/09/2011, 11. Zimányi Łukasz Graczykowski – Warsaw University of Technology 16/26

Baseline of the CF

● Non-flat baseline is clearly seen in the 
experimental data.

● The baseline is described well by the MC models 
(in this case Pythia Perugia-0) – the correlation 
grows with increasing k

T
. Parameterization taken 

from the MC (data-driven functional form):

● Two competitive explanations (minijets, hydro):
Akkelin, Sinyukov arXiv:1106.5120.

● The full fitting functional form:

arXiv:1101.3665

B (q⃗)=Ahexp(− ⃗∣q∣2 Aw
2 )+Bhexp(−(∣⃗q∣−Bm)

2

2Bw
2 )(3cos2(θ)−1)

C (q⃗)=(1−λ)+λ K (1+exp(−Ro
2 qo

2
−Rs

2qs
2
−Rl

2ql
2
))B(q⃗)



28/09/2011, 11. Zimányi Łukasz Graczykowski – Warsaw University of Technology 17/26

arXiv:1101.3665

Baseline of the CF

arXiv:1101.3665

k
T

N
ch

k
T

● Non-flat baseline is clearly seen in the 
experimental data.

● The baseline is described well by the MC models 
(in this case Pythia Perugia-0) – the correlation 
grows with increasing k

T
. Parameterization taken 

from the MC (data-driven functional form):

● Two competitive explanations (minijets, hydro):
Akkelin, Sinyukov arXiv:1106.5123.

B ( q⃗)=Ahexp(−q2 Aw
2 )+Bh exp(−(q−Bw)

2

2Bw
2 )(cos2(θ)−1)

arXiv:1101.3665
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● Minijets are usually studied using triggered or 
un-triggered pair correlations in ΔηΔφ 
coordinates.

● To test the “minijet” origin hypothesis of the 
non-femtoscopic background we employed the 
ΔηΔφ un-triggered angular correlations

● There is a direct connection between Δη, Δφ 
and the q

inv
 momentum components:

● The femtoscopic effect is located in the so-
called near-side peak of the correlation 
function.

● It is expected to be seen only for like-sign 
charge pairs, but not for unlike-sign pairs, 
where only minijets and resonances contribute.

ΔηΔφ angular correlations

For more details see M. Janik's talk 

qout ~ pT , 1− pT , 2

qside ~( pT ,1+pT , 2)Δϕ

q long ~ ( pT ,1+ pT , 2)Δ η



19

ΔηΔφ angular correlations

like-sign pairs (++)

unlike-sign pairs (+ -)

smallerBose-Einsein 
correlations decrease 

with increasing p
T

Correlations coming from 
“minijets” increase with 

increasing p
T

Correlations coming from 
“minijets” increase with 

increasing p
T
 also for like-

sign pairs

No Bose-Einstein correlations 
for unlike-sign pairs

0< pTsum<0.75GeV /c 0.75<pTsum<1.5GeV /c 1.5< pTsum<2.55GeV /c

ALICE pp @ 7 TeV
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Gaussian and non-Gaussian fits (1)

arXiv:1101.3665
● The Gaussian fit does not reproduce the data 

very well – the correlation function has clearly 
non-Gaussian shape.

● One can assume factorization of the source 
function:

● Which leads to the factorization of the 
correlation 
function:

● The components can be either Gaussian (G), 
exponential (E) or lorentzian (L) (27 
combinations).

● We fitted all the 27 combinations and chose 
exponential-Gaussian-exponential form.

● The non-Gaussian (in this case EGE) fit 
describes data much better.

S(rou t,rside ,rlo ng)=So(rout )Ss(rside )Sl(rlong )

S (rout , rside , r long)=So(r out)Ss (rside)Sl(rlong)

C (qout , qside , qlong)=1+λCo (qout)C s(qside)C l(qlong)
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Gaussian and non-Gaussian fits (2)

arXiv:1101.3665The Gaussian fit does not reproduce the data 
very well – the correlation function has clearly 
non-Gaussian shape.

● One can assume factorization of the source 
function:

● Which leads to the factorization of the 
correlation 
function:

● The components can be either Gaussian (G), 
exponential (E) or lorentzian (L) (27 
combinations).

● We fitted all the 27 combinations and chose 
exponential-Gaussian-exponential form.

● The non-Gaussian (in this case EGE) fit 
describes data much better.

S(rou t,rside ,rlo ng)=So(rout )Ss(rside )Sl(rlong )

S (rout , rside , r long)=So(r out)Ss (rside)Sl(rlong)

C (qout , qside , qlong)=1+λCo (qout)C s(qside)C l(qlong)
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k
T
 dependence of Gaussian radii

● Falling of radii with k
T
 is 

a signature of collective behavior in 
heavy ions.

● R
long

 falls with k
T
 for all multiplicity 

ranges.

● R
side

 is flat for the lowest multiplicity 

range and the dependence 
increases with increasing multiplicity.

● R
out
 dependence changes with 

increasing multiplicity (decreasing 
for the highest multiplicity range).

● Non-Gaussian fits show similar 
behavior.

Gaussian fits

arXiv:1101.3665
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k
T
 dependence of non-Gaussian radii

● Falling of radii with k
T
 is 

a signature of collective behavior in 
heavy ions.

● R
long

 falls with k
T
 for all multiplicity 

ranges.

● R
side

 is flat for the lowest multiplicity 

range and the dependence 
increases with increasing multiplicity.

● R
out
 dependence changes with 

increasing multiplicity (decreasing 
for the highest multiplicity range).

● Non-Gaussian fits show similar 
behavior.

Non-Gaussian fits 
(EGE example) 

arXiv:1101.3665
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● Linear scaling of all the femtoscopic 
radii with multiplicity is visible.

● Observed for every k
T
 range.

● The scaling trend for the radii from 
all the collision energies is the same.

● R
side

 and R
long

 radii grow with 

multiplicity.

● R
out
 radius grows for low k

T
 and falls 

for high k
T
 range.

Multiplicity dependence of Gaussian radii
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Comparing pp to AA
● Direct pp to AA comparison 

with no extrapolation 
possible for the first time.

● Linear scaling for pp and 
AA, but scaling parameters 
of pp and AA differ.

● The radii at the same 
multiplicity not the same in 
pp and AA: initial state 
matters for the final radii.

● “Trivial” scaling between pp 
and AA, as reported e.g. by 
the STAR experiment:
Phys.Rev. C83 (2011) 
064905
is not observed by ALICE.
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● Presented pion femtoscopic correlation functions for pp collisions 
at 900 GeV, 2.76 TeV and 7 TeV.

● Correlation functions independent on collision energy, depend on 
multiplicity and (more strongly) on pair transverse momentum.

● Significant non-femtoscopic correlations seen, growing with 
increasing pair transverse momentum, well reproduced by the 
Monte Carlo models: included in the fitting formula.

● The ΔηΔφ angular correlations consistent with the hypothesis of 
the “minijet” origin of the non-femtoscopic correlations.

● The experimental correlation functions not Gaussians, better 
forms proposed. The trends of the radii stay the same for all 
forms.

● First direct comparison of pp and AA vs. multiplicity performed. 
Scaling linear in pp and AA but with significantly different 
parameters. No trivial pp/AA scaling seen.

Summary
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Thank you!Thank you!
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BackupBackup
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k
T
 binning problem (1)

Applying k
T
 cut changes Δφ (the 

observable we are studying) in 
non-trivial manner.

background

background

proper

after the cut

k
T
 binning is unnatural for ΔφΔη correlation 

structure, but we are interested in comparison with 
HBT.
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k
T
 binning problem (2)

background

background

before the cut

after the cut

Applying p
T
-sum cut does not 

change the shape of the 
background
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● Best fit (lowest χ2/ndf)

● Second best fit

● We performed detailed 
study and fitted all 27 
combinations in every 
multiplicity and k

T
 range.

● In out direction almost 
always exponential 
form fits best.

● In side direction mostly 
lorentzian form fits best.

● In long direction moslty 
exponential or 
lorentzian forms fit best.

Functional forms: G – Gaussian, E – exponential, L – lorentzian
Order convention: Out-Side-Long 

Non-Gaussian fitting forms comparison
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● The correlation 
functions for 7 TeV 
collisions for three 
multiplicity ranges 
and the same pair 
transverse 
momentum range.

● Holes visible in 
cartesian due to the 
cut on pair 
transverse 
momentum.

● Cartesian and SH 
representations are 
consistent.

Comparison between cartesian and SH

arXiv:1101.3665 arXiv:1101.3665

Cartesian
Spherical 

Harmonics
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arXiv:1101.3665 [hep-ex]

N
ch

k
T

Pythia &
ALICE data
pp @ 7 TeV

   π+π-

(unlike-sign pairs)

28/11/2011, Zimányi '11

femtoscopic 
functions

Małgorzata Janik – Warsaw University of Technology
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