
Studies of final state interactions via 
femtoscopy in ALICE

Łukasz Graczykowski
for the ALICE Collaboration

 XII Polish Workshop on Relativistic Heavy-Ion Collisions
Kielce, Poland

4.11.2016



2/154/11/2016, Kielce 2016 Łukasz Graczykowski – Warsaw University of Technology

Femtoscopy – beyond the system size

Correlations of baryons

K0
sK± correlations
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Femtoscopy technique

from J. Pluta

from A. Kisiel

● The size (or sizes in 3D) R is referred to as the “HBT 
radius”

● In the experiment: 

TRADITIONAL FORMALISM
Identical pions

C=1+λ exp(−Ro
2 qo

2−Rs
2qs

2−R l
2 ql

2)
S( r⃗ )∼exp(− rout

2

4 Ro
2
−

r side
2

4 Rs
2
−

r long
2

4 Rl
2 )

|Ψ(q⃗ , r⃗ )|
2
=1+cos(q⃗ r⃗ )

measured correlation
emission function

(source size/shape)

cross-section

C (q⃗)=∫ S( r⃗ )|Ψ(q⃗ , r⃗ )|2 d4 r

q=2⋅k*

q=p1−p2

C (q⃗)=A(q⃗)/B(q⃗)
A(q⃗)  − same events
B(q⃗)  − mixed events



Quark Matter 14.08.2012

4/154/11/2016, Kielce 2016 Łukasz Graczykowski – Warsaw University of Technology

increase of (anti)correlationincrease of (anti)correlation
==

decrease of the radiusdecrease of the radius
OROR

increase of the interaction increase of the interaction 
cross-sectioncross-section

MC simulation
THERMINATOR

Going beyond the system size
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Correlation from Strong Interaction

● If only Strong Final State Interaction (FSI) the result of integration:

where ρS are the spin fractions

● The correlation function is finally characterized by three parameters: 

● radius R, scattering length f0, and effective radius d0

● Cross-section σ (at low k*) is simply: 

s-wave scattering 
approximation

effective range 
approximation
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Correlation from Strong Interaction – pΛ example

Example theoretical 
correlation function

Example theoretical 
correlation function

● Real and imaginary part of scattering length have distinctively 
different contributions  

● Contribution from Re(f0) is either positive or negative but very 
narrow (up to 100 MeV/c) in k*

● The Im(f0) accounts for baryon-antibaryon annihilation and produces 
a wide (hundreds of MeV) negative correlation  
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What are the potential applications?

A. Andronic, SQM 2016
Wed, Plenary 11:00

● Input to models with rescattering phase: 
UrQMD (PRC 89, 054916 (2014)) 

● annihilation cross-sections only 
measured for pp, pn, and pd pairs – 
UrQMD currently guesses it for other 
systems from pp pairs

● should help us to answer the question 
on deviations of baryon yields from 
thermal model expectations

● Structure of baryons/search for CPT 
violation (STAR, Nature 527, 345-348 
(2015))

● Search for H-dibaryon (SQM 2016,  
Benjamin Dönigus)

● Hypernuclear structure theory (Nucl.Phys. 
A914 (2013) 377-386)

● Neutron star equation of state (Nucl.Phys. 
A804 (2008) 309-321)
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Baryon-baryon correlations

● Analysis of experimental data is complicated by 
the presence of residual correlations 

● Weak decay baryons have momentum in similar 
direction as parent – decay momentum is small 
with respect to the baryon mass (e.g. Λ → p: 101 
MeV/c)

● The femtoscopic correlation of the parent pair is 
smeared by the decay, but can still be significant

● Two approaches accounting
for them:

● “Transformed residuals”
PRC 89, 054916 (2014)

● “Gaussian residuals”
PRC 92, 034910 (2015)
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Phys. Rev. C 92, 054908 (2015)



 

9/154/11/2016, Kielce 2016 Łukasz Graczykowski – Warsaw University of Technology

Baryon-antibaryon correlations

pp

pΛ and pΛ

ΛΛ

● All measured baryon-antibaryon pairs exhibit 
significant wide anticorrelation → as in the 
“Lednicky” formula

● Conclusion: cross-sections, including 
annihilation, should be measurable

● Next steps: fit all correlation functions (taking into 
account residual correlations) and extract f0 and d0 
parameters
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Femtoscopy – beyond the system size

Correlations of baryons

K0
sK± correlations
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Motivation for K0
sK± analysis

● Identical kaon femtoscopy, similarly to pions, has been used to study space-time 
characteristics of the source

● ALICE has measured identical kaon systems in both pp and Pb-Pb (PLB 717 
(2012) 151-161; PRD 87, 052016 (2013); PRC 92, 054908 (2015))

● Which sources of correlations are present in these systems?

● Quantum Statistics (QS) – both K0sK0s and K±K±

● Coulomb FSI – K±K±

● Strong FSI – K0
sK0

s (via f0(980)/a0(980) resonances)

● Why are K0sK± pairs interesting?

● only Strong FSI:

– f0(980) resonance is isospin = 0 → no f0(980) strong interaction

– a0(980) resonance is isospin = 1 as is the kaon pair → only a0(980) 
strong interaction present
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Motivation for K0
sK± analysis

● Study the properties of the a0(980) resonance:

● extract R using only the a0(980) decay strong interaction:

● check published a0(980) decay coupling parameters and mass

● the a0(980) is considered a candidate for a tetraquark state
e.g. E. Santopinto and G. Galata, PRC 75, 045206 (2007)

● Correlation of mesons is described by a version of Lednicky analytic formula, 
where:

● a0(980) mass and coupling parameters (in GeV) extracted from model fits to Φ 
decay experiments:

f (k*)=
γa0→K K̄

ma0

2 −s−iγa0→K K̄ k*−i γa0−πηkπ η

m
a0

γ
a0→KK 

γ
a0→πη 

Reference

“Martin” 0.974 0.3330 0.2220  Nucl. Phys. B 121, 514 (1977)

“Antonelli” 0.985 0.4038 0.3711  arXiv: hep/ex-0209069 (2002) 

“Achasov1” 0.992 0.5555 0.4401  Phys. Rev. D 68, 014006 (2003)

“Achasov2” 1.003 0.8365 0.4580  Phys. Rev. D 68, 014006 (2003)
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Measured correlation functions C
raw

(k*)/(linear fit)

● The a0(980) final state interaction gives excellent fits to data!
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Results of the fits

● “Achasov” parameter fits give best agreements with K0
sK0

s and K±K± results

● “Antonelli” parameter fits are somewhat lower

● “Martin” parameter fits much lower

● Present results favor higher a0(980) parameters
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Summary

● Correlations of baryons reveal interesting features and 
baryons in general seem to be of great importance (recent 
Nature publications):

● Unique experimental environment at RHIC and LHC → 
“baryon-antibaryon pair factories”

● Correlation functions sensitive to strong interaction 
potential, including annihilation

● Residual correlations complicate the analysis (but they 
contain interesting physics as well!)

● K0
sK

± femtoscopic correlations measured for the first time:

● a0(980) FSI gives excellent description of the signal

● No difference wrt identical kaons if larger mass and coupling 
a0(980) parameters used (“Achasov1” and “Achasov2”) - 
e.g. “a0(1000)” favored over “a0(980)”
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THANK YOU!THANK YOU!
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17

ALICE experiment

Central Barrel
2  tracking & PID

 < 1
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Status of baryon femtoscopy in ALICE

● ALICE PID capabilities allow us to measure a number of baryon pairs:

● Baryon-baryon femtoscopy:

– identical proton femtoscopy (pp and pp) – already published 
Phys. Rev. C 92, 054908 (2015)

– pL, pL, LL, and  LL femtoscopy – preliminary results available

● Baryon-antibaryon femtoscopy (pp, and  pL, pL, and LL) – preliminary results 
available

● Analysis of heavier baryons (eg. pΞ) – in progress

● Which sources of correlations are present? 

● Quantum Statistics (QS) – pp, pp

● Coulomb Final State Interactions (FSI) 
– pp, pp and pp

● Strong FSI – all systems

H. Zbroszczyk, Ph.D. thesis



 

19/154/11/2016, Kielce 2016 Łukasz Graczykowski – Warsaw University of Technology

Annihilation vs. yields and femtoscopy

Strong interaction parametrized 
by scattering length f

0

and effective range d
0

Point-like, large momentum transfer
interaction (rescattering)

Fold in with density and
dynamics, e.g. via UrQMD

Decrease of single particle yield
(important for thermal model)

Infinite time interaction at low 
relative momentum 
(Final State Interaction)

Fold in with source function

Specific shape of the femtoscopic
two-particle correlation function
with wide annihilation effect

● Measured cross-sections (f0 and d0 parameters) can be supplied to 
UrQMD for a realistic calculation of the decrease of baryon yield

● Currently UrQMD uses theory guesses for most baryon-
antibaryon potentials!
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Are (anti)baryons important? YES

BASE experiment

STAR

ALICE 

Search for potential CPT 
symmetry breaking
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STAR Collaboration
Nature 527,345-348 (2015) 

Au-Au: pp and pp correlations @ STAR

● Exactly the same 
methodology was used by 
STAR to measure pp 
interaction (Nature paper)

● Conclusions:

● LHC and RHIC are 
“baryon-antibaryon pair 
factories” - unique 
opportunities

● Both ALICE and STAR, 
with their perfect PID, 
are the only experiments 
where such 
measurements are 
possible   
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Residual correlations in pp

● The excess about 50 MeV/c in k* is 
explained by residual correlations, from 
main decay channel leading to protons:      
  

● Fitting function is a combination of 
theoretical pp and pΛ functions:

                      
                                               

● Assume Gaussian source, Rpp/RpΛ ratio, 
decay kinematics taken into account. 

● Results with RC effect taken into account 
published in:

Cmeas(k
∗
)=1+λ pp(C pp(k p p ; R)−1)+

λ pL(∫C p L(k p λ ; R)T (k p λ , k p p)−1)

L→ p+π−

Phys. Rev. C 92, 054908 (2015)

Calculation from 
THERMINATOR
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Residual correlations in pp – transformation matrix

● The transformation matrix T from parent pair k* 
to the daughter pair k* determined by random 
decay, bound by decay momenta

● When only one particle decays, it has a 
rectangular shape, for pairs when both particles 
decay it is smeared more

                           F. Wang, S. Pratt; Phys. Rev. Lett. 83, 3138 (1999)
Adam Kisiel, M. Szymański, H. Zbroszczyk, Phys.Rev. C89 (2014) 054916


