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Heavy-Ion Collisions
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Opportunity to explore QCD phase diagram. 
One of the main goals  of the CBM 
collaboration is to study Equation-of-State 
(EoS) and look for phase transitions

Opportunity to explore the conditions that exist 
in the cores of neutron stars which include 
study of EoS at neutron star core densities and 
attempts to understand the core of these stars
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Koonin-Pratt equation
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C(k*) = ∫ S(r*) |ψ(k*, r*) |2 d3r* =
Sgnl(k*)
Bckg(k*)

•  - source function, the information of our interest


•  - two particle wave function, assumed from quantum mechanics 


•  - signal function, histogram of  values of pairs in the same events


•  - background function, histogram of  values of pairs in the same events

S(r*)

ψ(k*, r*)

Sgnl(k*) k*

Bckg(k*) k*



Necessary variable definitions
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 -> 
difference between         
particle momenta in Pairs 
Rest Frame (PRF) !Total 
momentum of the pair 
equals zero!

k* = |p1 | = |p2 |

- pair transverse momentum

 -> difference between  
particles momenta in Longitudinally  
Co-Moving System (LCMS) !Total 
momentum of the pair along the beam 
axis equals zero - this relation is true 
for identical particles only!

qinv = 2k*

Centrality - parameter defining how centrally two ion’s collided.

Event A: 
Centrality class 0-10% 
High centrality

Event B: 
Centrality class 90-100% 
Low centrality

kT =
(px1 + px2)2 + (py1 + py2)2

2

p1

p2

qinv

p2

p1



Motivation for pion femtoscopy
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High Abundance Good theoretical description Kinetic probe

P i o n s a re t h e m o s t 
common ly p roduced 
particles in heavy ion 
collisions, as a result they 
p r o v i d e u n m a t c h e d 
s t a t i s t i c s , e n a b l i n g 
p r e c i s e 3 D 
measurements.

Pions are subject to Quantum 
Statistics (Bose-Einstein) and 
Coulomb interactions, both 
among themselves and with 
the emitting source. These 
effects have good theoretical 
d e s c r i p t i o n s a n d w e l l -
established parametrizations.

P ions unde rgo k inet ic 
freeze-out later and at lower 
temperatures than other 
h a d r o n s p e c i e s . 
Consequently, they serve as 
a di rect probe o f the 
s y s t e m ' s fi n a l - s t a t e 
expansion and the late-stage 
dynamics of the fireball.



Simulating two-particle interactions
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Lednický-Lyuboshitz Formalism Theoretical model

Numerical weights are calculated for 
each particle pair using specialised 
FORTRAN subroutines developed by 
Richard Lednický.


These subroutines account for:

• Quantum Statistics(QS)

• F ina l -S ta te I n t e rac t i ons (FS I ) 

-negligible for pions

• C o u l o m b i n t e r a c t i o n ( C O U L ) 

-neglected during this analysis as it 
would only result in complications

 model does not account for 
two particle interactions as well as 
coulomb interaction with the source. 
H e n c e , R a d i i o b t a i n e d f o r 

 in specific  
bins should be equal.

PHQMD1

π+ − π+ and π− − π− kT

[1] J. Aichelin et al., Phys. Rev. C 101, 044905 (2020).



HAL framework

HAL stands for "Heavy Ion Analysis Libraries" and is a specialized module integrated 
within the CBMROOT software framework, developed by Dr. Daniel Wielanek. It is 
designed to facilitate efficient and reliable data analysis for the CBM experiment.


Why do I use it? 
• HAL has an interface for reading the data format used in CBM.

• It provides multiple diagnostic tools, which make it easier to „hunt” the errors.

• It implements R.Lednicky’s weight calculation code essential to try predict the 

femtoscopy effects using Monte Carlo data.

• It provides well tested methods for conducting analyses, which makes them more 

error proof.
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Data Selection
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• Event selection: 
Cent: 0-10%,  (fm) 
Cent: 10-20%,  (fm) 
Cent: 20-30%,  (fm) 
Cent: 30-40%,  (fm)


•  ranges: 0.15-0.25, 0.25-0.35, 0.35-0.45, 0.45-0.6 (GeV/c) 

b < 4.7
4.7 < b < 6.6
6.6 < b < 8.1
8.1 < b < 9.3

kT

Centrality estimation was conducted using „Nuclear Overlap 
Calculation Code”



Applied Selection Criteria
 &  


Track Cuts: 

• Charge =  

• NSTS hits  6 

•   

•  

• |Pion sigma| < 1 

•  

Pair cuts: 

• MC cut on splitting

π+ π−

±1

≥

0.0 ≤ p ≤ 2.0(GeV/c)

DCAXY < 1(cm)

0.005 ≤ m2 ≤ 0.07(GeV2/c4)
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Applied Selection Criteria
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• Initial ToF data distribution prior to geometric cut application.


• Second-order polynomial fit (red lines) defining the selection criteria.



Applied Selection Criteria
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• ToF data distribution following the application of the geometric cut.


• Resulting data selection within the second-order polynomial boundaries (red lines).



Addressing non-femtoscopic effects
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When constructing the correlation function, we must account for other non-
femtoscopic effects that can emerge and distort our results.



Detector effects - Track splitting
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Splitting is a detector effect which consists in  
one particle reconstructed as two particles  
which move close to each other. 
 
Example: 
One pion is being reconstructed as two separate  
pions which leads to correlating the particle  
with itself, because these two particles appear to  
move close to each other their  is very little  
which leads to the effect manifesting itself in  
artificially increased statistic in the first few bins  
of the histogram

qinv

Detector hit
Real track
Split tracks



Detector effects - Track splitting
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• Artificial track cut implementation: Utilized Monte Carlo (MC) 
truth information to identify splitting.


• Split track identification: Verification of whether both particles in 
a pair originate from the same MC-generated particle.


• Elimination criteria: Pairs reconstructed from a single MC particle 
were removed.




Detector effects - Track merging
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Merging is a detector effect which consists in two 
particles reconstructed as one particle. 
 
Example: 
Two pions are being reconstructed as one pion 
because they were moving close enough for the 
reconstruction algorithm to mistake it as the  
same track, because significant amount of tracks 
close to each other are merged as one, we 
observe an artificial decrease of statistic in the 
first few bins of the  histogram . 
 
I didn’t observe significant merging effect within 
this analysis

qinv

Detector hit
Real tracks
Merged track



Addressing non-femtoscopic effects
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The „ratio” method

WORK IN PROGRESS

WORK IN PROGRESS

WORK IN PROGRESS



Fitting procedure

• The 3D correlation functions were fitted using a three-dimensional 
Gaussian parametrization to account for Quantum Statistics (QS) 
effects. 




• We extract the fit parameters, which are the radii and coherence 
parameter.

C(qout, qside, qlong) = 1 + λexp(−q2
outR2

out − q2
sideR

2
side − q2

longR2
long)
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Three-dimensional analysis of true Monte Carlo 
 pairsπ+ − π+
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• Correlation functions   
exhibit a shape 
consistent    with a nearly 
Gaussian emission 
source.
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Three-dimensional analysis of  pairsπ+ − π+
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• Extracted correlation 
functions show overall 
consistency with the 
MC truth; however,  
a noticeable 
enhancement is 
observed in the 
reconstructed data
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Three-dimensional analysis of  pairs 
- results

π+ − π+

20

• The extracted radii 
are consistent with 
the Monte Carlo 
truth.
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Three-dimensional analysis of true Monte Carlo 
 pairsπ− − π−

21

• Correlation functions   
exhibit a shape 
consistent    with a 
nearly Gaussian 
emission source.
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Three-dimensional analysis of  pairsπ− − π−

22

• Extracted correlation 
functions show overall 
consistency with the 
MC truth; however,  
a noticeable 
enhancement is 
observed in the 
reconstructed data

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
 (GeV/c)

long
q

0.9

1

1.1

1.2

1.3

1.4

1.5)
lo

ng
C

(q

: 0.15-0.25
T

Centrality: 0-10%, k : 0.15-0.25
T

Centrality: 0-10%, k

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
 (GeV/c)

out
q

0.9

1

1.1

1.2

1.3

1.4

1.5)
ou

t
C

(q

: 0.15-0.25
T

Centrality: 0-10%, k : 0.15-0.25
T

Centrality: 0-10%, k

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
 (GeV/c)

side
q

0.9

1

1.1

1.2

1.3

1.4

1.5)
si

de
C

(q

: 0.15-0.25
T

Centrality: 0-10%, k : 0.15-0.25
T

Centrality: 0-10%, k

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
 (GeV/c)

long
q

0.9

1

1.1

1.2

1.3

1.4

1.5)
lo

ng
C

(q

: 0.15-0.25
T

Centrality: 0-10%, k : 0.15-0.25
T

Centrality: 0-10%, k

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
 (GeV/c)

out
q

0.9

1

1.1

1.2

1.3

1.4

1.5)
ou

t
C

(q

: 0.15-0.25
T

Centrality: 0-10%, k : 0.15-0.25
T

Centrality: 0-10%, k

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
 (GeV/c)

side
q

0.9

1

1.1

1.2

1.3

1.4

1.5)
si

de
C

(q

: 0.15-0.25
T

Centrality: 0-10%, k : 0.15-0.25
T

Centrality: 0-10%, k

0 0.05 0.1 0.15 0.2 0.25
 (GeV/c)

long
q

1

1.2

1.4

1.6

1.8

2)
lo

ng
C

(q

: 0.15-0.25
T

Centrality: 0-10%, k : 0.15-0.25
T

Centrality: 0-10%, k

0 0.05 0.1 0.15 0.2 0.25
 (GeV/c)

out
q

1

1.2

1.4

1.6

1.8

2)
ou

t
C

(q

: 0.15-0.25
T

Centrality: 0-10%, k : 0.15-0.25
T

Centrality: 0-10%, k

0 0.05 0.1 0.15 0.2 0.25
 (GeV/c)

side
q

1

1.2

1.4

1.6

1.8

2)
si

de
C

(q

: 0.15-0.25
T

Centrality: 0-10%, k : 0.15-0.25
T

Centrality: 0-10%, k

0 0.05 0.1 0.15 0.2 0.25
 (GeV/c)

out
q

1

1.2

1.4

1.6

1.8

2)
ou

t
C

(q

: 0.15-0.25
T

Centrality: 0-10%, k : 0.15-0.25
T

Centrality: 0-10%, k (GeV/c)

0 0.05 0.1 0.15 0.2 0.25
 (GeV/c)

side
q

1

1.2

1.4

1.6

1.8

2)
si

de
C

(q

: 0.15-0.25
T

Centrality: 0-10%, k : 0.15-0.25
T

Centrality: 0-10%, k (GeV/c)

0 0.05 0.1 0.15 0.2 0.25
 (GeV/c)

long
q

1

1.2

1.4

1.6

1.8

2)
lo

ng
C

(q

: 0.15-0.25
T

Centrality: 0-10%, k : 0.15-0.25
T

Centrality: 0-10%, k (GeV/c)

WORK IN PROGRESS WORK IN PROGRESS

WORK IN PROGRESS



Three-dimensional analysis of  pairs 
- results

π− − π−
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• The extracted radii 
are consistent with 
the Monte Carlo 
truth.
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Further steps

• Ensure the selection criteria are as good as they can be


• Develop non-artificial pair cuts, utilising available non Monte Carlo data


• Deepen the understanding of the detector effects that we are facing which 
should ultimately lead to disposal of „Ratio” method
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Köszönöm a figyelmet!
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