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FIG. 2: Source parameters as function of pair transverse momen-
tum, kt, for central (0 � 10%) Au + Au collisions at 1.23A GeV.
The upper left, upper right, center left, and center right panels dis-
play the invariant, out, side, and long radii, respectively. The lower
left and lower right panels show the corresponding � parameters re-
sulting from the fits to the one- and three-dimensional correlation
functions, respectively. Black squares (red circles) are for pairs of
negative (positive) pions. Blue dashed lines represent constructed
radii of neutral pion pairs (see text). Error bars and hatched bands
represent the statistical and systematic errors, respectively.

paper by applying the method of source imaging [33, 34], or
by using Lévy source parameterizations [35].

The excitation functions of Rout, Rside, and Rlong for pion
pairs produced in central collisions are displayed in Fig. 3. All
shown radius parameters have been obtained by interpolating
the existing measured data points to the same transverse mass
of mt =

p
k2t +m2

⇡ = 260MeV at which data points by
STAR at RHIC [5] are available. The statistical errors are
properly propagated and quadratically added with systematic
differences of linear and cubic-spline interpolations. Extrap-
olations were not necessary at this mt value. Corresponding
excitation functions at other transverse masses show similar
dependencies. Surprisingly, Rout and Rside vary hardly more
than 40 % over three orders of magnitude in center-of-mass
energy. Only Rlong exhibits a systematical increase by about
a factor of two to three when going in energy from SIS18 via
AGS, SPS, RHIC to LHC. Note that in the excitation functions
of Ref. [5] not all, particularly AGS, data points were properly
corrected for their kt dependence. While the HADES Rout

and Rside data for negative pions completely agree with the
lowest E895 data at 2A GeV, Rlong deviates from the corre-
sponding E895 data point. Both data are, however, in accor-
dance with the overall smooth trend within 2 �. (The low-
energy CERES data of Rout and the E866 data point of Rlong

for ⇡�⇡� pairs appear to be outliers.)
The combination of R2

out and R2
side can be related to the

emission time duration [36], (�⌧)2 ⇡ (R2
out � R2

side)/h�2
t i,

where �t is the transverse pair velocity. The excitation func-
tion of R2

out � R2
side is shown in Fig. 4. Up to now almost all

measurements below 10 GeV are characterized by large errors
and scatter sizeably. (Here, the outlying low-energy CERES
data are solely caused by the deviation in Rout, cf. top panel
of Fig. 3.) The new HADES data show that the difference of
source parameters in the transverse plane almost vanishes at
low collision energies. With increasing energy, it reaches a
maximum at

p
sNN ⇠ 20� 30GeV and afterwards decreases

towards zero at LHC energies. One would conclude that in
the 1A GeV energy region pions are emitted into free space
during a short time span of less than one to two fm/c. How-
ever, also the opaqueness of the source affects R2

out � R2
side

which could cause it to become negative, thus compensating
the positive contribution from the emission time [32].

The excitation function of the freeze-out volume, Vfo =
(2⇡)3/2R2

sideRlong, is given in Fig. 5. Note that this defini-
tion of a three-dimensional Gaussian volume does not incor-
porate Rout since generally this length is potentially extended
due to a finite value of the aforementioned emission duration.
From the above HADES data, we estimate a volume of about
1,300 fm3 for pairs of constructed neutral pions. The volume
of homogeneity steadily increases with energy, but is merely
a factor four larger at LHC. Extrapolating Vfo to kt = 0 yields
a value of about 3,900 fm3.

The large scatter of data points in Fig. 5 below
p
sNN =

10GeV is intriguing and might indicate a non-trivial energy
dependence of the radius parameters in this region. However,
the simplest interpretation would be to assume instead that
the energy dependence is smooth. (Note that the difference
of the HADES ⇡�⇡� data and the lowest E895 data point
at 2A GeV is primarily caused by the deviation in Rlong.) If,
however, the variation of the data at low energies, most promi-
nently seen in the non-monotonicity of Rside (cf. Fig. 3), is to
be taken seriously, new experimental and theoretical efforts
are needed to clarify the situation, as could be done with the
future experiments CBM at SIS100/FAIR in Darmstadt [41]
and MPD at NICA in Dubna [42] or with the STAR fixed-
target program [43]. Finally, we want to recall that in Figs. 3,
4, and 5 we display statistical uncertainties only; the system-
atic ones were not available for all experiments.

In summary, we presented high-statistics ⇡�⇡� and ⇡+⇡+

HBT data for central Au + Au collisions at 1.23A GeV. The
three-dimensional Gaussian emission source is studied in de-
pendence on transverse momentum and found to follow the
trends observed at higher collision energies, extending the cor-
responding excitation functions down to the very low part of
the energy scale. Substantial differences of the source radii

Motivation

See pion correlations change 
with charge and Coulomb 

asymmetry

3

Source: 
Identical pion intensity interferometry in central 

Au+Au collisions at 1.23 AGeV, 
Phys. Lett. B 795 (2019) 446 
Eur. Phys. J. A 56, 140 (2020)

Au+Au
1.23 AGeV

Removal of detector effects 
from measured data
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Femtoscopy

Identical particles

4

p1

p2

qinv

LCMS - Longitudinal Co-Moving System, total 
momentum along beam axis equals zero

Metod that lets us learn about particles source 
space-time properties

⃗p1,L = − ⃗p2,L
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Base information 

5

Source function:  

• Spatial map of the particle source at 
freeze out

Wave function:  

• Description of relative state of particle 
pair 

• Quantum mechanics and final state 
interactions

Correlation function:  

• Ratio: probability of observing 
particle pair / probability of observing 
two individual particles 

• Carries information about source
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Femtoscopy

6

C(q, r) = ∫ S(r) |ψ(q, r) |2 d3r =
Sgnl(q)
Bckg(q)

Koonin-Pratt equation

Two-particle wave function - assumed  
For pion pairs: Coulomb force as strong interaction is 

negligible

Source function - determined  
effect of analysis

Correlation function - measured  
 experiment

Sgnl(q)

Bckg(q)

Pairs from same event

Pairs from different but 
similar events
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Correlations functions
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Long direction is in 
beam direction 8
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Out
Long direction is in 
beam direction

Out direction is the same as 
pair transverse momentum
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Out

Side

Long direction is in 
beam direction

Out direction is the same as 
pair transverse momentum

Side is perpendicular to 
long and out direction
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Detector Effects

12

Detector hit

Real track

Split tracks

Detector hit

Real track

Split tracksMerged track

Splitting: Merging:
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Detector cut

13

Using Multiwire Drift Chambers 
(MDC) detector

Used value:  

Distance between hit wires

Default separation distance is set 
on 2 wires

Source:  https://hades.gsi.de/node/43
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Data analysis 
 parametrization
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Bowler-Sinyukov approach: 
• Takes Coulomb interactions into account instead of subtracting them 

• Well suited for like-sign pion pairs 

• For 1D case:  
        

• For 3D case 
         
                                                 

C(qinv) = (1 − λinv) + λinvKC(qinv, Rinv)e−(qinvRinv)2

C(qout, qside, qlong) = (1 − λosl) + λoslKC(q, Rinv)
(1 + e−(qoutRout)2−(qsideRside)2−(qlongRlong)2)

Where  is simulated Coulomb functionKC
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Coulomb force

Almost no difference 
between different radii

Included in Bowler-Sinyukov formula 
Default radius value 5 fm  

Generated using HAL software 

15

HAL - Heavy Ion Analysis Libraries, 
written by Daniel Wielanek, framework 

for analysis of the collisions of heavy ions 
https://wielanek.fizyka.pw.edu.pl/127.0.0.1_2222/wielanek/index.php/hal-framework.html
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Data selection
Track selection: 

 - momentum criteria with 2  values 

Pair selection: 

Detector cut: closest wire 2 

: 0.15-0.2, 0.2-0.25, 0.25-0.3, 
0.3-0.35, 0.35-0.4, 0.4-0.45 GeV/c 

Events selection: 

Centrality classes:  
0-10%, 10-20%, 20-30%, 30-40%

β σ

kT

16

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

2
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Data analysis
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Data: 
• Energy:  = 2.55 GeV (1.58 AGeV) 
• System: Ag + Ag collision

sNN

Analysis methods and 
parametrization: 

• 1D femtoscopy 
• 3D femtoscopy 
• Bowler-Sinyukov approach
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Done for both 1D and 3D 
analysis 

Biggest influence for low q 

Similar for  and π+ π−

18

0-10%, : 0.15-0.2 GeV/ckT

Momentum 
resolution correction



Anna Kodym | Analysis Meeting 2026 | Darmstadt23.06.2026

Calculated difference in ,  and 
p 

Ideal function smeared by 
differences 

Ideal divided by smeared -> 
correction factor

θ ϕ

19

Momentum 
resolution correction

Fit formula:

f(q) =
p0

1 + exp ( p1 − q
p2 )

+ p3 ⋅ exp −0.5 ⋅ ( q − p4

p5 )
2



Anna Kodym | Analysis Meeting 2026 23.06.2026

Wire analysis
Why do this? 

Splitting and strong merging 

20
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Why do this? 

Splitting and strong merging 

Wire analysis
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Wire analysis 

22

Wire and opening angle cut — why different? 
Opening angle cut — cone-shaped area removed behind particle 

Wire — cylinder-shaped area removed behind and before particle

Implementation: 
Unfortunately no wire data in dsts  

Using Hydra algorithm HParticleMetaMatcher instead (needs hydra7.2) 
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Centrality: 0-10% : 0.2-0.25 GeV/ckT

Simulation data without femtoscopic effects

Merging and splitting - influence on 
correlation function

23

Wire analysis
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Almost no detector effects (in simulation) 
Great improvement  

Higher statistical uncertainties — amount of data from experiment will help 

Simulation data without femtoscopic effects

24

Wire analysis
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Wire analysis - data comparison
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2 wires

Centrality: 0-10% : 0.15-0.2 GeV/ckT

Comparison between closest 
wires distance: 

 2 and 3

Small differences Real data

25
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Wires + opening angle
To remove leftover detector effects opening angle cut 

(set on ) was added2∘Wires only

Wire analysis

26
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Wires + opening angle

Centrality: 0-10% 
:0.15-0.2 GeV/ckT

Addition of opening-angle 
cut only made statistic 

worse

Problems outweigh benefits 

27

Wires only (default setting)
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One 
 dimensional fits

28

0 20 40 60 80 100 120
 (MeV/c)

inv
q

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2)
in

v
C

(q

HADES Work In Progress
 = 2.55 GeVNNsAg+Ag 

: 0.15-0.20 GeVT0-10%, k

 

Fitted with Bowler-Sinyukov correction: 
  

where  is Coulomb function
C(qinv) = (1 − λinv) + λinvKC(qinv, Rinv)e−(qinvRinv)2

KC

Gaussian parametrization does 
not describe data well 

Different radii for  and  

Similar 

π+ π−

λ
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3D fit function

29

Fitted with Bowler-Sinyukov correction: 
C(qout, qside, qlong) = (1 − λosl) + λoslKC(q, Rinv)(1 + e−(qoutRout)2−(qsideRside)2−(qlongRlong)2)

Similar radii for out and side direction 
Long is half smaller - as expected

Better description with 
gaussian than for 1D
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Current 
systematic uncertainties

30

Calculated by running 
analysis the same way, with 
one parameter changed 

at a time

Taken into systematic  
uncertainty:

Variable Default  Variation Input

2 +- 1 34.11%

Momentum 
resolution 

Given by 
function +-10% 26.70%

Detector cut 2 +-1 39.11%

 β − p σ

To do: only 3D detailed is left
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Full finished analysis for 1D 

Ongoing (advanced) systematic analysis for 3D

Observables 

31
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 = 2.55 GeVNNsAg+Ag  
 source parameters-π and +π

Centrality: 0-10%
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Current status and future 

Including wire’s in the analysis removes a 
lot of detector effects 

Full 1D and 3D analysis made 

1D systematic analysis finished  

3D almost finished
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Status: Plans:

Finish full 3D systematic 
analysis (very advanced at 

this moment)



Anna Kodym | Analysis Meeting 2026 | Darmstadt23.06.2026

Thank you for your attention!
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