
Fluctuation Analysis at HADES 

Experimental challenges in particle fluctuation measurements: 
 

 achieve large event statistics    
 

 correct for acceptance/efficiency effects     
 

 control purity of event sample, e.g. correct for pile-up    
 

 correct for volume fluctuations caused by the centrality selection    
 
      Main focus of this talk 
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Particle ID in HADES 

Hadron ID based on 
 

 ToF 
 momentum 
 dE/dx 

Mass spectrum and accepted protons 
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velocity vs. p/q  

MDC dE/dx  vs. p/q 
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for details see PRC 102, 024914 (2020),  EPJA 56 (2020) 



Proton distributions in Au+Au at 𝑠 = 2.41 𝐺𝑒𝑉 

Analysis based on 1.6 ⋅ 108  Au+Au events 
divided into 5%-centrality bins  in the range 
of the 0 - 40% most central events 

   Proton multiplicity distributions 

Useful acceptance 
for fluctuation analysis 

HADES  𝑦 − 𝑝𝑡 coverage for protons 

19/02/2024  EMMI -̶  STAR/CBM-eTOF Workshop  |   R. Holzmann 

𝐲 = 𝐲𝟎 ± 𝟎. 𝟓 
𝒑𝒕 = 𝟎. 𝟒 − 𝟏. 𝟔 GeV/c 

y0 = 0.74 
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for details see PRC 102, 024914 (2020),  EPJA 56 (2020) 



Centrality selection with the Forward Wall 

FW made of plastic scintillator tiles 
covering polar angles 𝜃 = 0.5𝑜 − 7.5𝑜 
i.e. a pseudorapidity of 𝜂 = 2.7 − 5.4 
(HADES itself covers  𝑦 ≈ 0 − 1.8) 
 

 Used for event-plane reconstruction 

In 1.23 GeV/u Au+Au collisions: 
 

 protons & clusters dominate 
 centrality selection based on 
 hit mult in TOF & RPC 
 or track mult 
 or FW sum of charges 
        reduce autocorrelations! 

4x4, 8x8, 16x16 cm2 tiles 
cross section of 1 of 6 HADES sectors 

≈2 m 
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Centrality estimators in the HADES experiment 

0-10% 

30-40% 

10-20% 
20-30% 

0-10% 

0-10% 

30-40% 

25-35% 

  Centrality selections lead to large 
       volume fluctuations 𝛿𝑉 ≡ 𝛿𝑁𝑝𝑎𝑟𝑡, 

       characterized by volume cumulants Vj  

centrality based on Nhit 

centrality based on Ntrk 

 We use FW for fluct. analysis 

Forward Wall 
η = 2.7-5.4 

Based on a full simulation with events 
from IQMD + MST clusterizer  

centrality based on ΣFW 

Npart 

Npart 
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see also EPJA 54 (2018) 85 
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to avoid autocorrelations! 

see EPJA 54 (2018) 85 



Volume fluctuations in an independant-source model 
  

Literature:  V. Skokov, B. Friman & K. Redlich  PRC 88 (2013),  A. Rustamov et al.  NPA 960 (2017), 
                     Sugiura, Nonaka & Esumi  PRC 100 (2019),  Esumi & Nonaka  NIM A987 (2021) 

Averaging the proton number moments over volume  
 

    < 𝑁𝑝𝑟𝑜𝑡
𝑗

> = ∫  𝑃 𝑉   ∑𝑁𝑝𝑟𝑜𝑡
𝑗

𝑃 𝑁𝑝𝑟𝑜𝑡 𝑉 𝑑𝑉  
 

                                                   < 𝑁𝑝𝑟𝑜𝑡
𝑗

>𝑉 
 

adds volume contributions to the observed proton cumulants 𝜅𝑗[𝑁]:  

where the 𝜅 𝑗[𝑁] are the proton cumulants at fixed volume, the 𝜅𝑗[𝑁] are 

the observed cumulants, and the 𝑉𝑗 ≡  𝜅𝑗 𝑁𝑤  characterize the volume fluctuations. 
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Illustration of the VF problem with STAR data 

Volume corrections can be 
 

 very large 
 strongly model-dependent 

 
 

 A data-driven approach 
      would be preferrable ! 
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see also Abdallah et al. PRL 128 (2022)  



Nhit  Npart  deconvolution using Glauber MC 
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b Nhit Nprod Npart Glauber  

Generic 
randomizer 

Glauber 
MC 

Particle 
emission 

Particle 
detection 

b Nhit 

e.g.  Poisson(λ Npart) x (1 – α N2
part) 

A minimal MC model: 

Npart 

hidden variables 
( 𝑏, 𝑁𝑝𝑎𝑟𝑡, 𝜙𝑅𝑃) 

observables 

Ntrk 

ΣQFW 

 
        do a Bayesian reconstruction of the Npart distribution 
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Bayesian reconstruction of centrality    
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Ollitrault et al. 
 

 -  validated with 
    simulations and 
    applied to LHC data 

use Bayes‘ theorem       →     𝑃 𝐵 𝐴 = 𝑃 𝐴 𝐵  𝑃(𝐵)/𝑃(𝐴) 
 

Setting  A = Nhit,  B = Npart with 
 

       P(B|A)  ↔   prob of Npart for given Nhit        to be reconstructed 
       P(A|B)  ↔   prob of Nhit for given Npart        Glauber fit to Nhit data  
       P(A)      ↔   min bias Nhit distribution          data 
       P(B)      ↔   min bias Npart distribution          Glauber                     

minimal model 
(Glauber MC) 
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Anar‘s novel approach: 

Main idea:   1)  Use event mixing to remove (critical) correlations from the data, allowing to  
                            extract volume cumulants from the mixed-evt particle cumulants  𝜅𝑛

𝑚𝑖𝑥 𝑁  
 

                       2)  Correct the un-mixed particle cumulants 𝜅𝑛 𝑁  for volume effects 
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Event-mixing scheme: 2nd-order volume cumulant 
reconstructed  from mixed evts 
in a toy model simulation: 

Basic assumptions:  1) independent-source production and 2) binomial efficiencies 



Refinements and extension to higher orders 
V. Koch, A. Rustamov, R. Holzmann & J. Stroth 

With Volker working out the full math & combinatorics, we  
 

 could set the method on a firm ground 
 

 went from using cumulants to using factorial cumulants 
 

 generalized the formalism to higher orders 
 

 realized that the mixing is (formally) not mandatory (but may help) 
 
 
 

                                        An extended paper on these matters will soon appear in arXiv 
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Using factorial cumulants to obtain 𝜅𝑗[𝑁𝑤] 

Volume-affected factorial cumulants are expressed as: 

   13 19/02/2024  EMMI -̶  STAR/CBM-eTOF Workshop  |   R. Holzmann 

In general, the  volume cumulants 𝜅𝑗 𝑁𝑤  can then be obtained from 

𝐶 𝑘[𝑁] are the factorial cumulants at fixed volume, with 

  Note that these expressions are invariant w.r.t.  efficiency/acceptance effects 



Calculate your own cumulants with Python 
 Code developed by Anar Rustamov 
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Toy model:   Glauber MC + Negative Binomial 

Events are generated in a toy model using Glauber MC for centrality sampling and  
a Negative Binomial distribution (NBD) for particle generation 
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 HADES distribution is close to Poisson 

Parameters from NBD fits to 
charged track distributions: 



Toy model calculations for HADES 
realized by A. Rustamov 

   17 19/02/2024  EMMI -̶  STAR/CBM-eTOF Workshop  |   R. Holzmann 

 Proton cumulants are correctly  
reconstructed up to 4th order 

 particle production (encoded in NBD) is close to Poisson 
      and intrinsic correlations are small in this example! 

Nw  distributions generated 
for 4 centrality selections: Extract the volume cumulants from the track nb 

cumulants 𝜅𝑗 𝑀  and correct the observed proton 

cumulants 𝜅𝑗 [N] to find  



Toy model calculations for HADES 
realized by A. Rustamov 
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 In data, Δ𝑗  is quite small and can 

furthermore be estimated from 
NBD fits to track distribution! 

Nw  distributions generated 
for 4 centrality selections: 

Δ𝑗 can be estimated 

from NBD fit 

Extract the volume cumulants from the track nb 
cumulants 𝜅𝑗 𝑀  and correct the observed proton 

cumulants 𝜅𝑗 [N] to find  

 particle production (encoded in NBD) is close to Poisson 
      and intrinsic correlations are small in this example! 



Extract the volume cumulants from the track nb 
cumulants 𝜅𝑗 𝑀  and correct the observed proton 

cumulants 𝜅𝑗 [N] to find  

A more sophisticated model with resonances 
realized by A. Rustamov 
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 Proton cumulants can still be  
reconstructed within ≈10% 

 proton production is a mix 
     of Δ decay and direct    

Pions and protons from Δ decays: 



Extract the volume cumulants from the track nb 
cumulants 𝜅𝑗 𝑀  and correct the observed proton 

cumulants 𝜅𝑗 [N] to find  

A more sophisticated model with resonances 
realized by A. Rustamov 
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 Proton cumulants can still be  
reconstructed within <10% 

 proton production is a mix 
     of Δ decay and direct    

Pions and protons from Δ decays: 

 In data, Δ𝑗  can also be estimated 

from NBD fits to track distribution! 



Open questions / Possible extensions 

 
 Is the independent-source assumption always correct?  

Anyhow,  what is the nature of these sources at low energies?  Npart? 
 
 Can we also handle non-binomial efficiencies? 
 
 We need to validate the method on experimental data now. 
      For HADES, this is work in progress by M. Nabroth, A. Rustamov et al.  
 
 Could be interesting for other expts as well 
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Extra slides 
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Proton fluctuation signal purity  

 Proton pid impurities    ≤ 𝟏𝟎−𝟑 
 

 Weak decays, e.g.   Λ → 𝑝 + 𝜋− , Σ → 𝑝 + 𝜋−   ≤ 𝟔. 𝟓 ⋅ 𝟏𝟎−𝟒 
 
 Knock-out (spallation) protons   ≤ 𝟑 ⋅ 𝟏𝟎−𝟑 

 from secondary reactions in target / target holder 
 50% pp, 45% np, <5% πp (Geant3 + GCalor) 

 
 

 Au + C reactions on target holder (8μm kapton) foils ≤ 𝟏𝟎−𝟑 
 suppressed by trigger & centrality selection 
 asymmetric rapidity distribution   y > y0 

 

 Event pile-up  (central evt + min. bias evt)  ≤ 𝟑 ⋅ 𝟏𝟎−𝟓 
 

within 
same evt 

different 
evt classes 

relative contribution 
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Observed Nhit distributions  (selected on FW)   

HADES ad-hoc approach:  Nhit as a proxy for Npart 

  Reconstructed Npart distributions   

data 
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fit IQMD cumulants 
to adjust scaled 𝒗𝒏 

 

 morph Nhit into Npart 

IQMD simulation shows that 
Nhit is proportional to Npart 

 

 use Nhit as proxy for vol. flucs. 
      i.e.  rescale & adjust the  𝒗𝒏 

 PRC 102 (2020) 024914 
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True Poissonian process:   Nhit = Poisson(λNpart) 
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Applying total cumulance to 
X = Nhit = Poisson(X|Z=Npart) 
we obtain a relation between 
the cumulants of Nhit and Npart: 
 
See also 
Broniowski & Olszewski, PRC95 (2017)  

In general one has: 
 
 
 

With the inverse: 
 

(1) 

(2) 
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