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based on work by Manshanden, Garzelli and Sigl, 
JCAP 02 (2023) 017 [arXiv:2208.04266]
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Definition of Fireball Model
A high-multiplicity fireball is created by a nuclear fragment if their energy 
is larger than a fraction  of the projectile energy, see Anchordoqui et al., 
PRD 95 (2017) 063005, JHEP 34 (2022) 19 [arXiv:2202.03095] 

 

This occurs with a probability 

 

which is related to the core-corona model (core=fireball), see e.g. Baur et al., 
PRD 107 (2023) 094013 [arXiv:1902.09265] 

If  a fireball will form, a plasma consisting of deconfined up and down 
quarks and gluons. At high baryochemical potential gluons fragment into strange 
quarks, enhancing strange secondaries and suppressing neutral pion production. 
This can be mimicked by swapping all pions and kaons while conserving energy, 
direction of momentum and charge.

Efrag > fthresEproj ,

p(E) =

0 , if E < Emin,

[ log(E/Emin)
log(Emax/Emin) ]

n
, if Emin < E < Emax,

1 , if E > Emax ,

fthresh < 1
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Manshanden, PhD thesis 2021

More detailed pion-kaon swapping criteria, based on secondary particle energy 
range, pseudorapidity and nucleus baryon number have been entertained in 
Anchordoqui et al., JHEP 34 (2022) 19 [arXiv:2202.03095]
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Main point: 
models with  
don’t fit the air shower 
data due to tension 
between  and its 
fluctuations

fthresh < 1

Xmax
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Definition of Strangeball Model
In the strangeball model no plasma forms, . The effective average 
fraction  of projectile energy  going into the hadronic channel 
can be written as (Manshanden, Garzelli and Sigl, JCAP 02 (2023) 017 
[arXiv:2208.04266]) 

 

with  and  the respective fractions for Standard Model interactions and 
strange balls, respectively. With this one can estimate the muon number in a 
proton induced air shower of primary energy  as 

 

where  can be deduced iteratively from , with the 
multiplicity parametrised as 

fthres = 1
reff = Ehad/Eproj Eproj

reff(E) ≡ [1 − p(E)]rSM + p(E)rsb ,

rSM rsb

E0

Nμ ≃ ( E0

Ec ) ( rsb

rSM )
p(E0)/2

exp [∫
kc

0
log{reff(E)} dk + Δdisc] ,

E(k) Ek+1 = Ek /nmult(Ek)

nmult(E) = nscale ( E
1 GeV )

b

.
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The strangeball model has the additional parameters . 

In contrast to the core-corona model where both core and corona contribute to 
interactions with respectively, a strangeball occurs 
with probability .

Emin , Emax and n

p(E) → ωcore and 1 − ωcore ,
p(E)

Parameters for analytical muon number calculation
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Muon Number and Pierre Auger data

data points = CONEX 
simulations 

solid lines = fit to 
simulations 

dashed lines = 
analytical estimates
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 mapping to  
in Standard Model (gray) 
and two strange ball 
models (black) 
versus various pure 
compositions (lines)

Xmax Rμ
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Strangeball parameter compatibility

A  statistical analysis with the Pierre Auger data in parameter space .χ2 Emin , Emax , and n
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Strangeball parameters
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Implications for LHC Measurements

The hadronic energy fraction  is not directly measurable -> other observables 
need to be considered. 

  
Some notation: 
energies and momenta refer to a hadron 
transverse mass  

rapidity  

in the center of mass frame: Feynman x:  with  

r

mT = (m2 + p2
⊥)1/2

y =
1
2

ln (
E + pz

E − pz )
xF =

pz

pz,max
pz,max ≃ ECM ≃ s1/2/2

E = m⊥ cosh y , pz = m⊥ sinh y , xF = tanh y
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40% strange balls are within model uncertainties 
Note that  and  are independent variables so that at very forward 
directions (large ) measurements at small  are also possible

η xF = 2pz /s1/2

η xF
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This requires eV; maybe changed if pion interactions are taken 
into account

Emin ≳ 4 × 1014
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strong discriminator for strange ball model hopefully measurable in the near future 
by LHCb
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The core weight energy dependence extracted from ALICE data on 
strangeness are strongly extrapolated in energy. 
Possible test proposed through neutrino flux measurements @FASER  and 
the Forward Physics Facility (FPF)

ν

Core-corona model
Baur et al., Phys. Rev. D 107 (2023) 094031
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Outlook: Model Uncertainties on Air Shower Muon Content

preliminary work by Ostapchenko and Sigl

calibrated on NA61 data



Conclusions
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1.) The formation of a plasma in the context of the fireball model ( ) 
is inconsistent with the Pierre Auger data because of tensions between 
average  and its fluctuations (due to enhanced inelasticity and 
multiplicity)

fthresh < 1

Xmax

4.) A possible probe of the strangeball model at LHCb is the  to charged 
pion  spectrum

K0
S

pT

3.) The strangeball and core-corona models are similar, but in the core corona 
model both core and corona contribute at the same time, whereas a strange 
ball is formed only with some probability -> could influence the fluctuations 
of air shower variables

2.)  Strangeball model can work if no plasma forms but strangeness is 
enhanced: For example, a sudden turn-on around  eV or a gradual 
turn-on below  eV (40% strangeballs with 5-9% hadronic increase) 
is not yet in contradiction with LHC data. Latter 
case is favoured by muon fluctuation data and can be probed at colliders
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1014


