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The muon discrepancy
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Air shower observables
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Longitudinal profile: 
Cherenkov light 
Fluorescence light 
(bulk of particles measured)

Lateral profiles: 
particle detectors at ground 
(very small fraction of particles sampled)

(RE, Pierog, Heck, ARNPS 2011)



World data set on depth of shower maximum (Xmax)

4(Coleman et al. Snowmass, Astroparticle Physics 147 (2023) 102794)
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Figure 2.12: Measurements of hXmaxi (left) and �(Xmax) (right) compared to the predictions
for proton and iron nuclei of the hadronic models Sibyll2.3c, EPOS-LHC and QGSJet-II.04.
Detection techniques: fluorescence (FD), Cherenkov, using time traces in the SD, and RD.
Pierre Auger Observatory: FD [54], SD [193], RD (AERA) [180]; Telescope Array: FD [75] (hXmaxi

and �(Xmax) are corrected for reconstruction and detector biases same as was done in Ref. [2] except
here there is no correction of the energy scale), Cherenkov (TALE) [143]; Yakutsk: Cherenkov [179],
RD [183]; Tunka: Cherenkov [178], RD [182]; LOFAR [181]. Systematic uncertainties of the FD
measurements at 1018.5 eV are indicated for the Pierre Auger (red arrows) and Telescope Array
(blue arrows) data.

195] as shown in Fig. 2.11. Though the published measurements of Xmax [74, 75, 196] at TA [30]
seem to be in tension with this picture, they are compatible with the results of Auger within the
current statistical and systematic uncertainties [190–192].

The above picture is strengthened by an analysis of the collection of apparent elongation rates of
northern and southern observatories. An analysis of Xmax measurements taken from peer-reviewed
publications of the Fly’s Eye, HiRes, Telescope Array, Yakutsk, and Pierre Auger Observatories,
shows that statistically there is generally good agreement in trends of the elongation rate above
1 EeV between the northern and southern skies. Nearly all published data are consistent with
the description of having a steep rate up to an apparent change to a flatter rate in the vicinity of
3 EeV. This transition supports the growing evidence of a transition from a lighter proton dominated
composition to a heavier composition as energy climbs [197, 198] in both hemispheres.

At energies above the suppression (E > 1019.6 eV), the total number of detected events with a
high-precision measurement with FDs is less than a hundred [54, 196] and therefore the composition
at these energies is still an open question. However, with a reliable identification of the nature of
the UHECRs at these energies a more precise determination of the parameters of astrophysical
models, composition enhanced anisotropy studies, tests of the hadronic interactions at the energies
way beyond human-made accelerators, searches of signatures of LIV, and improved estimations of
the photon and neutrino fluxes will become possible.

These statistical limitations will be overcome by observing UHECRs with the larger exposure
of the upgraded current and next generation detectors. The first step in this direction was made at
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Auger muon measurement – vertical showers
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Figure 1: Top panel: A longitudinal profile measured for
a hybrid event and matching simulations of two showers
with proton and iron primaries. Middle panel: A lateral
distribution function determined for the same hybrid event
as in the top panel and that of the two simulated events.
Bottom panel: R, defined as S(1000)Data

S(1000)Sim
, averaged over the

hybrid events as a function of secθ.

and arrival direction of the showers matches the measured
event, and the LPs of the selected showers have the lowest
χ2 compared to the measured LP. The measured LP and
two selected LPs of an example event are shown in the top
panel of Fig. 1.
The detector response for the selected showers was simu-
lated using the Auger Offline software package [8, 9]. The
lateral distribution function of an observed event and that
of two simulated events are shown in the middle panel of
Fig. 1. For each of the 227 events, the ground signal at
1000m from the shower axis, S (1000), is smaller for the
simulated events than that measured. The ratio of the mea-
sured S (1000) to that predicted in simulations of showers
with proton primaries, S(1000)DataS(1000)Sim

, is 1.5 for vertical showers
and grows to around 2 for inclined events; see the bottom
panel of Fig. 1. The ground signal of more-inclined events

is muon-dominated. Therefore, the increase of the discrep-
ancy with zenith angle suggests that there is a deficit of
muons in the simulated showers compared to the data. The
discrepancy exists for simulations of showers with iron pri-
maries as well, which means that the ground signal cannot
be explained only through composition.

3 Estimate of the Muonic Signal in Data
3.1 A multivariate muon counter
In this section, the number of muons at 1000 m from the
shower axis is reconstructed. This was accomplished by
first estimating the number of muons in the surface detec-
tors using the characteristic signals created by muons in the
PMT FADC traces and then reconstructing the muonic lat-
eral distribution function (LDF) of SD events.
In the first stage, the number of muons in individual surface
detectors is estimated. As in the jump method [4], the total
signal from discrete jumps

J =
∑

FADC bin i

(x
i+1 − x

i

)
︸ ︷︷ ︸

jump

I {x
i+1 − x

i

> 0.1} (1)

was extracted from each FADC signal, where x
i

is the sig-
nal measured in the ith bin in Vertical Equivalent Muon
(VEM) units, and the indicator function I {y} is 1 if its
argument y is true and 0 otherwise. The estimator J is
correlated with the number of muons in the detector, but it
has an RMS of approximately 40%. To improve the pre-
cision, a multivariate model was used to predict the ratio
η = (N

µ

+ 1)/(J + 1). 172 observables that are plausibly
correlated to muon content, such as the number of jumps
and the rise-time, were extracted from each FADC signal.
Principal Component Analysis was then applied to deter-
mine 19 linear combinations of the observables which best
capture the variance of the original FADC signals. Using
these 19 linear combinations, an artificial neural network
(ANN) [10] was trained to predict η and its uncertainty.
The output of the ANN was compiled into a probability ta-
ble PANN = P (N

µ

= N |FADC signal). The RMS of this
estimator is about 25%, and biases are also reduced com-
pared to the estimator J .
In the second stage of the reconstruction, a LDF

N(r, ν,β, γ) =

exp

(

ν + β log
r

1000m
+ γ log

( r

1000m

)2
) (2)

is fit to the estimated number of muons in the detectors for
each event, where r is the distance of the detector from the
shower axis and ν, β, and γ are fit parameters. The num-
ber of muons in each surface detector varies from the LDF
according to the estimate PANN and Poisson fluctuations.
The fit parameters, ν, β, and γ, have means which depend
on the primary energy and zenith angle as well as vari-
ances arising from shower-to-shower fluctuations. Gaus-
sian prior distributions with energy- and zenith-dependent
means were defined for the three fit parameters. All the
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Energy scaling: em. particles and muons

Muon scaling: hadronically produced muons 
and muon interaction/decay products

Use showers of different zenith angles

E ≈ 1019 eV

G.R. Farrar et al., Muon content of hybrid PAO CRs
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Figure 4: The contributions of different components to the
average signal as a function of zenith angle, for stations at 1
km from the shower core, in simulated 10 EeV proton air
showers illustrated for QGSJET-II-04. The signal size is
measured in units of vertical equivalent muons (VEM), the
calibrated unit of SD signal size [18].

where a is the energy scaling of the muonic signal; it has the
value 0.89 in both the EPOS and QGSJET-II simulations,
independent of composition [19].

Finally, the variance of S(1000) with respect to Sresc must
be estimated for each event. Contributions to the variance
are of two types: the intrinsic shower-to-shower variance in
the ground signal for a given LP, sshwr, and the variance due
to limitations in reconstructing and simulating the shower,
srec and ssim. The total variance for event i and primary
type j, is s2

i, j = s2
rec,i +s2

sim,i, j +s2
shwr,i, j.

sshwr is the variance in the ground signals of showers
with matching LPs. This arises due to shower-to-shower
fluctuations in the shower development which result in
varying amounts of energy being transferred to the EM and
hadronic shower components, even for showers with fixed
Xmax and energy. sshwr is irreducible, as it is independent
from the detector resolution and statistics of the simulated
showers. It is determined by calculating the variance in the
ground signals of the simulated events from their respective
means, for each primary type and HEG; it is typically
⇡ 16% of Sresc for proton initiated showers and 5% for iron
initiated showers.

srec contains i) the uncertainty in the reconstruction of
S(1000), ii) the uncertainty in Sresc due to the uncertainty
in the calorimetric energy measurement, and iii) the uncer-
tainty in Sresc due to the uncertainty in Xmax; srec is typi-
cally 12% of Sresc. ssim contains the uncertainty in Sresc due
to the uncertainty in Sµ and SEM from the S(1000)�wµ fit
and to the limited statistics from having only three simu-
lated events; ssim is typically 10% of Sresc for proton initi-
ated showers and 4% for iron initated showers.

The resultant model of si, j is checked using the 59 events,
of the 411, which are observed with two FD eyes whose
individual reconstructions pass all required selection cuts
for this analysis. The variance in the Sresc of each eye is
compared to the model for the ensemble of events. All
the contributions to si, j are present in this comparison
except for sshwr and the uncertainty in the reconstructed
S(1000). The variance of Sresc in multi-eye events is well
represented by the estimated uncertainties using the model.
In addition, the maximum-likelihood fit is also performed
where sshwr is a free parameter rather than taken from the
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Figure 5: The best-fit values of RE and Rµ for QGSJET-II-
04 and EPOS-LHC, for mixed and pure proton composi-
tions. The ellipses show the one-sigma statistical uncertain-
ties. The grey boxes show the estimated systematic uncer-
tainties as described in the text; these will be refined in a
forthcoming journal paper.

models; no significant difference is found between the value
of sshwr from the models, and that recovered when it is a fit
parameter.

The results of the fit for RE and Rµ are shown in Fig.
5 and Table 1 for each HEG. The ellipses show the one-
sigma statistical uncertainty region in the RE �Rµ plane.
The systematic uncertainties in the event reconstruction
of Xmax, EFD and S(1000) are propagated through the
analysis by shifting the reconstructed central values by their
one-sigma systematic uncertainties; this is shown by the
grey rectangles.1 As a benchmark, the results for a purely
protonic composition are given as well2.

The signal deficit is smallest (the best-fit Rµ is the closest
to unity) in the mixed composition case with EPOS. As
shown in Fig. 6, the primary difference between the ground
signals predicted by the two models is the size of the muonic
signal, which is ⇡15(20)% larger for EPOS-LHC than
QGSJET-II-04, in the pure proton (mixed composition)
cases respectively. EPOS benefits more than QGSJET-II
when using a mixed composition because the mean primary
mass determined from the Xmax data is larger in EPOS than
in QGSJET-II [20].

4 Discussion and Summary

In this work, we have used hybrid showers of the Pierre
Auger Observatory to quantify the disparity between state-
of-the-art hadronic interaction modeling and observed at-
mospheric air showers of UHECRs. The most important ad-
vance with respect to earlier versions of this analysis[21], in
addition to now having a much larger hybrid dataset and im-
proved shower reconstruction, is the extension of the anal-

1. The values of ssim, srec and sshwr and the treatment of system-
atic errors used here will be refined with higher statistics Monte
Carlo simulations and using the updated Auger energy and Xmax
uncertainties, for the journal version of this analysis.

2. Respecting the observed Xmax distribution is essential for evalu-
ating shower modeling discrepancies, since atmospheric attenu-
ation depends on the distance-to-ground. This is automatic in
the present analysis, but the simulated LPs – which are selected
to match hybrid events – is a biased subset of all simulated
events for a pure proton composition since with these HEGs
pure proton does not give the observed Xmax distribution.

(Auger, PRL 117, 2016)
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Auger muon measurement – inclined showers

Number of muons in showers with θ>65°
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FIG. 3. Measured average number of muons as a function of the energy and the predictions from three interaction models for
proton (red) and iron (blue) showers.

FIG. 4. Left panel: Average number of muons measured as a function of the energy together with the predictions from three
interaction models given the composition measured with Xmax. The line is the best fit of the form hRµi[E] = a(E/(1019 eV))b.
Right panel: Relative fluctuations in the number of muons measured as a function of the energy together with the predictions
from three interaction models given the composition measured with Xmax.

B. Detailed comparison between interaction models and measurement

In Fig. 3 the average number of muons in each bin of energy is shown. The model predictions for proton and iron

primaries are shown as well.

In Fig. 4 the measurement of the average number of muons (left panel) and the relative fluctuations (right panel)

are shown as a function of the energy. The predictions from interaction models given the measured composition

are shown for each model individually. In Figs. 5 and 6 the measurement of the average number of muons and the

relative fluctuations are compared with the predictions from the interaction models separately. All models, given the

measured composition, reproduce the fluctuation measurement. In case of the average number of muons none of the

models yields enough muons to describe the data.

In Fig. 7 the measurement of hXmaxi and hlnRµi at 10
19

eV are compared. Both quantities scale linearly with

hln Ai, meaning the predictions for di↵erent primary compositions fall on a line.

(Auger PRD 2015, PRL 2021) (Auger, ICRC 2019, PRL 2021)

The probability of hybrid events hðEÞ (product of the
energy spectrum of cosmic rays and the efficiency of
detection) can be obtained from the data, as explained in
and [10,24,26]. The rhs of Eq. (2) depends on the
parameters a and b via Eq. (1). To obtain the energy
dependence of the fluctuations, we parametrize σ by six
independent values such that σðEÞ ¼ σ̂k · hRμiðEÞ, where
the constants σ̂k are the relative fluctuations in the kth
energy bin with limits ½Ek−1; Ek%, where k runs from one to
six. In Eq. (2), k ¼ 0 corresponds to the contributions from
the interval ½0; Ethr%, where the SD is not fully efficient. The
fluctuations here are assumed to take the value of the first
fitted bin σ̂0 ≡ σ̂1.
The sum over the index i in Eq. (2) (the usual sum over

the log-likelihoods of events) includes only events above
the energy threshold of 4 × 1018 eV. The function CðEÞ is
the normalization factor from the double Gaussian. The
result of the fit for the parameters a and b are shown in
Fig. 1. The fluctuations are shown in Fig. 2. The distri-
bution of the number of muons and the PDF in the
individual energy bins can be found in the Supplemental
Material [17].
The dominant systematic uncertainties of σ come from

the uncertainties in the resolutions sE and sμ. For sμ we
estimate the uncertainty using simulations and data. In
simulations, the uncertainty was estimated by the spread in
a sample of simulated showers, where each shower is
reconstructed multiple times, each time changing only the
impact point at the ground. For data, we reconstruct the
same event multiple times, leaving out the signals from one
of the detector stations. The average relative resolution

hsμ=Rμi and its systematic uncertainty is thus ð10& 3Þ%
at 1019 eV.
We verified the values of sE by studying the difference in

the energy reconstruction of events measured independently
by two or more FD stations. The width of the distribution of
these energy differences is found to be compatible with sE.
We therefore take the statistical 1-σ uncertainties of this
cross check as a conservative upper limit of the systematic
uncertainty of sE [27]. The average relative energy reso-
lution hsE=Ei is about ð8.4& 2.9Þ% at 1019 eV. We have
further confirmed that there are no significant contributions
to the fluctuations from differences between the individual
FD stations, neither related to the longtime performance
evolution of the SD and FD detectors.
Any residual electromagnetic component in the signal

would affect the lower zenith angles more. We therefore
split the event sample at the median zenith angle (66°) and
compare the resulting fluctuations. We find no significant
difference between the more and the less inclined sample.
In another test, we do find a small modulation of hRμi

with the azimuth angle (<1%), which we correct for. This
modulation is related to the approximations used in the
reconstruction, which deal with the azimuthal asymmetry
of the muon densities at the ground due to the Earth’s
magnetic field [3]. Finally, we have run an end-to-end
validation of the whole analysis method described in this
Letter on samples of simulated proton, helium, oxygen, and
iron showers.
Because of the almost linear relation between Rμ and E,

the systematic uncertainty on σ due to the uncertainty of the
absolute energy scale of 14% [25] practically cancels out in
the relative fluctuations. The systematic uncertainty in the
absolute scale of Rμ of 11% [5] drops out for the same
reason. The systematic effects for the bin around 1019 eV
are summarized in Table I. Over all energies, the systematic
uncertainties are below 8%.
Results and discussion.—The best-fit value for the

average relative number of muons at 1019 eV (parameter a)
is hRμið1019eVÞ¼1.86&0.02ðstatÞþ0.36

−0.31ðsystÞ. For the
slope (parameter b) we find dhlnRμi=d lnE ¼ 0.99&
0.02ðstatÞ þ0.03

−0.03ðsystÞ. These values are consistent with
the values previously reported [5,17].

FIG. 2. Measured relative fluctuations in the number of muons
as a function of the energy and the predictions from three
interaction models for proton (red) and iron (blue) showers.
The gray band represents the expectations from the measured
mass composition interpreted with the interaction models.
The statistical uncertainty in the measurement is represented
by the error bars. The total systematic uncertainty is indicated by
the square brackets.

TABLE I. Contributions to the systematic uncertainty in the
relative fluctuations around 1019 eV (1018.97–1019.15 eV). The
central value is σ=hRμi ¼ 0.102& 0.029ðstatÞ & 0.007ðsystÞ.

Source of uncertainty Uncertainty (%)

E absolute scale hEi <0.1
E resolution sE 4.6
Rμ absolute scale hRμi 0.5
Rμ resolution sμ 5.2
Rμ azimuthal modulation hRμiðϕÞ 0.5

Total systematics 7.0

PHYSICAL REVIEW LETTERS 126, 152002 (2021)

152002-6

Shower-to-shower fluctuations

Discrepancy of muon muon number, but no in relative shower-to-shower fluctuations



Importance of shower-to-shower fluctuations
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FIG. 7. Search for detector ageing e↵ects. Shown are results of the unfolding method applied to subsets of the data, which are
split according to area-over-peak (AoP), average tank age (Tage), event time in years since 2004, and by fluorescence detector
building (LL = Los Leones, CO = Coihueco, LM = Los Morados, LA = Loma Amarilla). The original data (open squares)
shows hints of a drift, most visibible in average tank age. We fit the drift (red line with error band) and correct by it, and
apply the unfolding again to the corrected subsets (black circles). The correction also removes hints of drifts in AoP and age
of the experiment, and introduce a slight displacement for events recorded by Los Leones. The P-values indicate the chance
probability to find such deviations if the truth is a constant (dotted line) in the corrected data set.

FIG. 8. Result of the unfolding method applied to disjunct subsets of the data, split by zenith angle ✓ and azimuth angle �.
The results are displayed in the same style as Fig. 7. Only the corrected data set is shown since the correction has no significant
e↵ect on these splits.

generations i of the shower as

✓
�(Nµ)

Nµ

◆2

'
✓

�(↵1)

↵1

◆2

+

✓
�(↵2)

↵2

◆2

+ ... +

✓
�(↵c)

↵c

◆2

(16)
As the energy fraction at generation i is the result of
averaging the energy fraction of preceding m1 · m2 ·

... · mi�1 reactions within the shower, the fluctuations510

exponentially decrease with the generation number as
�(↵i) / 1/

p
m1 · m2 · ... · mi�1, and thus Nµ fluctuations

are dominated by the fluctuations in the 1st interaction
[30] (for instance, in p-Air interactions ⇠ 70% of the vari-
ance is due to the first interaction) . This picture can be515

easily generalized for the case of nuclear primaries: bycarries 70% of the fluctuations for protons!!! 
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The PMT analogy
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• An exotic model that saturates 
• for instance no π0 decay, or no π0 production

• Would result in
• muon fluctuations will be suppressed and dominated by 2nd 3rd interactions (~ 4% 5%)28
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10/01/22 Epiphany 2022

70% of fluctuations from first interaction

Lorenzo Cazon et al. 
Astropart. Phys. 36 (2012) 211 
Phys. Lett. B784 (2018) 68 
Phys. Rev. D103 (2021) 022001
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At what energy does discrepancy begin?

8

(Auger, EPJ 2020)

Aim: 
• Muon discrepancy  

in simulations

• Validation of AugerPrime

• Model tests with direct  

muon measurement 

Underground Muon Detector (UMD) 
The Engineering Array up to 2017 vs now

15

PMT readout: 
• til 2017 
•64 pixel PMT 
(Hamamatsu) 

•7 positions AMIGA: Auger Muons and Infill for the Ground Array 

5Eur. Phys. J. C (2020) 80:751

The Engineering Array: up to 2017

● Test and optimization

● SiPMs and PMTs as optical sensors

● 5 m2 and 10 m2 modules

● Buried at 2.3 m

AMIGA: Auger Muons and Infill for the Ground Array 

5Eur. Phys. J. C (2020) 80:751

The Engineering Array: up to 2017

● Test and optimization

● SiPMs and PMTs as optical sensors

● 5 m2 and 10 m2 modules

● Buried at 2.3 m

Measurement of the Cosmic Ray Composition with AMIGA

AMIGA Muon Counting

Scintillators segmented into 64 bars

PMT @ center

PMT pulses digitized by comparison
with Vthr in time bins of 3.125 ns

0 0 0 1 1 1 1 0 1 1 0 0

Muon counting strategy:

1 Identify a muon by 111 or 101 pattern
in the time trace of a scintillator bar

) Background single-photon-electrons
excluded since  2 bins

2 Apply inhibition window of seven bins
to avoid over-counting

Example:
0 0 0 1 1 1 1 0 1 1 0 0

3 Correct for pile-up of multiple muons
in the same bar

Sarah Müller | KIT & UNSAM 7

SiPM readout: 
•Starting in 2017 
•Deployed by end 
of 2024  

•64 pixel SiPM 
•61 positions 

5

A muon

identified if 4

samples above

threshold 

(98.8% 
efficiency)

64 Binary traces
Sampled @ 3.125ns

Underground electronics (eKits)

2 Waveform traces 
(low and high gain)
Sampled @ 6.25ns

ASIC-1

ASIC-2ASIC BoardAcquisition Board SIPM Board

eKit

=

..0111100… Binary trace

2021 JINST 16 P04003 
https://doi.org/10.1088/1748-0221/16/04/P04003

ADC

Production Phase: status at 2023

11PoS(ICRC2023)267

● 3 modules of 10 m2

● SiPMs as optical sensors

● Binary and ADC modes

● Fully deployed by the end of 2024

Summary

• Underground Muon Detector is expected to be fully 
deployed by end of 2024


• It will provide a direct measurement of muon component

• <ρ35> 

•  σρ35 

• Timing

➡ Mass composition ↔ Hadronic models


• Cross-calibration of indirect muon estimates of the 
1500m array


• Muon deficit wrt 

• QGSJetII-04 (50%) and 

• EPOS-LHC (38%) 


• New SiPM results to be expected soon

23

Production Phase: status at 2023

11PoS(ICRC2023)267

● 3 modules of 10 m2

● SiPMs as optical sensors

● Binary and ADC modes

● Fully deployed by the end of 2024
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Fig. 12 Mean logarithmic muon density ⟨ln ρ35⟩ as a function of the
mean depth of shower maximum ⟨Xmax⟩ for simulations with primary
energies of 1017.5 eV (a) and 1018 eV (b) compared to Auger Observa-
tory measurements with the FD

the relationship between ⟨Xmax⟩ and ⟨ln ρ35⟩ can be repre-
sented by a line for each hadronic interaction model, as shown
in Fig. 12 at two different energies, 1017.5 eV and 1018 eV.
The ⟨Xmax⟩ data are extracted from [32]. It is apparent that
both models fail to reproduce the data. A difference of 38%
in the muon number is observed at 1017.5 eV and 1018 eV
compared to EPOS- LHC predictions, while the difference
is larger compared to the QGSJetII- 04 predictions. In both
cases, data show that the analyzed hadronic interaction mod-
els produce fewer muons than those observed in EAS. All
these results are collected in Tab. 2 together with the cor-
responding statistical and systematic uncertainties. It should
be stressed, nevertheless, that in the above comparison the
true Monte-Carlo energy was used for the simulated data
because the hybrid reconstruction of the energy (as done for
real data) is hampered by the failure in reproducing the num-
ber of muons impinging the SD stations [35].

The results presented in Figs. 10 and 11 are the first ones
for the Pierre Auger Observatory on the muon content of the
air showers obtained in this energy range. They allow us to
extend to lower energies results previously reported at higher
energies, based on the muon number estimation in inclined
air showers [36,37]. This is because at zenith angles exceed-

Table 2 Ratio fµ = exp (⟨ln ρ35⟩UMD − ⟨ln ρ35⟩sim) of the muon con-
tent in data and simulations with statistical and systematic uncertainties
at primary energies of 1017.5 eV and 1018 eV for the EPOS- LHC and
QGSJetII- 04 hadronic interaction models

Energy Model fµ

1017.5 eV EPOS- LHC 1.38 ± 0.04(stat)± 0.21
0.18(sys)

QGSJetII- 04 1.50 ± 0.04(stat)± 0.23
0.20(sys)

1018.0 eV EPOS- LHC 1.38 ± 0.12(stat)± 0.21
0.18(sys)

QGSJetII- 04 1.53 ± 0.13(stat)± 0.23
0.20(sys)

ing ≈ 60◦, EASs provide a direct measurement of the muon
number at the ground due to the absorption of the electromag-
netic component in the large atmospheric depth traversed.
The muon number for each shower can then be derived by
scaling a simulated reference profile of the muon density
distribution at the ground to the data. It is worth noting that
the measurements obtained pertain to muons with energies
above 0.16 GeV (Cherenkov threshold in water) that reach
the Observatory site located at an altitude of 1425 m, while
the measurements obtained in this work pertain to muons
with energies ∼ 1 GeV for vertical incidence.

Given the different conditions of measurements that select
muons with different energy distributions, it proves difficult
to compare directly the results presented here and the ones
reported in [36,37]. An indirect manner is required. Follow-
ing [38], we make use of the z-scale factor to perform the
comparisons,

z = ⟨ln x⟩ − ⟨ln x⟩p

⟨ln x⟩Fe − ⟨ln x⟩p
(18)

where x is the muon-density estimator (that is, ρ35 in this
work and Rµ in [37]). Here, the symbols ⟨·⟩p and ⟨·⟩Fe stand
for the expected muon densities for proton and iron showers,
simulated with a given model and accounting for detector
effects. The normalization by the difference between iron
and proton simulations allows the comparison between dif-
ferent types of quantities by reducing the possible systematic
differences.

The results of both analyses are shown in Fig. 13, using
two distinct generator models of hadronic interactions to
predict ⟨ln ρ35⟩ for proton and iron: EPOS- LHC (a) and
QGSJetII- 04 (b). There is a gap between ≈ 2 × 1018 eV
(UMD-based analysis running out of statistics) and ≈ 4 ×
1018 eV (threshold of the inclined EAS-based analysis), but
overall, both analyses give similar results in terms of z-factor.

Assuming the validity of the superposition model, the
measurement of ⟨Xmax⟩ by the FD converted into an aver-
age logarithmic mass ⟨ln A⟩ and finally into z = ⟨ln A⟩/ln 56

can be used to establish the reference values of the z-factor.
These are shown as the diamond markers in Fig. 13. For

123
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 Layout SD-750 SD-433

UMD-750

23.5 km2

61 Stations
1.9 km2

19 Stations

UMD-433

2.3m

10.2m2

sensitive

area

9m

1.4m

● 15 radiation lenghts 
underground

● Highly segmented 
(64 strips)

● Direct access to 
muon component of 
showers (both 
density & timing)

Optimal for composition studies in 
the range 1016.5 – 1018.5 eV
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World data set on muon production in air showers

9

9

Data compilation appears inconclusive, sensitivity of many experiments debated
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Sensitivity of individual observables

10

Data appear fully compatible with MC simulations if only one observable is considered

Angles and number of stations comparison
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Distance of triggered stations

Signal per station

where i stands for either the trigger or selection criteria and Ngen

denotes the number of generated events.
The Monte Carlo prediction is compared with the measure-

ments in Fig. 10. It can be seen that the shape of the two curves
agree for both proton and iron simulations. However we note a
normalization factor between simulation and data of 0.92 ± 0.02
assuming a mixed composition of 50% proton and 50% iron nuclei.
This could be related to an uncertainty in the on-time, or caused by
the poorer energy resolution of the SD.

7. Exposure

The hybrid exposure is shown in Fig. 11 for both proton (full cir-
cles) and iron (open squares) primaries. It is calculated for the data
period between November 2005 and May 2008, and is that used for
the hybrid energy spectrum measurement published in [7]. The
analysis of the Central Laser Facility shots described in Section 4
has revealed a systematic shift in the on-time calculation. To take
account of this effect the exposure has been reduced by 4%.
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Fig. 8. Examples showing the agreement between simulation and data. Proton and iron primaries are shown separately for the simulated data. For each figure all quality and
fiducial cuts are applied except the one related to the variable shown. The arrow denotes the selection cut on this variable.
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Physics of muon production
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Electromagnetic energy and energy transfer
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Muon production in hadronic showers

13

Primary particle proton

π0 decay immediately

π± initiate new cascades 

Assumptions:  

• cascade stops at 

• each hadron produces one muon 

Epart = Edec

(Matthews, Astropart.Phys. 22, 2005)

E0/(ntot)
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Pion decay energy ~30 GeV, 
Typically 8-12 generations

Nµ =

✓
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b =
lnnch

lnntot
⇡ 0.82 . . .0.95



Possible solutions to muon problem and FPF
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Muon production depends on hadronic energy fraction

p�

p0

p̄

n̄

p̄

L̄
p̄
p

p
p̄

1 Baryon-An+baryon pair produc+on   (Pierog, Werner 2008) 
• Baryon number conserva0on 
• Low-energy par0cles: large angle to shower axis 
• Transverse momentum of baryons higher 
• Enhancement of mainly low-energy muons

Baryon 
sub-shower

Meson 
sub-shower

Decay of 
leading par0cle 
stops hadronic 
sub-cascade

(Grieder ICRC 1973; Pierog, Werner PRL 101, 2008)

3 Leading par+cle effect for pions    (Drescher 2007, Ostapchenko 2016) 
• Leading par0cle for a π could be ρ0 and not π0 
• Decay of ρ0 to 100% into two charged pions

4 New hadronic physics at high energy   (Farrar, Allen 2012, Salamida 2009) 
• Inhibi0on of π0 decay (Lorentz invariance viola0on etc.) 
• Chiral symmetry restaura0on

30% chance to have
π0 as leading particle

15Several of these effects: Core-Corona model (Pierog et al.)

p�

2 Enhanced kaon/strangeness produc+on (Anchordoqui et al. 2022) 
• Similar effects as baryon pairs 
• Decay at higher energy than pions (~600 GeV)

p0 ! gg

r0 ! p+p�



06/28/16 Felix Riehn - Auger Analysis Meeting 2016 6

Leading vector mesons

Pion - Proton Pion - CarbonCrossing not described

Rho production in π-p interactions (Sibyll 2.1 ➞ Sibyll 2.3)

16(Riehn et al., ICRC 2015)

xF = pk/pmax

p+ p ! p0 ! 2g

p+ p ! r0 ! p+ p�

06/28/16 Felix Riehn - Auger Analysis Meeting 2016 8

Leading vector mesonsLeading particle production



Simple and pragmatic approach – Sibyll 2.3d*
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Modification of Sibyll 2.3d to study different versions of muon enhancement 
- Rho meson in pion interactions (leading particle effect only) 
- Baryon pair production (all interactions) 
- Kaon production (all interactions)

anti-baryon pair-production, and kaon production enhancement [8, 9, 10, 11, 17]. These variants
are denoted as SF(⇢0), SF(p̄), and SF(K±,0).
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Figure 1: Fraction of projectile energy carried by ⇢0, anti protons and charged kaons in ⇡�C collisions [21, 22]. Lines
are Sibyll 2.3d, Sibyll 2.1 and di↵erent variants of SibyllF.
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Figure 2: Multiplicities of ⇡+, anti protons and charged kaons in pp collisions [23, 24, 25]. Lines are Sibyll 2.3d,
Sibyll 2.1 and di↵erent variants of SibyllF.

In the ⇢0 variant, ⇡0 are directly substituted with ⇢0. For the baryon pair and kaon pair variant,
charge-neutral combinations of two or three pions are replaced with pp̄ or nn̄ pairs, and K+K� or
K0 K̄0 pairs respectively. We adjust the parameters for each variant such that measurements by
lab. experiments are described well. One such measurement are the energy fractions in ⇢0, anti
protons and kaons that were measured by the NA61 experiment [22, 21] and that are shown in
Fig.1. Another example is the collection of multiplicity measurements of pions, anti protons and
kaons in proton proton interactions that is shown in Fig. 2 [23, 24, 25].

In the phase space beyond the lab. measurements we set the parameters such that the energy
fraction in hadrons fhad at primary energies of around 1019 eV is approximately the same between
the di↵erent variants (⇡ 0.82 corresponding to an increase over Sibyll 2.3d of ⇡ 10% (see Fig. 3)).
Producing ⇢0 significantly impacts muon production in EAS because ⇢ mesons can form directly
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Simple and pragmatic approach – Sibyll 2.3d*
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EAS predictions for protons

Enough for Auger data?

Looking good...

9

EAS predictions for protons

Enough for Auger data?

Looking good...
Muon number Depth of maximum

Good description of Auger data, detailed studies in progress



FPF sensitivity to modifications

19

Modification of Sibyll 2.3d to study different versions of muon enhancement 
- Rho meson in pion interactions (leading particle effect only) ➞ not seen in FPF 
- Baryon pair production (all interactions)                                 ➞ not seen in FPF 
- Kaon production (all interactions)                                           ➞ directly seen in FPFJ. Phys. G: Nucl. Part. Phys. 50 (2023) 030501 Major Report

Figure 217. Neutrino energy spectra for electron neutrinos (left) and muon neutrinos
(right) passing through the FLArE detector. The vertical axis shows the number of neu-
trinos per energy bin that go through the detector’s cross-sectional area of 1 m2 for an
integrated luminosity of 3 ab−1: pion decays (red), kaon decays (orange), hyperon decays
(magenta), and charm decays (blue). The different line styles correspond to predictions
obtained from Sibyll-2.3d by varying fs [1517].

to detect one order of magnitude more cosmic neutrinos. With this increase in statistics, the
number of identifiable sources is also expected to rise, as detectable sources can be five times
fainter compared to IceCube. The detection of numerous neutrinos from the same source or the
same class of sources, will then allow for a more detailed understanding of neutrino production
mechanisms in the source and the acceleration of cosmic rays (see also the contributions to
Snowmass 2021 on High energy and ultra-high energy neutrinos [1271] and Multimessenger
astronomy and astrophysics [1464]).

Atmospheric neutrinos, produced in the interaction of cosmic rays with nuclei in the
Earth’s atmosphere and the subsequent decay of mesons, are an irreducible background to
searches for astrophysical neutrinos. An accurate understanding of the physics of cosmic
sources therefore requires an in-depth understanding of the atmospheric neutrino flux. The
FPF will provide key information for understanding astrophysical neutrinos, as described in the
following.

8.2.1. Atmospheric backgrounds in large-scale neutrino telescopes. Atmospheric neutrinos
are produced by semileptonic decays of hadrons in EAS, typically π± and K± decays. This
component of the flux is called the conventional neutrino flux which falls steeply with increas-
ing energy. This mainly reflects the spectral shape of the incoming cosmic ray flux, but there
is an additional suppression that comes from the energy loss experienced by the mesons
before they decay. The proper decay lengths of pions and kaons are O(1)m and much longer
at high energy, while their average interaction times are much shorter. They will therefore
lose energy before decaying, leading to an extra factor of approximately E−1

ν in the flux
compared to the incoming cosmic rays. This qualitative picture is confirmed by theoretical
predictions [1531, 1532] that agree very well with measurements up to energies of roughly
105 GeV [1533].

On the other hand, when the energy is sufficiently high, atmospheric neutrinos also originate
from the semileptonic decay of heavy flavor hadrons, such as D mesons, B mesons, or Λc

baryons. This component is called the prompt neutrino flux. In contrast to the pions and kaons,
these heavy flavor hadrons have very short decay lengths of a few hundred µm, and decay

329

(White Paper J. Phys. G: Nucl. Part. Phys. 50 (2023) 030501)



Forward meson production and FPF
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Importance of forward phase space to air showers

(Ulrich, DPG 2014)

21

(data from all LHC experiments, CMS shown as example)
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Relevance of Collider Experiments

central

forward

Central (|⌘| < 1)

Endcap (1 < |⌘| < 3.5)

Forward (3 < |⌘| < 5), HF

CASTOR+T2 (5 < |⌘| < 6.6)

FSC (6.6 < |⌘| < 8)

ZDC (|⌘| > 8), LHCf

How relevant are specific
detectors at LHC for air
showers?

! Simulate parts of shower
individually.

ralf.ulrich@kit.edu UHECR and their interactions 17

Similar study for FPF possible?



Comparison of phase space coverage
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Fig. 15 Simulated densities of
prompt particles (solid lines) in
high-energy p-p, p-Pb, and p-O
collisions. Dashed lines show
the estimated number of muons
produced by the secondaries if
they were propagated through
the atmosphere, assuming
Nµ ∝ E0.93

lab , where Elab is the
energy of the secondaries in the
boosted system

Because of the limited ability of most current hadronic
interaction models to describe heavy-ion collisions, the LHC
configurations with p-Pb, Pb-Pb, and Xe-Xe currently can-
not be fully used for parameter tuning and model validation.
This is a severe drawback in regard to the rich results ob-
tained with the heavy ion program of the LHC and the re-
cent discovery of QGP-like effects in light systems includ-
ing p-Pb from p-p. LHC collisions with lighter nuclei are
needed to resolve this limitation.

Basic features of hadronic interactions which are impor-
tant for air shower simulation are shown in Fig. 16, compare

with Sect. 2.8. The inelastic cross-section has a high im-
pact on the predicted value of the depth of shower maximum
Xmax but not on the muon number Nµ. LHC measurements
have constrained the inelastic p-p cross-section to very high
precision and resolved the 1.9σ ambiguity in earlier Teva-
tron data (Abe et al. 1994; Amos et al. 1992). The measure-
ment of the p-Pb inelastic cross section (Khachatryan et al.
2016) at 5.02 TeV is also important, since it validated the
standard Glauber model to better than ≈ 10%. This had a
noted impact on the systematic uncertainty of Xmax predic-
tions. There is still a remaining uncertainty in the extrapo-
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(Albrecht et al. Astrophys. Space Science 2022)

TABLE I. Expected number of charged current neutrino interaction events occurring in FASERν and SND@LHC during LHC Run 3
with 150 fb−1 integrated luminosity. Here, we assume a target mass of 1.2 tons for FASERν and 800 kg for SND@LHC; further details
on the experimental setup are provided in Sec. III A. We provide predictions for SIBYLL 2.3d, DPMJET III.2017.1, EPOSLHC/PYTHIA 8.2 with
HardQCD, and QGSJET II-04/PYTHIA 8.2 with SoftQCD. The two bottom rows provide a combined average, both including and excluding the
DPMJET prediction, where the uncertainties correspond to the range of predictions obtained from different MC generators.

Generators FASERν SND@LHC

Light hadrons Heavy hadrons νe þ ν̄e νμ þ ν̄μ ντ þ ν̄τ νe þ ν̄e νμ þ ν̄μ ντ þ ν̄τ

SIBYLL SIBYLL 901 4783 14.7 134 790 7.6
DPMJET DPMJET 3457 7088 97 395 1034 18.6
EPOSLHC PYTHIA8 (Hard) 1513 5905 34.2 267 1123 11.5
QGSJET PYTHIA8 (Soft) 970 5351 16.1 185 1015 7.2

Combination (all) 1710þ1746
−809 5782þ1306

−998 40.5þ56.6
−25.8 245þ149

−111 991þ132
−200 11.3þ7.3

−4.0

Combination (w/o DPMJET) 1128þ385
−227 5346þ558

−563 21.6þ12.5
−6.9 195þ71

−61 976þ146
−185 8.8þ2.7

−1.5

FIG. 5. Neutrino angular distribution: neutrino pseudorapidity distribution for electron (left), muon (center), and tau (right) neutrinos,
as a function of pseudorapidity η or equivalently the radial displacement from the LoS at z ¼ 480 m for LHC Run 3 with an integrated
luminosity of 150 fb−1. In the top panel, we show the number of neutrinos, in units of particles per bin, while the bottom panels show the
neutrino flux, in units of particles per area per bin. The flux components from light hadron decays and charmed hadron decays are shown
in red and blue, respectively. The line styles denote the different event generators. All energies Eν > 10 GeV are included. Shown at the
bottom of each panel is the angular coverage of FASERν and SND@LHC.
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Systematic study of relation to interaction properties

23

PoS(ICRC2021)037

Muon Puzzle and LHC Hans Dembinski

Figure 3: Impact of modifying the inelastic cross-section, the hadron multiplicity, the elasticity (energy
fraction carried by the most energetic particle), and the fraction of neutral pions produced on the muon
number #` and its fluctuations, as well as the depth of shower maximum and its fluctuations, for a proton
shower with 1019.5 eV simulated with SIBYLL-2.1 as the baseline. The modifications are shown as a function
of the energy-dependent scale factor at the LHC energy scale of 13 TeV. Points represent the simulations
results, line are empirical fits to guide the eye. Data from Ref. [16], image from Ref. [4].

Real air showers are more complex. Kaons, protons, neutrons, and strange hadrons are
produced which have life-times large enough to participate in the cascade. The results of the
previous calculations approximately carry over if 1 � U is considered more broadly as the energy
fraction carried by neutral pions. Experimentally convenient is the closely related quantity

' =
⇢em

⇢had
, (4)

where ⇢em is the electromagnetic energy flow from photons and electrons, while ⇢had is the hadronic
energy flow, and the average is taken over the phase-space of the secondaries. The energy ratio '

is a function of pseudo-rapidity [ and its value at large [ is most important. The relationship to U

is ' = (1 � U)/U, if U is considered as an energy fraction.
These analytical results were refined with full air shower simulations [16], in which basic

features of hadronic interactions were modified ad-hoc with an energy-dependent scale factor to
study the sensitivity of air shower observables on these features. The relevant results of this study

6

(Dembinski, ICRC 2021, Albrecht et al. Astrophys. Space Science 2022)

(Ulrich et al. Phys. Rev. D 83 (2011) 054026 )

Combination of FPF and LHCf 
ideal for air shower physics



Qualitative picture of relation to neutrino fluxes
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Figure 214. Absolute (left) and relative to EPOS-LHC (right) π± and K± Feynman-x
spectra for the four hadronic models under consideration. Obtained for different pseu-
dorapidity ranges, increasing from top to bottom, from 106 pp events at

√
s = 14 TeV.

8.1.3. Complementary probes of strangeness enhancement: Auger meets the FPF. In ref-
erence [1517], the assumption that the strangeness enhancement observed by ALICE at mid-
rapidity [1495] further increases in the forward region was put into effect to study the concomi-
tant π → K swap impact on the development of EAS. The study, which was inspired on the
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Figure 215. Neutrino energy spectra for electron neutrinos (left) and muon neutrinos
(right) passing through FASERν2. The vertical axis shows the number of neutrinos per
energy bin that go through the detector’s cross-sectional area for an integrated luminosity
of 3 ab−1. The different production modes are indicated by different colors: pion decays
(red), kaon decays (orange), hyperon decays (magenta), and charm decays (blue). The
different line styles correspond to predictions obtained from Sibyll-2.3d (solid),
DPMJet-III.2017 (short dashed), EPOS-LHC (long dashed), QGSJet-II.04
(dotted), andPythia 8.2 using soft-QCD processes (dot-dashed) and with hard-QCD
processes for charm production (double-dot-dashed). Note that the predictions differ by
up to a factor 2 for neutrinos from pion and kaon decays, which is much bigger than the
anticipated statistical uncertainties at the FPF [67]. Reproduced from [37]. CC BY 4.0.

ideas introduced in references [1518, 1519], was carried out implementing a phenomenolog-
ical toy model in AIRES (version 19.04.08) [1520]. The AIRES simulation engine provides
full space-time particle propagation through the atmosphere and calls external event generators
to process hadronic collisions. In the analysis of reference [1517] all hadronic collisions were
processed using Sibyll-2.3d [772], but introducing the possibility of swapping π → K
with a probability

Fs(η) =

⎧
⎪⎪⎨

⎪⎪⎩

fs if −∞ < η < −4

0 if −4 ! η ! 4

fs if 4 < η < ∞
, (8.2)

where η is the pseudorapidity in the CM frame and 0 < f s < 1. Particle swapping was per-
formed in hadronic collisions whose projectile kinetic energy was larger than Epmin = 103 TeV.
This low energy threshold was selected to roughly accommodate the onset of a smooth rise
of the hyperon-to-pion ratio measured at ALICE [1521]. Secondary particles were randomly
selected with probability Fs and if their energies were below Esmin = 1 GeV they are always
left unchanged.

In case of positive selection, the identity of particles was changed according to the following
swapping criteria:

(a) Each π0 was transformed onto K0
S or K0

L, with 50% chance between them.
(b) Each π+ (π−) was transformed onto K+ (K−).
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Pion and kaon spectra at production Neutrino interactions in detector

(White Paper J. Phys. G: Nucl. Part. Phys. 50 (2023) 030501)
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Figure 5.9.: Summarized count rate per hour of muons of the three different contributions at the LHC with
p

s = 13 TeV and L = 1033 cm�2s�1

depending on the distance d to the interaction point, including reduction factors due to decay. Top left: l = 0.5 m, top right: l = 1 m,
bottom left: l = 3 m, bottom right: l = 5 m.
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Are muons useless for FPF?
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18 4. Experimental Setup for Measuring Forward Muons at the LHC

Interaction Point

Scintillator
telescope

Rock

Beam pipe
with proton beam

Figure 4.1.: Layout of the experimental setup (not to scale). Green,
dotted line: Proton beams, colliding at the interaction point
and producing secondary hadrons. Red dashed line: Tra-
jectory of muons of a given energy Eµ resulting from the
decay of high-energy secondary hadrons with a supposed az-
imuthal angle ✓ = 0 rad, which are deflected by an angle ↵
due to the beam optics. In the box, an enlarged view at
the scintillator telescope is displayed. The red dotted lines
are trajectories of muons with equal energy Eµ, but with a
non-vanishing azimuthal angle ✓, which corresponds to the
maximum angle covered by the detector.

will happen at a distance of approximately 350 m (320 m) for Eµ = 2 TeV (3 TeV). Here,
it was assumed that the muons were produced with vanishing azimuthal angle.

Based on these considerations, the following experiment is proposed. A scintillator tele-
scope with high directional resolution is placed in the support tunnel of the beam pipe at
different given distances (300-350 m). Due to the energy dependence of the angle ↵, the
energy range of the counted muons can be selected by the position of the scintillator in
the tunnel. With such a setup, the muon flux produced by promptly decaying hadrons can
be studied. The directional resolution of the muons might be needed to discriminate the
signal muons coming from from the interaction point from background muons produced in
beam rest gas interactions. In the following, we assume that possible background contri-
butions can be suppressed and we will only discuss the expected muon signal originating
from hadrons produced at the interaction point.
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Figure 5.2.: Pseudorapidity distribution of pions (top), D± (middle) and
⌘ mesons (bottom) in one average proton-proton collision
with

p
s = 13 TeV.
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(Isabell Engeln, 
Bachelor’s thesis 2015)

22 5. Feasibility Study

Due to the same reasons, the charmed baryons ⌅0
c and ⌅+

c are neglected in comparison to
particles #14-17, see Fig. 5.1, middle panel. Based on similar arguments, the unflavored
mesons � and J/ are excluded from the following studies as well.

Furthermore, it can be seen that all distributions are similar in the sense that particles
containing heavier quarks, such as a strange or charm quark, are rarer than those containing
only up and down quarks. This follows from the fact that the constituent (valence) quarks
of the colliding protons are two up and one down quark. Heavier quarks are either produced
in pairs or taken from the small contribution to the sea quarks. These quarks carry typically
much less energy than the valence quarks. Therefore, it is not necessary to consider particles
containing multiple heavy quarks, which are not listed in Tab. 5.1.

It follows from the above considerations that production of the following contributions
should be studied quantitatively

• Conventional contribution: ⇡±, K±, K0
L,

• Charm contribution: D0, D±, D±
s , ⇤+

c ,

• Unflavored contribution: ⇢0, ⌘, !, ⌘0.

The decay length of secondary particles at energies in the TeV range differs widely. Unfla-
vored particles have decay lengths below 10�5 cm. They decay within a distance of 1 µm
from the interaction point. Charmed particles have small decay lengths as well, which are
below 101 m. Most likely, the free space in forward direction is sufficient so that secondary
charmed particles decay entirely. Secondary hadrons among the conventional contribution
have decay lengths of the order of 104 m or larger. The majority of high-energy pions and
kaons does not decay within the empty space at the interaction point. The small fraction
of conventional secondary particles which decay anyhow are considered as a background to
the prompt contribution.

5.2. Expected Angular Distribution
To check the assumption that high-energy particles only occur under small zenith angles,
the simulations of 107 events are evaluated regarding the transversal and longitudinal mo-
menta of the particles. The pseudorapidity ⌘ is calculated for several energy intervals of
the secondary particles. The energy intervals are 1 TeV, beginning with 0.5 TeV. The pseu-
dorapidities for energies above 5.5 TeV are not stated as they are statistically unfounded
due to the small number of particles in this energy range.

In Tab. 5.2, the mean pseudorapidity for each energy interval is calculated for all selected
particles. As expected, the values show a clear tendency to larger pseudorapidities with
increasing energy. Fig. 5.2 shows as an example the pseudorapidity histograms of one
particle of these contributions. The maximum of the pseudorapidity distribution of D
mesons occurs at somewhat lower pseudorapidities (⇠ 8) than that of pions and ⌘ mesons.
This difference is related to the higher mass of the D mesons and their production process.
Further pseudorapidity plots of all selected particles can be found in the appendix.

As large pseudorapidities correspond to small angles, the zenith angle of the occurring
particles decreases with higher energies. For each meter distance from the interaction
point along he beam direction, the trajectory of a secondary particle of ⌘ = 7 departs by
1.8 mm from the beam axis. A particle of several TeV reaches a distance of only several
mm to the beam axis when covering a distance of 10 m.

22



Simulation study for muons for FPF

26

Chapter 2. The Facility 50

Figure 2.36: 2D Muon distribution at Z = 617m from IP1 in front of the proposed dedicated FPF
location. The data is scaled to the nominal HL-LHC luminosity of 5 ⇥ 1034 cm�2 s�1.

Figure 2.37: Muon (left) and neutrino (right) spectra at the FPF location at Z = 617m integrated
across an area of 2 m ⇥ 2 m and scaled to the nominal HL-LHC luminosity of 5 ⇥ 1034 cm�2 s�1.

are designed to protect the machine from the high-power forward physics debris. Secondary particles
can in turn produce muons that may reach the FPF from these locations. The two broad peaks are
initially believed to be from the increasing dispersion (transverse position-energy correlation) in the
accelerator as we enter the arcs. The increased dispersion causes greater transverse excursions for
o↵-energy particles resulting in their loss and interaction with the accelerator, eventually producing
muons. These results provide an initial insight into where muons originate from and how they can
be be mitigated with the choice of sweeper magnet location.

2.8.5 Outlook

The model presented is a first step in modelling the FPF muon backgrounds and further improve-
ments are required. Firstly, a simplified geometry based on the aperture can be exported for a
RIVET module suitable for testing new and existing generators and their models. This method
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Figure 2.34: The 2D muon distribution at Z = 370 m, viewed more closely than in Fig. 2.33 and
showing the muon flux at the location of a sweeper magnet. The data is scaled to the nominal
HL-LHC luminosity of 5 ⇥ 1034 cm�2 s�1.

Figure 2.35: The 2D muon distribution at Z = 370 m, as in Fig. 2.33, but only for muons with
Ek > 1 TeV. The data is scaled to the nominal HL-LHC luminosity of 5 ⇥ 1034 cm�2 s�1.

Scenario µ� (Hz/cm2) µ+ (Hz/cm2)
With sweeper 0.4937 ± 0.0145 0.2827 ± 0.0139
No sweeper 0.5342 ± 0.0163 0.2881 ± 0.0139

Table 2.4: Predicted muon fluxes at the entrance to the FPF at Z = 617 m from IP1 along the
LOS, based on the nominal HL-LHC luminosity of 5 ⇥ 1034 cm�2 s�1. The rate is calculated from
a sample area of 2 m ⇥ 2 m across all kinetic energies from the minimum simulated kinetic energy
of 10 GeV.
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Figure 2.38: The origin of muons reaching the 2 m ⇥ 2 m sample plane at the Z = 617 m FPF
location. This figure shows where such muons were created as a function of the global Cartesian
Z coordinate, that is, the distance from IP1. The results are scaled to the nominal HL-LHC
luminosity of 5 ⇥ 1034 cm�2 s�1.

and tool is described in Ref. [67]. Such a technique allows rapid iteration to test key quantities
and responses of potential experiments to di↵erent physics models. The Monte Carlo sample here
required ⇠ 80000 cpu-hours to be generated, despite the decay cross section biasing. Whilst the
simulation data provided is highly useful in understanding backgrounds, the approach using RIVET

by Ref. [67] using a simplified geometry from this model will allow many more variations to be
studied.

Secondly, the geometry can be improved further to include the collimator vacuum tanks and
cooling apparatus. The BDSIM-provided LHC magnet geometries will also be improved. The mag-
netic fields used in the yokes of the magnets are parameterised multipole fields according to the
Biot–Savart law. However, more accurate field maps will be used in the future. Additional sys-
tematic errors can be investigated, including the varied proton beam optical parameters (e.g., the
crossing angle) and the e↵ect of the rock density uncertainty.

Here, only the contribution from collisions at IP1 is presented. The contribution from the
inelastic interaction of protons with residual gas in the vacuum can be simulated, as can any
physics debris from other IPs that can cause proton losses, albeit at a low rate, throughout the
whole accelerator.

The model presented and BDSIM in general present a method that can be used as part of a
physics analyses and Monte Carlo chain to predict quantities at the FPF, as well as estimate the
impact of design choices including a sweeper magnet.

2.9 The PROPOSAL Framework For Simulating Particles Fluxes

In addition to the FLUKA and BDSIM frameworks discussed in Sec. 2.6 and Sec. 2.8, respectively,
the simulation framework PROPOSAL may be used to estimate particle fluxes at the FPF. PROPOSAL
provides 3D Monte Carlo simulations of high-energy leptons and photons [68]. It is used in several
experiments, for example, in the simulation chain of the IceCube Neutrino observatory, to propagate
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accelerator as we enter the arcs. The increased dispersion causes greater transverse excursions for
o↵-energy particles resulting in their loss and interaction with the accelerator, eventually producing
muons. These results provide an initial insight into where muons originate from and how they can
be be mitigated with the choice of sweeper magnet location.

2.8.5 Outlook

The model presented is a first step in modelling the FPF muon backgrounds and further improve-
ments are required. Firstly, a simplified geometry based on the aperture can be exported for a
RIVET module suitable for testing new and existing generators and their models. This method
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Very high rate, also useful for temporary detector locations, short p-O run

Take advantage of geometry

of muon distribution

(relative measurement)



Summary
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Muon discrepancy in air showers 
- Experimental evidence at highest energies 
- Energy range of onset still unclear 
- Some conflicting data (due probably to limited sensitivity)

- FPF as key instrument for kaon enhancement scenario 

(already done in White Paper)

- Test Sibyll 2.3d* scenarios with direct FPF simulations?

Forward meson production for air shower physics 
- Central input for composition interpretation of air shower data 

(model comparison already done in White Paper, but phase space discussion limited) 
- Need to understand better link between production kinematics and observed neutrinos

- Perform simulations for air showers with FPF-like kinematics?

Use neutrino and muon data together for physics studies 
- Take advantage of very high muon rate (geometry of fluxes, temporary detector locations, p-O or other runs) 
- Simulate expectation for muons for different interaction models

- Produce libraries that provide production (kinematics & location of muons and neutrinos) and detection information

- Distinguish between primary and secondary neutrinos and muons

no longer tracked. This intuitively applies to regions where
dense metal objects, like the TAS, the TAN, the magnets,
and the collimators, surround the beam pipe. The situation
is less clear when the vacuum is only surrounded by the
about 5 mm thick beam pipe. This applies to the region
between the D1 magnets and the TAN, which is mainly hit
by energetic charged particles that were deflected by the D1
magnets. However, those particles typical hit the pipe at a
few mrad angle, which is sufficiently small such that
particles would need to travel through a few meters of
material where they will likely interact. In addition, a few
mrad angle is already quite large, such that neutrinos
produced from their decay are typically not relevant for
the far-forward neutrino fluxes. Indeed, we found that
charged particle decays into neutrinos occurring after the
dipole magnets only provide a small contribution to the
neutrino flux.

B. Tracking through magnetic fields

While charmed hadrons decay approximately promptly,
light flavored hadrons are long-lived and decay down-
stream from the interaction point. This requires us to

model their deflection by the magnetic fields to obtain
their trajectories. Here, we implement the BDSIM
Quadrupole and BDSIM Dipole Rodrigues first
order matrix tracking algorithms that are described in the
BDSIM documentation [14,20]; see also Ref. [21] for an
pedagogical overview.
Also shown in Fig. 1 is the trajectory for the 6.5 TeV

proton beam with the nominal LHC Run 2 beam half-
crossing angle 150 μrad vertically upwards, as well as two
trajectories for oppositely charged 2 TeV energy pions.
We have validated these and other trajectories against the
full BDSIM prediction and found great agreement of
Oð10 μmÞ and better. We can see that even charged
particles with large energies of 2 TeV are deflected
significantly by the inner triplet quadrupole magnets, such
that further downstream decays of these charged particles
are not expected to contribute significantly to the far-
forward neutrino flux.

C. Decays into neutrinos

In the next step, we decay the hadrons to obtain the
neutrino flux. Unfortunately, the hadron decay branching

FIG. 1. Beam pipe geometry: the boundaries of the LHC’s beam pipe in the horizontal (top) and vertical (bottom) panels are shown as
a black line. The shaded areas correspond to the quadrupole (light gray) and dipole (dark gray) magnets. The red dashed line shows the
trajectory of the proton beam with initial half beam crossing angle of 150 μrad vertically upwards. The dotted blue and dotted-dashed
green curve show the trajectories of two oppositely charged 2 TeV energy pions with the same initial orientations.

FORWARD NEUTRINO FLUXES AT THE LHC PHYS. REV. D 104, 113008 (2021)

113008-3

(Kling & Nevay, Phys. Rev. D 2021)
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Mass composition results of Auger Observatory
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Number of charged particles

Depth X  (g/cm2)

DX1

DXmax

dP
dX1

=
1

lint
e�X1/lint

sX1,Fe ⇠ 10g/cm2

Important: LHC-tuned interaction models used for interpretation

(FD telescopes: PRD 90 (2014), 122005 & 122005, updated ICRC 2023)
(SD risetime: Phys. Rev. D96 (2017), 122003)

sX1,p ⇠ 45�55g/cm2

(E ⇠ 1018 eV)
(AERA/radio: PRL & PRD 2023)
(SD DNN: ICRC 2023, to be published)



Change of model predictions thanks to LHC data
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DXmax =�10g/cm2 +8g/cm2

DXmax =±20g/cm2
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TA: LHC-tuned models should 
be used for data interpretation

(Pierog, ICRC 2017)

(see also discussion Lipari, Phys.Rev.D 103 (2021) 103009)



Muon production at large lateral distance

Energy distribu0on of last interac+on 
that produced a detected muon

Muons in UHE Air Showers

air shower cascade: energy of last interaction before decay to µ

hadron + air → π/K + X
↘
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Muon observed at 1000 m from core

µ+

π+

ν

π+

(Maris et al. ICRC 2009)

Typically 8-10 
interac0ons

Ep±,dec ⇠ 30GeV
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c⇥�± = 7.8m

c⇥�0 = 25.1nm

p+ ! µ+ nµ

p0 ! g g



Importance of hadronic interactions at different energiesSensitivity of Air Showers to Interactions
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Sensitivity of Air Showers to Interactions

]2Depth [g/cm
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

M
uo

ns

210

310

410

510

610

710

810

910 eV19Proton, 10
100 Highest Energy Interactions

Individual Sub-Showers

]2Depth [g/cm
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

/g
]

2
En

er
gy

 D
ep

os
it 

 [G
eV

 c
m

310

410

510

610

710

810 eV19Proton, 10
100 Highest Energy Interactions

Individual Sub-Showers

Global shower properties and the shower maximum are sensitive to
the highest energy interactions

Muons in air showers are sensitive to the hadronic cascade over all
energies
→ Large problem in predicting the overall muon number is small

problem on the level of individual interactions

Ralf Ulrich, ralf.ulrich@kit.edu 17

Muons:  8 – 12 generations,
majority of muons produced  
in ~30 GeV interactions

Shower particles produced in 100 
interactions of highest energyElectrons

Muons

Electrons/photons: 
high-energy interactions

Muons/hadrons: 
low-energy interactionsLow-energy 

interactions

(Ulrich APS 2010) 32



Test: modification of hadronic interaction models
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Adjustments to Model Predictions of -max and Signals at Ground Level Jakub Vícha
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(c) MC corrections: �-max and 'Had (\)

Figure 3: From left: ((1000)Ref distributions in two extreme zenith-angle bins, the -Ref
max distribution and

the AG correlation parameter of [-max, ((1000)] as a function of the zenith angle. Top (a): results of the
-Ref

max fit; middle(b): results of the fit with �-max fixed to zero g/cm2; bottom (c): results of the full fit.

The resulting rescaling parameters of the simulated hadronic signal 'Had(\min) and 'Had(\max)95

are shown in the left panel of Fig. 4. We found that the adjustment of the attenuation of (Had96

(di�erence between 'Had(\min) and 'Had(\max)) depends mainly on the experimental energy scale,97

see the right panel of Fig. 6. For the energy scale currently adopted at the Pierre Auger Observatory,98

the fit results prefer the attenuation of (Had predicted by E���-���. For all three HI models, a99

deeper -max prediction is preferred with �-max values equal to 22 ± 3 +14
�11 g/cm2 for E���-���,100

48± 2 + 9
�12 g/cm2 for Q����� II-04, and 30± 2 + 9

�15 g/cm2 for S����� 2.3d, see Fig. 5. Such shifts of101

simulated -max values lead to a heavier mass composition (right panel of Fig. 4) compared to the102

inferences with the unaltered HI models. As expected, the inferences on the mass composition are103

now much less model-dependent.104

The increase of the MC prediction on -max, resulting in the increase of the signal at the ground,105

alleviates the problem with the deficit of muons in the predictions of HI models, as, e.g., in [4].106

Still, for a satisfactory description of the data, the hadronic signal in HI models should be increased107

by 15± 2 +20
�16% for E���-���, by 24± 2 +23

�19% for Q����� II-04, and by 17± 2 +22
�17% for S����� 2.3d108

5

37th ICRC 2021 J. Vícha (FZU): Adjustments to MC Xmax and signal at ground 7/15

EPOS-LHC without any correction to MC predictions
Fit X

max
 distribution to obtain primary fractions

Reasonable fit to X
max

 

using EPOS-LHC, but 
poor description of 
S(1000) and 
correlation of 
[S(1000), X

max
]

Gideon-Hollister correlation coeficient
[J. Am. Stat. Assoc. 82 (1987) 656]
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EPOS-LHC predictions adjusted for R
Had

(θ)
One global fit of [S(1000),X

max
] distributions with free primary fractions and R

Had
(θ) (ΔX

max
 is fixed to zero)

S(1000) at 
higher 
zeniths 
still poorly 
described

R
Had

(θ
min

) R
Had

(θ
max

)

interpolated
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EPOS-LHC predictions adjusted for R
Had

(θ) and ΔX
max

One global fit of [S(1000),X
max

] distributions with free primary fractions, R
Had

(θ), ΔX
max

p-value of global fit:
~2.6%

Combined fit of correlated Xmax distribution 
and S(1000) signal at ground

Combined fit of correlated Xmax distribution 
and S(1000) signal at ground allowing

for an angular-dependent muon re-scaling 
(only mean muon number changed) 

Combined fit of correlated Xmax distribution 
and S(1000) signal at ground allowing

for an angular-dependent muon re-scaling 
(only mean muon number changed) and 
shifting Xmax of all primaries by fixed value 

(Auger, ICRC 2012)
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<latexit sha1_base64="8iVDoAKsbPlcubAdkddxxIYPy2s=">AAACFnicbVC7TsMwFL3hWcqrwMhiUSGxtEpYYKOChQm1En1Ibakcx2mtOollO0hVFIl/YOFXWBhAiBXYmPgVnLYDtBzJ0vE598o+xxWcKW3bX9bC4tLyympuLb++sbm1XdjZbagoloTWScQj2XKxopyFtK6Z5rQlJMWBy2nTHV5kfvOWSsWi8FqPBO0GuB8ynxGsjdQrlDq+xCTxrtLEQ6KnU9QRMhI6yi6I3kzsUuYktbRXKNpleww0T5wpKVbOvj/uAKDaK3x2vIjEAQ014ViptmML3U2w1IxwmuY7saICkyHu07ahIQ6o6ibjWCk6NIqH/EiaE2o0Vn9vJDhQahS4ZjLAeqBmvUz8z2vH2j/tJiwUsaYhmTzkxxyZ1FlHyGOSEs1HhmAimfkrIgNsitCmybwpwZmNPE8ax2XHLjs108Y5TJCDfTiAI3DgBCpwCVWoA4F7eIRneLEerCfr1XqbjC5Y0509+APr/QeWQKKI</latexit><latexit sha1_base64="kiSi3zvfWYpcvRVQlk/XjTxuMDo=">AAACFnicbVA7T8MwGHR4lvIKMLJYVEgsrRIWulHBABNqJfqQmhI5jtNadRLLdhBVlF/Bwl9hYQAhVmBj4q/gtB2g5SRL57vvk33ncUalsqwvY2FxaXlltbBWXN/Y3No2d3ZbMk4EJk0cs1h0PCQJoxFpKqoY6XBBUOgx0vaG57nfviVC0ji6ViNOeiHqRzSgGCktuWbZCQTCqX+VpT7krsqgw0XMVZxfILmZ2OXcSRuZa5asijUGnCf2lJRqp98fd+XqRd01Px0/xklIIoUZkrJrW1z1UiQUxYxkRSeRhCM8RH3S1TRCIZG9dBwrg4da8WEQC30iBcfq740UhVKOQk9PhkgN5KyXi/953UQF1V5KI54oEuHJQ0HCoE6ddwR9KghWbKQJwoLqv0I8QLoIpZss6hLs2cjzpHVcsa2K3dBtnIEJCmAfHIAjYIMTUAOXoA6aAIN78AiewYvxYDwZr8bbZHTBmO7sgT8w3n8AcT2jLA==</latexit><latexit sha1_base64="kiSi3zvfWYpcvRVQlk/XjTxuMDo=">AAACFnicbVA7T8MwGHR4lvIKMLJYVEgsrRIWulHBABNqJfqQmhI5jtNadRLLdhBVlF/Bwl9hYQAhVmBj4q/gtB2g5SRL57vvk33ncUalsqwvY2FxaXlltbBWXN/Y3No2d3ZbMk4EJk0cs1h0PCQJoxFpKqoY6XBBUOgx0vaG57nfviVC0ji6ViNOeiHqRzSgGCktuWbZCQTCqX+VpT7krsqgw0XMVZxfILmZ2OXcSRuZa5asijUGnCf2lJRqp98fd+XqRd01Px0/xklIIoUZkrJrW1z1UiQUxYxkRSeRhCM8RH3S1TRCIZG9dBwrg4da8WEQC30iBcfq740UhVKOQk9PhkgN5KyXi/953UQF1V5KI54oEuHJQ0HCoE6ddwR9KghWbKQJwoLqv0I8QLoIpZss6hLs2cjzpHVcsa2K3dBtnIEJCmAfHIAjYIMTUAOXoA6aAIN78AiewYvxYDwZr8bbZHTBmO7sgT8w3n8AcT2jLA==</latexit><latexit sha1_base64="IfDeecFmw0xHvpF2NAXdKWX5YGs=">AAACFnicbVA7T8MwGHR4lvIKMLJYVEgsrRIWGCtYmFAr0YfUhshxnNaqE1u2g1RF+RUs/BUWBhBiRWz8G5w2A7ScZOl8932y7wLBqNKO822trK6tb2xWtqrbO7t7+/bBYVfxVGLSwZxx2Q+QIowmpKOpZqQvJEFxwEgvmFwXfu+BSEV5cqengngxGiU0ohhpI/l2fRhJhLPwNs9CKHydw6GQXGheXCC5n9v1wsnauW/XnIYzA1wmbklqoETLt7+GIcdpTBKNGVJq4DpCexmSmmJG8uowVUQgPEEjMjA0QTFRXjaLlcNTo4Qw4tKcRMOZ+nsjQ7FS0zgwkzHSY7XoFeJ/3iDV0aWX0USkmiR4/lCUMmhSFx3BkEqCNZsagrCk5q8Qj5EpQpsmq6YEdzHyMumeN1yn4badWvOqrKMCjsEJOAMuuABNcANaoAMweATP4BW8WU/Wi/VufcxHV6xy5wj8gfX5A/aQn9k=</latexit>

cQ ' 0.2GeV
<latexit sha1_base64="NxL5jDmFPHVCvSfPGphxGS3xhl0=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCBwlJEfRY9KDHFuwHNKFstpN26W4SdzdCKcWLf8WLB0W8+iu8+W/ctjlo64OBx3szzMwLU86Udt1va2l5ZXVtvbBR3Nza3tm19/YbKskkhTpNeCJbIVHAWQx1zTSHViqBiJBDMxxcT/zmA0jFkvhOD1MIBOnFLGKUaCN17ENaw75iAu6x65Qx9s+wLwW+gUbHLrmOOwVeJF5OSihHtWN/+d2EZgJiTTlRqu25qQ5GRGpGOYyLfqYgJXRAetA2NCYCVDCavjDGJ0bp4iiRpmKNp+rviRERSg1FaDoF0X01703E/7x2pqPLYMTiNNMQ09miKONYJ3iSB+4yCVTzoSGESmZuxbRPJKHapFY0IXjzLy+SRtnxXMernZcqV3kcBXSEjtEp8tAFqqBbVEV1RNEjekav6M16sl6sd+tj1rpk5TMH6A+szx9+gZTp</latexit><latexit sha1_base64="NxL5jDmFPHVCvSfPGphxGS3xhl0=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCBwlJEfRY9KDHFuwHNKFstpN26W4SdzdCKcWLf8WLB0W8+iu8+W/ctjlo64OBx3szzMwLU86Udt1va2l5ZXVtvbBR3Nza3tm19/YbKskkhTpNeCJbIVHAWQx1zTSHViqBiJBDMxxcT/zmA0jFkvhOD1MIBOnFLGKUaCN17ENaw75iAu6x65Qx9s+wLwW+gUbHLrmOOwVeJF5OSihHtWN/+d2EZgJiTTlRqu25qQ5GRGpGOYyLfqYgJXRAetA2NCYCVDCavjDGJ0bp4iiRpmKNp+rviRERSg1FaDoF0X01703E/7x2pqPLYMTiNNMQ09miKONYJ3iSB+4yCVTzoSGESmZuxbRPJKHapFY0IXjzLy+SRtnxXMernZcqV3kcBXSEjtEp8tAFqqBbVEV1RNEjekav6M16sl6sd+tj1rpk5TMH6A+szx9+gZTp</latexit><latexit sha1_base64="NxL5jDmFPHVCvSfPGphxGS3xhl0=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCBwlJEfRY9KDHFuwHNKFstpN26W4SdzdCKcWLf8WLB0W8+iu8+W/ctjlo64OBx3szzMwLU86Udt1va2l5ZXVtvbBR3Nza3tm19/YbKskkhTpNeCJbIVHAWQx1zTSHViqBiJBDMxxcT/zmA0jFkvhOD1MIBOnFLGKUaCN17ENaw75iAu6x65Qx9s+wLwW+gUbHLrmOOwVeJF5OSihHtWN/+d2EZgJiTTlRqu25qQ5GRGpGOYyLfqYgJXRAetA2NCYCVDCavjDGJ0bp4iiRpmKNp+rviRERSg1FaDoF0X01703E/7x2pqPLYMTiNNMQ09miKONYJ3iSB+4yCVTzoSGESmZuxbRPJKHapFY0IXjzLy+SRtnxXMernZcqV3kcBXSEjtEp8tAFqqBbVEV1RNEjekav6M16sl6sd+tj1rpk5TMH6A+szx9+gZTp</latexit><latexit sha1_base64="NxL5jDmFPHVCvSfPGphxGS3xhl0=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCBwlJEfRY9KDHFuwHNKFstpN26W4SdzdCKcWLf8WLB0W8+iu8+W/ctjlo64OBx3szzMwLU86Udt1va2l5ZXVtvbBR3Nza3tm19/YbKskkhTpNeCJbIVHAWQx1zTSHViqBiJBDMxxcT/zmA0jFkvhOD1MIBOnFLGKUaCN17ENaw75iAu6x65Qx9s+wLwW+gUbHLrmOOwVeJF5OSihHtWN/+d2EZgJiTTlRqu25qQ5GRGpGOYyLfqYgJXRAetA2NCYCVDCavjDGJ0bp4iiRpmKNp+rviRERSg1FaDoF0X01703E/7x2pqPLYMTiNNMQ09miKONYJ3iSB+4yCVTzoSGESmZuxbRPJKHapFY0IXjzLy+SRtnxXMernZcqV3kcBXSEjtEp8tAFqqBbVEV1RNEjekav6M16sl6sd+tj1rpk5TMH6A+szx9+gZTp</latexit>
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<latexit sha1_base64="C02kyOuzIWyUw6FKEm/vAw2IwAY=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZkpgm6EogguK9gHdMaSSTNtaJIZkoxQhlm68VfcuFDErZ/gzr8x085CWw9cODnnXnLvCWJGlXacb6u0tLyyulZer2xsbm3v2Lt7bRUlEpMWjlgkuwFShFFBWppqRrqxJIgHjHSC8VXudx6IVDQSd3oSE5+joaAhxUgbqW8fsgvohRLh9DpLed+LKcT39Qx7GiX5q29XnZozBVwkbkGqoECzb395gwgnnAiNGVKq5zqx9lMkNcWMZBUvUSRGeIyGpGeoQJwoP50eksFjowxgGElTQsOp+nsiRVypCQ9MJ0d6pOa9XPzP6yU6PPdTKuJEE4FnH4UJgzqCeSpwQCXBmk0MQVhSsyvEI2Ri0Sa7ignBnT95kbTrNdepuben1cZlEUcZHIAjcAJccAYa4AY0QQtg8AiewSt4s56sF+vd+pi1lqxiZh/8gfX5A1TxmYg=</latexit><latexit sha1_base64="C02kyOuzIWyUw6FKEm/vAw2IwAY=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZkpgm6EogguK9gHdMaSSTNtaJIZkoxQhlm68VfcuFDErZ/gzr8x085CWw9cODnnXnLvCWJGlXacb6u0tLyyulZer2xsbm3v2Lt7bRUlEpMWjlgkuwFShFFBWppqRrqxJIgHjHSC8VXudx6IVDQSd3oSE5+joaAhxUgbqW8fsgvohRLh9DpLed+LKcT39Qx7GiX5q29XnZozBVwkbkGqoECzb395gwgnnAiNGVKq5zqx9lMkNcWMZBUvUSRGeIyGpGeoQJwoP50eksFjowxgGElTQsOp+nsiRVypCQ9MJ0d6pOa9XPzP6yU6PPdTKuJEE4FnH4UJgzqCeSpwQCXBmk0MQVhSsyvEI2Ri0Sa7ignBnT95kbTrNdepuben1cZlEUcZHIAjcAJccAYa4AY0QQtg8AiewSt4s56sF+vd+pi1lqxiZh/8gfX5A1TxmYg=</latexit><latexit sha1_base64="C02kyOuzIWyUw6FKEm/vAw2IwAY=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZkpgm6EogguK9gHdMaSSTNtaJIZkoxQhlm68VfcuFDErZ/gzr8x085CWw9cODnnXnLvCWJGlXacb6u0tLyyulZer2xsbm3v2Lt7bRUlEpMWjlgkuwFShFFBWppqRrqxJIgHjHSC8VXudx6IVDQSd3oSE5+joaAhxUgbqW8fsgvohRLh9DpLed+LKcT39Qx7GiX5q29XnZozBVwkbkGqoECzb395gwgnnAiNGVKq5zqx9lMkNcWMZBUvUSRGeIyGpGeoQJwoP50eksFjowxgGElTQsOp+nsiRVypCQ9MJ0d6pOa9XPzP6yU6PPdTKuJEE4FnH4UJgzqCeSpwQCXBmk0MQVhSsyvEI2Ri0Sa7ignBnT95kbTrNdepuben1cZlEUcZHIAjcAJccAYa4AY0QQtg8AiewSt4s56sF+vd+pi1lqxiZh/8gfX5A1TxmYg=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="X5CGaW1i47rycrDlpLS3Jn07qeY=">AAAB/XicbZBNS8MwHMb/nW9zTq1ePRgcgqfR7qIXQRDB4wT3AmstaZZuYWlaklQYpUcvfhUvHhTxa3jz25huO+jmA4Enz5OQ/H9hypnSjvNtVdbWNza3qtu1nfru3r59UO+qJJOEdkjCE9kPsaKcCdrRTHPaTyXFcchpL5xcl33vkUrFEnGvpyn1YzwSLGIEaxMF9jG/RF4kMclvijwOvJQh8tAqiKdxVu4Cu+E0nZnQqnEXpgELtQP7yxsmJIup0IRjpQauk2o/x1IzwmlR8zJFU0wmeEQHxgocU+Xns0EKdGqSIYoSaZbQaJb+vpHjWKlpHJqTMdZjtdyV4X/dINPRhZ8zkWaaCjJ/KMo40gkqqaAhk5RoPjUGE8nMXxEZY4NFG3Y1A8FdHnnVdFtN12m6dw5U4QhO4AxcOIcruIU2dIDAE7zAG7xbz9ar9THHVbEW3A7hj6zPH7v4mBU=</latexit><latexit sha1_base64="X5CGaW1i47rycrDlpLS3Jn07qeY=">AAAB/XicbZBNS8MwHMb/nW9zTq1ePRgcgqfR7qIXQRDB4wT3AmstaZZuYWlaklQYpUcvfhUvHhTxa3jz25huO+jmA4Enz5OQ/H9hypnSjvNtVdbWNza3qtu1nfru3r59UO+qJJOEdkjCE9kPsaKcCdrRTHPaTyXFcchpL5xcl33vkUrFEnGvpyn1YzwSLGIEaxMF9jG/RF4kMclvijwOvJQh8tAqiKdxVu4Cu+E0nZnQqnEXpgELtQP7yxsmJIup0IRjpQauk2o/x1IzwmlR8zJFU0wmeEQHxgocU+Xns0EKdGqSIYoSaZbQaJb+vpHjWKlpHJqTMdZjtdyV4X/dINPRhZ8zkWaaCjJ/KMo40gkqqaAhk5RoPjUGE8nMXxEZY4NFG3Y1A8FdHnnVdFtN12m6dw5U4QhO4AxcOIcruIU2dIDAE7zAG7xbz9ar9THHVbEW3A7hj6zPH7v4mBU=</latexit><latexit sha1_base64="AQCYsGbF9RCv7+vGuGMwy0MXqd4=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4Kkk3uhGKIrisYB/QxDCZTtqhM5MwMxFKyNKNv+LGhSJu/QR3/o2TNgttPXDhzDn3MveeMGFUacf5tpaWV1bX1isb1c2t7Z1de2+/o+JUYtLGMYtlL0SKMCpIW1PNSC+RBPGQkW44vir87gORisbiTk8S4nM0FDSiGGkjBfYRu4BeJBHOrvOMB15CIb5v5NjTKC1egV1z6s4UcJG4JamBEq3A/vIGMU45ERozpFTfdRLtZ0hqihnJq16qSILwGA1J31CBOFF+Nj0khydGGcAolqaEhlP190SGuFITHppOjvRIzXuF+J/XT3V07mdUJKkmAs8+ilIGdQyLVOCASoI1mxiCsKRmV4hHyMSiTXZVE4I7f/Ii6TTqrlN3b51a87KMowIOwTE4BS44A01wA1qgDTB4BM/gFbxZT9aL9W59zFqXrHLmAPyB9fkDU7GZhA==</latexit><latexit sha1_base64="C02kyOuzIWyUw6FKEm/vAw2IwAY=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZkpgm6EogguK9gHdMaSSTNtaJIZkoxQhlm68VfcuFDErZ/gzr8x085CWw9cODnnXnLvCWJGlXacb6u0tLyyulZer2xsbm3v2Lt7bRUlEpMWjlgkuwFShFFBWppqRrqxJIgHjHSC8VXudx6IVDQSd3oSE5+joaAhxUgbqW8fsgvohRLh9DpLed+LKcT39Qx7GiX5q29XnZozBVwkbkGqoECzb395gwgnnAiNGVKq5zqx9lMkNcWMZBUvUSRGeIyGpGeoQJwoP50eksFjowxgGElTQsOp+nsiRVypCQ9MJ0d6pOa9XPzP6yU6PPdTKuJEE4FnH4UJgzqCeSpwQCXBmk0MQVhSsyvEI2Ri0Sa7ignBnT95kbTrNdepuben1cZlEUcZHIAjcAJccAYa4AY0QQtg8AiewSt4s56sF+vd+pi1lqxiZh/8gfX5A1TxmYg=</latexit><latexit sha1_base64="C02kyOuzIWyUw6FKEm/vAw2IwAY=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZkpgm6EogguK9gHdMaSSTNtaJIZkoxQhlm68VfcuFDErZ/gzr8x085CWw9cODnnXnLvCWJGlXacb6u0tLyyulZer2xsbm3v2Lt7bRUlEpMWjlgkuwFShFFBWppqRrqxJIgHjHSC8VXudx6IVDQSd3oSE5+joaAhxUgbqW8fsgvohRLh9DpLed+LKcT39Qx7GiX5q29XnZozBVwkbkGqoECzb395gwgnnAiNGVKq5zqx9lMkNcWMZBUvUSRGeIyGpGeoQJwoP50eksFjowxgGElTQsOp+nsiRVypCQ9MJ0d6pOa9XPzP6yU6PPdTKuJEE4FnH4UJgzqCeSpwQCXBmk0MQVhSsyvEI2Ri0Sa7ignBnT95kbTrNdepuben1cZlEUcZHIAjcAJccAYa4AY0QQtg8AiewSt4s56sF+vd+pi1lqxiZh/8gfX5A1TxmYg=</latexit><latexit sha1_base64="C02kyOuzIWyUw6FKEm/vAw2IwAY=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZkpgm6EogguK9gHdMaSSTNtaJIZkoxQhlm68VfcuFDErZ/gzr8x085CWw9cODnnXnLvCWJGlXacb6u0tLyyulZer2xsbm3v2Lt7bRUlEpMWjlgkuwFShFFBWppqRrqxJIgHjHSC8VXudx6IVDQSd3oSE5+joaAhxUgbqW8fsgvohRLh9DpLed+LKcT39Qx7GiX5q29XnZozBVwkbkGqoECzb395gwgnnAiNGVKq5zqx9lMkNcWMZBUvUSRGeIyGpGeoQJwoP50eksFjowxgGElTQsOp+nsiRVypCQ9MJ0d6pOa9XPzP6yU6PPdTKuJEE4FnH4UJgzqCeSpwQCXBmk0MQVhSsyvEI2Ri0Sa7ignBnT95kbTrNdepuben1cZlEUcZHIAjcAJccAYa4AY0QQtg8AiewSt4s56sF+vd+pi1lqxiZh/8gfX5A1TxmYg=</latexit><latexit sha1_base64="C02kyOuzIWyUw6FKEm/vAw2IwAY=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZkpgm6EogguK9gHdMaSSTNtaJIZkoxQhlm68VfcuFDErZ/gzr8x085CWw9cODnnXnLvCWJGlXacb6u0tLyyulZer2xsbm3v2Lt7bRUlEpMWjlgkuwFShFFBWppqRrqxJIgHjHSC8VXudx6IVDQSd3oSE5+joaAhxUgbqW8fsgvohRLh9DpLed+LKcT39Qx7GiX5q29XnZozBVwkbkGqoECzb395gwgnnAiNGVKq5zqx9lMkNcWMZBUvUSRGeIyGpGeoQJwoP50eksFjowxgGElTQsOp+nsiRVypCQ9MJ0d6pOa9XPzP6yU6PPdTKuJEE4FnH4UJgzqCeSpwQCXBmk0MQVhSsyvEI2Ri0Sa7ignBnT95kbTrNdepuben1cZlEUcZHIAjcAJccAYa4AY0QQtg8AiewSt4s56sF+vd+pi1lqxiZh/8gfX5A1TxmYg=</latexit><latexit sha1_base64="C02kyOuzIWyUw6FKEm/vAw2IwAY=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZkpgm6EogguK9gHdMaSSTNtaJIZkoxQhlm68VfcuFDErZ/gzr8x085CWw9cODnnXnLvCWJGlXacb6u0tLyyulZer2xsbm3v2Lt7bRUlEpMWjlgkuwFShFFBWppqRrqxJIgHjHSC8VXudx6IVDQSd3oSE5+joaAhxUgbqW8fsgvohRLh9DpLed+LKcT39Qx7GiX5q29XnZozBVwkbkGqoECzb395gwgnnAiNGVKq5zqx9lMkNcWMZBUvUSRGeIyGpGeoQJwoP50eksFjowxgGElTQsOp+nsiRVypCQ9MJ0d6pOa9XPzP6yU6PPdTKuJEE4FnH4UJgzqCeSpwQCXBmk0MQVhSsyvEI2Ri0Sa7ignBnT95kbTrNdepuben1cZlEUcZHIAjcAJccAYa4AY0QQtg8AiewSt4s56sF+vd+pi1lqxiZh/8gfX5A1TxmYg=</latexit><latexit sha1_base64="C02kyOuzIWyUw6FKEm/vAw2IwAY=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZkpgm6EogguK9gHdMaSSTNtaJIZkoxQhlm68VfcuFDErZ/gzr8x085CWw9cODnnXnLvCWJGlXacb6u0tLyyulZer2xsbm3v2Lt7bRUlEpMWjlgkuwFShFFBWppqRrqxJIgHjHSC8VXudx6IVDQSd3oSE5+joaAhxUgbqW8fsgvohRLh9DpLed+LKcT39Qx7GiX5q29XnZozBVwkbkGqoECzb395gwgnnAiNGVKq5zqx9lMkNcWMZBUvUSRGeIyGpGeoQJwoP50eksFjowxgGElTQsOp+nsiRVypCQ9MJ0d6pOa9XPzP6yU6PPdTKuJEE4FnH4UJgzqCeSpwQCXBmk0MQVhSsyvEI2Ri0Sa7ignBnT95kbTrNdepuben1cZlEUcZHIAjcAJccAYa4AY0QQtg8AiewSt4s56sF+vd+pi1lqxiZh/8gfX5A1TxmYg=</latexit>
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Physics of muon production and number fluctuations
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Electromagnetic shower (electrons and 
photons)

Primary: 
Hadron

Primary:Photon

The bulk of radiated and visible 
energy comes from the EM cascade

Muons trace the hadronic shower which is the
backbone of the whole cascade

л0 decays are the propellers of the EM cascade
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Nµ Fluctuations
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FIG. 7. Search for detector ageing e↵ects. Shown are results of the unfolding method applied to subsets of the data, which are
split according to area-over-peak (AoP), average tank age (Tage), event time in years since 2004, and by fluorescence detector
building (LL = Los Leones, CO = Coihueco, LM = Los Morados, LA = Loma Amarilla). The original data (open squares)
shows hints of a drift, most visibible in average tank age. We fit the drift (red line with error band) and correct by it, and
apply the unfolding again to the corrected subsets (black circles). The correction also removes hints of drifts in AoP and age
of the experiment, and introduce a slight displacement for events recorded by Los Leones. The P-values indicate the chance
probability to find such deviations if the truth is a constant (dotted line) in the corrected data set.

FIG. 8. Result of the unfolding method applied to disjunct subsets of the data, split by zenith angle ✓ and azimuth angle �.
The results are displayed in the same style as Fig. 7. Only the corrected data set is shown since the correction has no significant
e↵ect on these splits.
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As the energy fraction at generation i is the result of
averaging the energy fraction of preceding m1 · m2 ·

... · mi�1 reactions within the shower, the fluctuations510

exponentially decrease with the generation number as
�(↵i) / 1/

p
m1 · m2 · ... · mi�1, and thus Nµ fluctuations

are dominated by the fluctuations in the 1st interaction
[30] (for instance, in p-Air interactions ⇠ 70% of the vari-
ance is due to the first interaction) . This picture can be515

easily generalized for the case of nuclear primaries: bycarries 70% of the fluctuations for protons!!! 
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The PMT analogy

28

• An exotic model that saturates 
• for instance no π0 decay, or no π0 production

• Would result in
• muon fluctuations will be suppressed and dominated by 2nd 3rd interactions (~ 4% 5%)28
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rp < 22m

p± µ±

Lateral distance 
59% of all muons

70% of fluctuations from first interaction

Lorenzo Cazon et al. 
Astropart. Phys. 36 (2012) 211 
Phys. Lett. B784 (2018) 68 
Phys. Rev. D103 (2021) 022001



Universality features of muon production
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Universality Muon Distributions
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ρ0 and p̄ Production in π−-C at 158 GeV/c
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• forward ρ0 can replace π0 → γγ

• p̄ is proxy for baryon production (p, p̄, n, n̄)

16/20

NA61 experiment at CERN SPS
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p�C ! p̄ X
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Fig. 3 An example of a π− + C interaction at 158 GeV/c measured in the NA61/SHINE detector (top view). The measured points (green dots)
are used to fit tracks (red lines) to the interaction point. The black dots show the noise clusters and the red dots show matched Time of Flight hits
(not used in this analysis)

Detector parameters were optimised using a data-based
calibration procedure which also took into account their time
dependences. Minor adjustments were determined in consec-
utive steps for:

(i) detector geometry and TPC drift velocities and
(ii) magnetic field map.

Each step involved reconstruction of the data required to
optimise a given set of calibration constants and time depen-
dent corrections followed by verification procedures. Details
of the procedure and quality assessment are presented in
Ref. [39].

The main steps of the data reconstruction procedure are:

(i) finding of clusters in the TPC raw data, calculation of
the cluster centre-of-gravity and total charge,

(ii) reconstruction of local track segments in each TPC sep-
arately,

(iii) matching of track segments into global tracks,
(iv) fitting of the track through the magnetic field and deter-

mination of track parameters at the first measured TPC
cluster,

(v) determination of the interaction vertex using the beam
trajectory fitted in the BPDs and the trajectories of
tracks reconstructed in the TPCs (the final data anal-
ysis uses the middle of the target as the z-position,
z = −580 cm) and

(vi) refitting of the particle trajectory using the interaction
vertex as an additional point and determining the par-
ticle momentum at the interaction vertex.

An example of a reconstructed π− + C interaction at
158 GeV/c is shown in Fig. 3. Amongst the many tracks
visible are five long tracks of three negatively charged and
two positively charged particles, with momentum ranging
5−50 GeV/c.

A simulation of the NA61/SHINE detector response is
used to correct the measured raw yields of resonances. For the
purposes of this analysis, the Epos 1.99 model was used for
the simulation and calculation of correction factors. DPM-
Jet 3.06 [40] was used as a comparison for estimation of
systematic uncertainties. The choice of Epos was made due
to both the number of resonances included in the model, as
well as the ability to include the intrinsic width of these res-
onances in the simulation. Epos 1.99 rather than Epos LHC
was used as it is better tuned to the measurements at SPS
energies [41].

The simulation consists of the following steps:

(i) generation of inelastic π− + C interactions using the
Epos 1.99 model,

(ii) propagation of outgoing particles through the detec-
tor material using the Geant 3.21 package [42] which
takes into account the magnetic field as well as rel-
evant physics processes, such as particle interactions
and decays,
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Fig. 12 Scaled xF-spectra of ρ0 mesons, xF dn/dxF, in π− + C pro-
duction interactions at 158 (left) and 350 GeV/c (right). The error bars
show the statistical, the bands indicate systematic uncertainties. The

lines depict predictions of hadronic interaction models: dashed red –
Epos 1.99, dashed blue – DPMJet 3.06, dashed black – Sibyll 2.1,
green – QGSJet II- 04, red – EposLHC, black – Sibyll 2.3
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Fig. 13 Scaled xF-spectra of ω (left) and K∗0 (right) mesons,
xF dn/dxF, in π− + C production interactions at 158 GeV/c. The error
bars show the statistical, the bands indicate systematic uncertainties.

The lines depict predictions of hadronic interaction models: dashed red
– Epos 1.99, dashed blue – DPMJet 3.06, dashed black – Sibyll 2.1,
red – EposLHC, black – Sibyll 2.3

ment with the measurement only at xF ! 0.6. Sibyll 2.3 and
Sibyll 2.1 predict a too low number of K∗0 mesons at all xF
values.

The ratio between combinations of the three meson mea-
surements are shown in Fig. 21 in Appendix E, where it can
be seen that no model can consistently describe the results.

The comparison between results from this analysis to mea-
surements of other experiments are presented in Fig. 14 for
ρ0 and ω mesons. The two other experiments shown are
NA22 [17] and LEBC-EHS (NA27) [57], both of which used
a hydrogen target. NA22 had a π+ beam at 250 GeV/c while
LEBC-EHS had a π− beam at 360 GeV/c. The results from
NA22 and LEBC-EHS are scaled by their measured inelastic
cross sections: 20.94 ± 0.12 mb for NA22 [61] and 21.6 mb
for LEBC-EHS [57]. There is good agreement between the
previous measurements with proton targets and the results

from this analysis for xF < 0.6. At larger xF the ρ0 yields
measured in this analysis show a decrease that is not present
in the π+p data and could thus be an effect of the nuclear
target used for the measurement presented here. The com-
parison of the measurements of the ω multiplicities shows
no significant differences between the other experiments and
results from this analysis.

5 Summary

This article presents experimental results on ρ0, ω and K∗0

xF-spectra in π− + C production interactions at 158 GeV/c
and theρ0 spectra at 350 GeV/c from the NA61/SHINE spec-
trometer at the CERN SPS. These results are the first π− + C
measurements taken in this energy range and are important
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Figure 15: Comparison of the ?T-integrated particle production spectra of ⇡±, K± and p(p̄) at 158GeV/2 with pre-
dictions of hadronic interaction models. The data is shown as black circles with statistical error bars. Systematic
uncertainties are displayed by gray rectangles.
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