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Method of UHECR observation

4

• UHECR is observed by using air shower (cascade reaction of 
primary cosmic rays with atmospheric particles).

• Using air shower MC, spectrum and arrival direction of primary 
cosmic rays are reconstructed.
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Observation using air showers

Studying the properties  
of primary CR relying  
on MC simulation. 

•Energy 
•Arrival direction 
•Composition(p,Fe)
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Mass composition estimation

Mean and standard deviation of the observed Xmax distribtions

PoS (ICRC2023) 318

Olena Tkachenko mass composition & p-p cross-sections ISVHECRI 2024 3 / 11

”A” measurement of UHECRs

4

Xmax

Interaction model  
uncertainty

Experimental 
uncertainty>

Figure 4 shows the one-sigma statistical uncertainty ellip-
ses in the RE − Rhad plane; the outer boundaries of
propagating the systematic errors are shown by the gray
rectangles.
The values of Rhad needed in the models are comparable

to the corresponding muon excess detected in highly
inclined air showers [7], as is expected because at high
zenith angle the nonhadronic contribution to the signal
(shown with red curves in Fig. 3) is much smaller than the
hadronic contribution. However, the two analyses are not
equivalent because a muon excess in an inclined air shower
is indistinguishable from an energy rescaling, whereas in
the present analysis the systematic uncertainty of the
overall energy calibration enters only as a higher-order
effect. Thus, the significance of the discrepancy between
data and model prediction is now more compelling,
growing from 1.38 (1.77) sigma to 2.1 (2.9) sigma,
respectively, for EPOS-LHC (QGSJet II-04), adding stat-
istical and systematic errors from Fig. 6 of Ref. [7] and
Table I, in quadrature.
The signal deficit is smallest (the best-fit Rhad is the

closest to unity) with EPOS-LHC and mixed composition.
This is because, for a given mass, the muon signal is ≈15%
larger for EPOS-LHC than QGSJet-II-04 [26], and in
addition the mean primary mass is larger when the
Xmax data are interpreted with EPOS rather than with
QGSJet-II [9].
Within the event ensemble used in this study, there is no

evidence of a larger event-to-event variance in the ground
signal for fixed Xmax than predicted by the current models.
This means that the muon shortfall cannot be attributed to
an exotic phenomenon producing a very large muon signal
in only a fraction of events, such as could be the case if
microscopic black holes were being produced at a much-
larger-than-expected rate [27,28].
Summary.—We have introduced a new method to study

hadronic interactions at ultrahigh energies, which

minimizes reliance on the absolute energy determination
and improves precision by exploiting the information in
individual hybrid events. We applied it to hybrid showers of
the Pierre Auger Observatory with energies 6–16 EeV
(ECM ¼ 110 to 170 TeV) and zenith angle 0°–60°, to
quantify the disparity between state-of-the-art hadronic
interaction modeling and observed UHECR atmospheric
air showers. We considered the simplest possible charac-
terization of the model discrepancies, namely, an overall
rescaling of the hadronic shower, Rhad, and we allow for a
possible overall energy calibration rescaling, RE.
No energy rescaling is needed: RE ¼ 1.00" 0.10 for the

mixed composition fit with EPOS-LHC, and RE ¼ 1.00"
0.14 for QGSJet II-04, adding systematic and statistical
errors in quadrature. This uncertainty on RE is of the same
order of magnitude as the 14% systematic uncertainty of
the energy calibration [14].
We find, however, that the observed hadronic signal in

these UHECR air showers is significantly larger than
predicted by models tuned to fit accelerator data. The best
case, EPOS-LHC with mixed composition, requires a
hadronic rescaling of Rhad ¼ 1.33" 0.16 (statistical and
systematic uncertainties combined in quadrature), while for
QGSJet II-04, Rhad ¼ 1.61" 0.21. It is not yet known
whether this discrepancy can be explained by some
incorrectly modeled features of hadron collisions, possibly
even at low energy, or may be indicative of the onset of
some new phenomenon in hadronic interactions at ultra-
high energy. Proposals of the first type include a higher
level of production of baryons [26] or vector mesons [29]
(see Ref. [30] for a recent review of the many constraints to
be satisfied), while proposals for possible new physics are
discussed in Refs. [28,31,32].
The discrepancy between models and nature can be

elucidated by extending the present analysis to the entire
hybrid data set above 1018.5 eV, to determine the energy
dependence of RE and Rhad. In addition, the event-by-event
analysis introduced here can be generalized to include other
observables with complementary sensitivity to hadronic
physics and composition, e.g., muon production depth [33],
risetime [34], and slope of the LDF.
AugerPrime, the anticipated upgrade of the Pierre Auger

Observatory [35], will significantly improve our ability to
investigate hadronic interactions at ultrahigh energies, by
separately measuring the muon and EM components of the
ground signal.

The successful installation, commissioning, and oper-
ation of the Pierre Auger Observatory would not have been
possible without the strong commitment and effort from the
technical and administrative staff in Malargüe.
We are very grateful to the following agencies and

organizations for financial support: Comisión Nacional
de Energía Atómica, Agencia Nacional de Promoción
Científica y Tecnológica (ANPCyT), Consejo Nacional
de Investigaciones Científicas y Técnicas (CONICET),
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show the 1-σ statistical and systematic uncertainties.
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The EAS muon puzzle @ Auger 
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SD inclined + FDBuried Scintillators + FD

Phys.Rev.Lett. 126 (2021) 15, 152002Eur.Phys.J.C 80 (2020) 8, 751

 Muon excess present both 
at lower and higher 

energies if one takes into 
account preferred Xmax 

composition

FD data

PAO, PRL 2021

  Data > MC (30-50%) 
       Muon puzzle 
Nμ :

E=1019eV

Shower Maximum Depth < XMAX > Muon Number Nμ

Nμ © CORSIKA
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AS development v.s. Interactions 

 :  strong dependence on 1st interaction 

           (interaction depth and particle production) 

 :  

       REM = energy fraction of EM components 

XMAX

Nμ ∑ Eend
had. = ECR∏ (1 − Ri−th

EM )
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UHECR & Air Shower Physics
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1) Introduction Muon data for WHISP analysis
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Credit map: NASA. Credit images: PAO, TA, ICECUBE, Yakutsk, NEVOD-DECOR, SUGAR, KASCADE-Grande, EAS-MSU, AGASA, HiRes, Haverah Park.

J.C. Arteaga-Update on the combined analysis of  µ data

Flux

Flux
Flux

6ICRC 2023, Nagoya, Japan

SD: Surface detector

FD: Fluorescence  detector

SD/FD: Internal calibration between SD and FD 

Flux: Comparison of total spectrum with a spectrum of reference

2) Experimental conditions

J.C. Arteaga-Update on the combined analysis of  µ data

4) Combined analysis
‣ The z-scale after applying the energy shifts for common energy calibration.

11ICRC 2023, Nagoya, Japan

Preliminary

J.C. Arteaga-Update on the combined analysis of  µ data

4) Combined analysis

14ICRC 2023, Nagoya, Japan

‣ Above 1017 eV, we observe two trends in the data: an excess in measurements over GSF 
expectations and a tendency to lie between the GSF predictions or below them. 

Preliminary Preliminary

‣ Remove mass dependence on z-scale: Substract zmass, predicted by the Global-Spline-Fit 
(GSF) model of cosmic rays [H. Dembinski et al., arxiv: 1711.11432astro-ph.He], from the z values. 
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Energy dependency of muon deficit  

6

Muon deficit in simulated showers

H. Dembinski - Muon Puzzle and LHC 8

apparent. The energy scale of NEVOD-DECOR is there-
fore taken to be the same as GSF, ENEVOD-DECOR/Eref,GSF⇥
Eref,GSF/Eref = 1 ⇥ 1.08 = 1.08.

No cross-calibration factor can be given for
KASCADE-Grande, since the KASCADE-Grande
flux is computed using a di↵erent energy estimator. For
EAS-MSU, no all-particle flux is available for cross-
calibration. SUGAR uses the flux from the Pierre Auger
Observatory in its computation of the data/MC ratio and
therefore has the same energy-scale adjustment factor.

We emphasize that the cross-calibration cannot elim-
inate a global o↵set of all experiments to the true energy
scale, with corresponding shifts in the data/MC ratios. The
energy scales of leading experiments have uncertainties
in the order of 10 to 20 %, we assume that the reference
energy-scale has an uncertainty of at least 10 %.

4.2 Combined measurements

Eq. 2 displays a simple relationship between the measured
muon density, hlnAi and logarithmic shower energy. To
compare all the measurements, we introduce the z-scale,
which is inspired by Eq. 2,

z =
ln(Nµdet) � ln(Nµdet

p )

ln(Nµdet
Fe ) � ln(Nµdet

p )
, (4)

where Nµdet is the muon density estimate as seen in the
detector, while Nµdet

p and Nµdet
Fe are the simulated muon

density estimates for proton and iron showers after full
detector simulation. The z-scale, while being rather ab-
stract, has advantages over other choices that were pro-
posed. The energy-dependence of Nµ is removed and the
expected range is from 0 (pure proton showers) and 1 (pure
iron showers), if there is no discrepancy between real and
simulated air showers. This is convenient. Furthermore,
biases of the form ln Nµdet = A + B ln Nµ in the measured
muon density estimate Nµdet with respect to the true muon
density Nµ cancel in z.

Shown in Fig. 6 are the converted measurements. The
z-values are computed relative to simulations and therefore
a di↵erent result is obtained for each hadronic interaction
model although the same data are used. The conversion to
z is only possible when Nµdet

p and Nµdet
Fe are available for

that model. Therefore not all data points can be shown for
all models. Overall, the data suggest an energy-dependent
trend, but with a large scatter.

The scatter is drastically reduced after the cross-
calibration, as shown in Fig. 7. The cross-calibration
causes a shift in the simulated values Nµp and NµFe, which
were computed for the energy Edata, but are needed for
Eref. Based on Eq. 2, we get ln Nµref = ln Nµdata �
� ln(Edata/Eref). The shift is the same for proton and iron
showers. It cancels in the denominator of Eq. 4, but enters
with the opposite sign in the numerator. We get

zref = zdata +
� ln(Edata/Eref)

ln(Nµdet
Fe ) � ln(Nµdet

p )
(5)

with � = 1 � (ln NµFe � ln Nµp)/ ln 56, based on Eq. 2.
The values of NµFe and Nµp are taken for each model from

CORSIKA simulations. The points also move horizontally
by the relative amount (Edata/Eref)�1, a minor e↵ect.

As expected, the cross-calibration improves the agree-
ment of data from di↵erent experiments. Before and af-
ter the cross-calibration, the z-values rise above the iron
line beyond 1019 eV. The interpretation at lower energies
changes, however. In case of IceCube, the originally neg-
ative z-values suggested that the muon density in proton
showers simulated with EPOS-LHC for shower energies
below 1016 eV was too high. After the correction, the z-
values fall between proton and iron. In case of Yakutsk,
the original data suggested very low muon densities with
partly negative z-values. After the correction, the Yakutsk
data is consistent with others within uncertainties. We em-
phasize again that the reference energy-scale after cross-
calibration has a remaining uncertainty of at least 10 %.
This means that z-values in all plots can be collectively
varied by about ±0.25.

To further refine the conclusions, we consider the ef-
fect of an energy-dependent mass composition. With
Eq. 2 and Eq. 4 the expected value zmass for a given mean-
logarithmic-mass hlnAi is computed as zmass =

hlnAi
ln 56 . As

mentioned in the introduction, the experimental value of
hlnAi is uncertain. Shown in Fig. 7 is a band, an envelope
over optical measurements of the depth Xmax of shower
maximum from several experiments, and converted to
hlnAi based on air shower simulations with EPOS-LHC.
We will use this as a rough estimate of the mass composi-
tion. The band is independent of the muon measurements
here, and therefore can be used as a reference. The zmass
value computed from the GSF model is also shown, which
is based on optical and muon measurements and averages
over experiments and model interpretations of air shower
data. The line mostly falls inside the envelope.

If the measured z values follow zmass, the model de-
scribes the muon density at the ground consistently. This
is overall not the case. The pre-LHC generation of
hadronic interaction models, SIBYLL-2.1, QGSJet-II.03,
and QGSJet01 [41], show larger muon deficits than the
models tuned to LHC data, EPOS-LHC, QGSJet-II.04,
and SIBYLL-2.3. EPOS-LHC, QGSJet-II.04, SIBYLL-
2.3, and QGSJet01 give a reasonable description of data
up to a few 1016 eV. At higher shower energies, a muon
deficit in simulations is observed (z > zmass) in all mod-
els. Shown in Fig. 8 are zoomed plots for EPOS-LHC and
QGSJet-II.04, the two latest-generation models with most
data points. Shown in Fig. 9 is the di↵erence �z = z�zmass.
Subtracting zmass is expected to remove the e↵ect of the
changing mass composition. An energy-dependent trend
in �z remains.

4.3 Energy-dependent trend

To quantify the observed trend in �z as a function of en-
ergy, a line-model is fitted to the data shown in Fig. 9,

�z = a + b (log10(E/eV) � 16), (6)

with free parameters a and b. The slope b is the increase in
�z per decade in energy. The z-values from KASCADE-
Grande and EAS-MSU are not included in the fit, since

PoS(ICRC2021)349

• Line model with slope fitted to Δz = z – zmass

• Correction to χ2/ndof = 1 applied to take unexplained spread into account
• Slope is 8σ (10σ) away from zero for EPOS-LHC (QGSJet-II.04)
• Onset of deviation around 40 PeV corresponds to ! ~ 8 TeV;

in reach of LHC

<latexit sha1_base64="jw7Mw2LmH5zViEeI/770oIv6/48="></latexit>

zmass ⇡
hlnAi
ln 56

Interaction study at the highest energy  
      → LHC (√s=14TeV,  Elab = 1017eV) 
Energy dependency  
      → RHIC (√s=0.5 TeV, Elab = 1014eV) 
           v.s. LHC

Muon  
deficit 

Normalized muon numbers results 
 observed by several CR experiments  

J.C. Arteaga-Velmázquez ICRC2023

LHCRHIC
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Air shower and hadronic interaction

7

p, n 
π+,π- π0

Cosmic-ray

•π0 → 2γ 
•  Induce  
electromagnetic  
showers  

•  bring the energy  
to next collisions  

•  Inelasticity: 
fraction of energy   
used for particle  
productions 
 k = 1 - Eleading/ECR 

γ, π0

Leading baryons

Hadronic interaction 
CR - N or O π0

γ

Leading p, n
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Air shower and hadronic interaction

7

p, n 
π+,π- π0

Cosmic-ray

•π0 → 2γ 
•  Induce  
electromagnetic  
showers  

•  bring the energy  
to next collisions  

•  Inelasticity: 
fraction of energy   
used for particle  
productions 
 k = 1 - Eleading/ECR 

γ, π0

Leading baryons

Hadronic interaction 
CR - N or O π0

γ

Leading p, n

LHCf and RHICf measures  
the very forward region at LHC/RHIC



The Interaction workshop, Hong-Kong, China18-20 March 2025

Interaction studies at LHC
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Cosmic-ray (target-rest frame)
CR, 1017 eV N,O
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Interaction studies at LHC

8

Cosmic-ray (target-rest frame)
CR, 1017 eV N,O

LHC(Center-of-mass frame)
proton, 7x1012 eV proton, 7x1012 eV
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Interaction studies at LHC

8

Cosmic-ray (target-rest frame)
CR, 1017 eV N,O

LHC(Center-of-mass frame)
proton, 7x1012 eV proton, 7x1012 eV

 
→
νe,μ,τ

K/π

Scattered proton  
 → σtotal

  
 → 
γ, π0, n

k

for AA collisions( )
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Arm1

LHCf:¢`�$

ª�

ATLAS 

140m!

´³²µ¥±·¶¦¨�

´³²µ¥±·¶¦©�

Charged!par5cles!(+)!
Beam 

Charged!par5cles!(?)!

Neutral$$
par3cles$

Beam!pipe!

96mm�

!  LHC��(Îp?p�x��OJ�{3(wcêøþĀp�Ñ��)àf9!
!  LHC!√s=13TeV!p?p�xÓ¥Elab!=!9×1016eV!
!  2010>Ñ!LHC!900GeV,!7TeV�3�xðĀíº2013>Ñ!2.76TeV�3�
xÏ5.02TeV�3��xðĀíÒ"Bà|�!

Arm2

-140 m +140 m

proton proton

LHCf detectors 
• Sampling and positioning calorimeters 
•  Two towers, 20x20, 40x40mm2 (Arm1) , 25x25, 32x32mm2(Arm2) 
•  Tungsten layers, 16 GSO scintillators, 4 position sensitive layers 
  (Arm1: GSO bar hodoscopes,  Arm2: Silicon strip detectors) 

•  Thickness: 44 r.l. and 1.7 λ 

Location
• ATLAS interaction point  
•  +/- 140m from the IP 
•  Cover Zero degree of collisions 
pseudo rapidity η > 8.4   

LHCf experiment 
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RHICf experiment
pp √s= 510 GeV (polarized beam )
Equivalent to Elab = 1.4x1014eV
Test of energy scaling with the wide pT range
Single spin asymmetry measurement 
The operation was successfully completed in 2017
Common operation with STAR

Run 17 operation 
• EM calorimeter (RHICf detector) installed in front of 

the ZDC+SMD of the STAR experiment 

• Two position-sensitive sampling 
calorimeters 
• TS (small tower): 20mm x 20mm
• TL (large tower): 40mm x 40mm 
• Tungsten absorber (44 X0, 1.6 Oint) 
• 16 GSO sampling layers
• 4 XY pairs of GSO-bar position 

layers 
September 10, 2020 7

Sent to BNL in 2015

LHCf-Arm1

Detector in RHIC beam line

Pseudorapidity coverage: η > 6
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Run Elab (eV) Photon Neutron π0

p-p √s=0.9TeV 
(2009/2010)

4.3x1014 PLB 715, 298 
(2012) -

p-p √s=2.76TeV 
(2013)

4.1x1015 PRC 86, 065209 
(2014) PRD 94   

032007 
(2016)p-p √s=7TeV 

(2010)
2.6x1016 PLB 703, 128 

(2011)
PLB 750 
360 (2015)

PRD 86, 092001 
(2012)

p-p √s=13TeV 
(2015)

9.0x1016 PLB 780, 233 
(2018)

JHEP 2018, 73 (2018) 
JHEP 2020, 016 (2020)

preliminary 
 

p-p √s=13.6TeV 
(2022) 9.0x1016

p-Pb √sNN=5TeV 
(2013,2016) 1.4x1016 PRC 86, 065209 

(2014)
p-Pb √sNN=8TeV 

(2016)
3.6x1016 prelimiary

RHICf  
p-p √s=510GeV 

(2017)
1.4x1014 Submitted 

ArXiv:2203.15416
Spin Asymmetry  

PRL 124 252501 (2021)

LHCf-ATLAS 
joint analysis

Photon in diffractive coll. 
Preliminary: ATLAS-CONF-2017-075 

Final: under internal review

with STAR

LHCf/RHICf Operations and Analyses
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← new data

p-O operation in 2025



The Interaction workshop, Hong-Kong, China18-20 March 2025 12

1000 2000 3000 4000 5000 6000

]
-1

 d
N

/d
E

 [
G

e
V

in
e

1
/N

10−10

9−10

8−10

7−10

6−10

5−10
=13TeV photonsLHCf 

°=180φ∆ > 10.94, η
-1Ldt=0.191nb∫

Data

QGSJET II-04

EPOS-LHC

DPMJET 3.06

SIBYLL 2.3

PYTHIA 8.212

Energy [GeV]

1000 2000 3000 4000 5000 6000

M
C

/D
a
ta

0

1

2

3

4 1000 2000 3000 4000 5000 6000

]
-1

 d
N

/d
E

 [
G

e
V

in
e

1
/N

10−10

9−10

8−10

7−10

6−10

5−10
=13TeV photonsLHCf 

°=20φ∆<8.99, η8.81<
-1Ldt=0.191nb∫

Energy [GeV]

1000 2000 3000 4000 5000 6000

M
C

/D
a
ta

0

1

2

3

4

Figure 4: Comparison of the photon spectra obtained from the experimental data and MC

predictions. The top panels show the energy spectra, and the bottom panels show the ratio of

MC predictions to the data. The hatched areas indicate the total uncertainties of experimental

data including the statistical and the systematic uncertainties.
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η > 10.94

‣ Source of EM components in CR-air showers 
‣ γ’s originate from π0 and η decays   
‣ LHCf covers high energy photons XF >~ 0.1
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Figure 5.10: Measured photon energy flow after the correction for ine�ciency of
the low energy photons and corresponding MC predictions in p–p

p
s=13 TeV. MC

predictions are shown in colored lines, while measured data at each ⌘ region are shown
in black points. Measured energy flows are plotted with the estimated systematic and
statistical errors. In the region of ⌘ >10.94, �⌘ is assumed as �⌘ =13-10.94.

results by 5–8 %. No models are consistent with the measured data at the highest

⌘ bin, 13 > ⌘ > 10.94. The measured data results indicate that the photon energy

flow by QGSJETII-04 is smaller in all measured ⌘ regions. The lack of the photon

energy flow of QGSJETII-04 is a level of 30 %. The corrected results and the model

predictions are summarized in Tab. 5.3.

5.3 Discussion

In this chapter, we summarize the obtained results of the very-forward photon pro-

duction in terms of the energy spectrum and the energy flow measurement and the

corresponding model predictions. Since the agreement of the results obtained with

the Arm1 and the Arm2 detectors has been already confirmed in Sec.4.6.1, the dis-

cussion here is built on the obtained results of the wide ⌘ acceptance calculated with

the Arm1 detector in this chapter. In order to consider the impact of this work

110

γ, differential cross-section 

γ, energy flow 

CERN-THESIS-2017-049

EPOS-LHC shows the best agreement  
QGSJETII-04 reproduces spectrum shape well  
SIBYLL reproduces energy flow well. 

Comparison with model predictions

12

Photon (π0) measurement at pp
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Forward Neutron at pp, √s=13 TeV 

5
ICRC 2023, Nagoya (Japan), July 26 - August 3, 2023

Neutrons in p-p at √s = 13 TeV
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O. Adriani et al., JHEP07 (2020) 016
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‣ Inelasiticity measurement  
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‣ Update of the past result with 
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‣ Energy resolution : 40%
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Inelasticity in p-p at √s = 13 TeV
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Figure 3. Differential energy flow dEn/dη (left) and differential cross section dσn/dη (right)
of neutrons produced in p-p collisions at

√
s = 13TeV, measured using the LHCf Arm2 detector.

Black markers represent the experimental data with statistical and systematic uncertainties, whereas
colored lines refer to model predictions at the generator level.

dEn/dη [GeV]

(E > 500 GeV)

dσn/dη [mb]

(E > 500 GeV)

dEn/dη [GeV]

(E > 0 GeV)

dσn/dη [mb]

(E > 0 GeV)

8.65 < η < 8.80 179.6+26.6
−24.9 7.77+1.10

−1.08 181.8+27.0
−25.2 8.38+1.24

−1.23

8.80 < η < 8.99 208.4+28.7
−26.8 7.92+1.05

−1.03 210.1+29.0
−27.1 8.38+1.15

−1.13

8.99 < η < 9.21 242.7+31.5
−30.2 8.07+0.99

−0.99 244.0+31.7
−30.4 8.40+1.05

−1.05

9.65 < η < 10.06 224.4+26.0
−27.7 5.49+0.55

−0.64 224.7+26.1
−27.7 5.57+0.56

−0.65

10.06 < η < 10.75 179.0+21.0
−21.0 3.82+0.37

−0.41 179.2+21.0
−21.0 3.85+0.38

−0.41

η > 10.75 43.0+4.8
−4.3 0.79+0.07

−0.07 43.0+4.8
−4.3 0.80+0.08

−0.07

Table 4. Differential energy flow dEn/dη and differential cross section dσn/dη of neutrons produced
in p-p collisions at

√
s = 13TeV, measured using the LHCf Arm2 detector. Upper and lower

uncertainties are also reported. The values are relative to the experimental measurements with
(E > 0 GeV) and without (E > 500 GeV) the simulation-driven correction factors for the limited
detection efficiency below 500GeV. The last two columns correspond to the numbers used for the
experimental points shown in figure 3.

from about 5 to 35%. The second one is that, for energies above half the beam energy,

almost 100% of the neutrons produced from the collisions are leading particles. In order

to obtain the elasticity distribution, the dσn/dE contributions of all the six regions are

summed in a single histogram. Then, the x axis is rescaled to the beam energy and the y

axis is multiplied for the bin width, so that the distribution represents the total production

cross section σn as a function of elasticity kn. At this point, a correction must be applied to

take into account two different effects: the first one is due to the fact that the detector has

a limited pseudorapidity coverage; the second one is due to the fact that not all neutrons

are leading particles. These two effects are considered together in a single correction factor

– 13 –

Average Inelasiticity:  QGSJET II-4 
Energy spectrum: EPOS, SIBYLL 
Energy flow: EPOS

Best agreement model

Inelasticity from the neutron result
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Muon puzzle solved ??
Inclusive  results 
 Data on the middle of model predictions. 

Model updates

γ, π0, n
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T. Pierog, KIT - 17/18ISVHECRI - July 2024

Introduction X
maxUpdates core-corona and μ

Muon Puzzle Solved ?

EPOS LHC-R, first model producing a deeper X
max

 and more muons and 

being compatible with measured accelerator data (better at LHC) :

Deeper X
max

 give larger <lnA> reducing the gap with measured muon content

Energy and mass dependent increase of muons due to core-corona further 
decrease the gap to reach Auger systematics

What about low energy ? Less  ρ0  may be better not to have “too many” muons

EPOS 1.99
QGSJET 01/II-03

SIBYLL 2.1

EPOS LHC
QGSJET II-04

SIBYLL 2.3

EPOS LHC-R
QGSJET III
SIBYLL 2.3d

Pierog, ISVHECRI 2024

pre-LHC post-LHC (~2010) Recent

LHCf results 
+ other 13TeV results

7TeV results 
 Nch, σinela
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What we can do in the next. 
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How to measure strange particles in LHCf

日本物理学会・2020年秋季大会・オンライン2020/9/14-17 
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定のためのセットアップを行う。 
 2021年度の7月ごろに陽子-陽子衝突の測定を行う。検出器は放射線被爆を避けるために
測定の直前にLHCトンネル内に設置し、測定後は取り除く。2ヶ月ほど前から一部のメンバ
ーが滞在して直前の動作テストなどを入念に実施し、他のメンバーが加わって24時間シフト
を組んでオペレーションを行う。この測定では、ATLAS実験との共同データ取得を行う。
LHCf検出器の後ろにATLAS-ZDC検出器を設置して共同データ取得を初めて行う。ZDCは
カロリーメータ型検出器で、中性子がLHCf検出器内に入射して引き起こすハドロンシャワ
ーの縦方向発達を後方のZDC検出器でも捉えることによって中性子のエネルギー分解能を
40％から20％へ劇的に向上させることができる。これは中性子検出が必要なΛ粒子検出に
必須である。測定完了後の9月には、CERN研究所内のSPS加速器でLHCf＋ZDCの共同のビ
ームテストを実施し、キャリブレーションを行う（ビームテスト統括：伊藤）。 
 測定後の2021年度後半から2022年度にかけて取得したデータ解析を行ってη、K0s、Λ微
分生成断面積を求める（毛受、大学院生2名、イタリアグループ ポスドク2名）。K0s崩壊
による4光子の検出はトリガーレベルでは約1万事象、イベント再構成後で約1千事象の検出
が見込まれる。その後は、この結果を使ってストレンジメソン生成のモデルの検証を行う。
図4はその検証の1例を示しており、相互作用モデルの1つであるQGSJETII-04モデル内で44̅
対の生成割合を示す内部パラメータを測定されたK0/
π0比から制限できることを示している。また図１の
例のようなモデルではストレンジメソンと対となっ
てΛ粒子のようなストレンジクォークを含むバリオ
ンが生成される。η、K0s、Λの測定結果を包括的に
用いることで高エネルギーハドロン衝突でのストレ
ンジメソン生成のメカニズムを理解し、モデルを構
築する。これを空気シャワーシミュレーションに適
用し、ミューオン過剰問題に対するストレンジメソ
ンの寄与をモデルの不定性を含めた形で求める（さ
こ、大学院生1名）。 

�

期待される本研究成果の波及効果 
 本研究は、主動機としている超高エネルギー宇宙線観測のミューオン過剰問題の解決だけ
でなく、非摂動QCD物理の研究のための貴重な測定データになる。これら以外にニュート
リノ実験にも本研究成果（特にK中間子生成の理解）は貢献できる。 
• IceCube実験による天体ニュートリノ観測におけるバックグランドとなる大気ニュートリ
ノの見積もりの改善（大気()は主に宇宙線と大気衝突で生成された3中間子崩壊から生成） 

• LHC新実験FASERにおけるニュートリノフラックス推定の改善（０度方向に生成される
大量のニュートリノを用いたニュートリノ相互作用研究が目的の１つ。(), (=は主にK中
間子崩壊から生成される。LHCf検出器とほぼ同じ角度領域をカバーしており、データの
親和性も高い。） 

 
参考文献 [1]  A.Aab et al., PRL (2016) 117-19  [2]  H. Dembinski, UHECR 2018講演
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FIG. 4.3. Contribution from decays of various particles to the atmospheric µ+ + µ� (top left), ⌫µ + ⌫̄µ (top right), ⌫e + ⌫̄e
(bottom left) and ⌫⌧ + ⌫̄⌧ (bottom right) flux in Sibyll-2.3c and H3a primary model at ✓ = 60�.

several PeV and depends on the choice of models and
the zenith angle. Further sources of high energy muons
that are not included in our calculation are the photo-
production of muon pairs, which is suppressed by 10�4

wrt. the pair production cross section �e+e� [75], and the
nuclear interactions of muons. While the muon pair pro-
duction can significantly contribute to inclusive fluxes at
very high (PeV) energies, the nuclear interactions are
only important for the low energy tail of muon bundles
in air showers.

At E & 100 GeV the main source of muon neutrinos
(upper right panel) are semi-leptonic and 3-body decays
of charged kaons, see e.g. [61] for a more detailed discus-
sion of relevant channels. Pion and muon decays domi-
nate below this energy. Prompt neutrinos originate from
decays of charged and neutral D-mesons, where the fluxes
from D± are a factor of three higher. Since pions do
not decay into electron neutrinos (lower left panel), those
come mostly from decays of neutral and charged kaons.
At energies below 100 GeV and for near-horizontal zenith

angles the dominant fraction of electron neutrinos is from
muon decays, resulting in a strong association with the
muon flux. In turn, this means that the precision of the
electron neutrino prediction for a few to several tens of
GeV is linked to the modeling of pion production and
muon energy loss and, to a lesser extent, to kaon produc-
tion.

Atmospheric tau neutrinos (lower right panel) are rare
[35], but we can discuss their flux for completeness. The
dominant production channel of tau neutrinos is the de-
cay of D+

s ! ⌧+ + ⌫⌧ , where the subsequent decay of
⌧ ! ⌫⌧ + X is more e�cient in producing a forward tau
neutrino, than the decay of the meson. Therefore most
of the tau neutrino flux comes from the decay of the tau
lepton itself (black and blue line in lower right panel in
Fig. 4.3).

Other sources of atmospheric leptons that are not
taken into account in our calculation are B-hadrons.
Their contribution to the prompt flux can be of the order
of 10% [64, 72].
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[35], but we can discuss their flux for completeness. The
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cay of D+
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⌧ ! ⌫⌧ + X is more e�cient in producing a forward tau
neutrino, than the decay of the meson. Therefore most
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Other sources of atmospheric leptons that are not
taken into account in our calculation are B-hadrons.
Their contribution to the prompt flux can be of the order
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定のためのセットアップを行う。 
 2021年度の7月ごろに陽子-陽子衝突の測定を行う。検出器は放射線被爆を避けるために
測定の直前にLHCトンネル内に設置し、測定後は取り除く。2ヶ月ほど前から一部のメンバ
ーが滞在して直前の動作テストなどを入念に実施し、他のメンバーが加わって24時間シフト
を組んでオペレーションを行う。この測定では、ATLAS実験との共同データ取得を行う。
LHCf検出器の後ろにATLAS-ZDC検出器を設置して共同データ取得を初めて行う。ZDCは
カロリーメータ型検出器で、中性子がLHCf検出器内に入射して引き起こすハドロンシャワ
ーの縦方向発達を後方のZDC検出器でも捉えることによって中性子のエネルギー分解能を
40％から20％へ劇的に向上させることができる。これは中性子検出が必要なΛ粒子検出に
必須である。測定完了後の9月には、CERN研究所内のSPS加速器でLHCf＋ZDCの共同のビ
ームテストを実施し、キャリブレーションを行う（ビームテスト統括：伊藤）。 
 測定後の2021年度後半から2022年度にかけて取得したデータ解析を行ってη、K0s、Λ微
分生成断面積を求める（毛受、大学院生2名、イタリアグループ ポスドク2名）。K0s崩壊
による4光子の検出はトリガーレベルでは約1万事象、イベント再構成後で約1千事象の検出
が見込まれる。その後は、この結果を使ってストレンジメソン生成のモデルの検証を行う。
図4はその検証の1例を示しており、相互作用モデルの1つであるQGSJETII-04モデル内で44̅
対の生成割合を示す内部パラメータを測定されたK0/
π0比から制限できることを示している。また図１の
例のようなモデルではストレンジメソンと対となっ
てΛ粒子のようなストレンジクォークを含むバリオ
ンが生成される。η、K0s、Λの測定結果を包括的に
用いることで高エネルギーハドロン衝突でのストレ
ンジメソン生成のメカニズムを理解し、モデルを構
築する。これを空気シャワーシミュレーションに適
用し、ミューオン過剰問題に対するストレンジメソ
ンの寄与をモデルの不定性を含めた形で求める（さ
こ、大学院生1名）。 

�

期待される本研究成果の波及効果 
 本研究は、主動機としている超高エネルギー宇宙線観測のミューオン過剰問題の解決だけ
でなく、非摂動QCD物理の研究のための貴重な測定データになる。これら以外にニュート
リノ実験にも本研究成果（特にK中間子生成の理解）は貢献できる。 
• IceCube実験による天体ニュートリノ観測におけるバックグランドとなる大気ニュートリ
ノの見積もりの改善（大気()は主に宇宙線と大気衝突で生成された3中間子崩壊から生成） 

• LHC新実験FASERにおけるニュートリノフラックス推定の改善（０度方向に生成される
大量のニュートリノを用いたニュートリノ相互作用研究が目的の１つ。(), (=は主にK中
間子崩壊から生成される。LHCf検出器とほぼ同じ角度領域をカバーしており、データの
親和性も高い。） 
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FIG. 4.3. Contribution from decays of various particles to the atmospheric µ+ + µ� (top left), ⌫µ + ⌫̄µ (top right), ⌫e + ⌫̄e
(bottom left) and ⌫⌧ + ⌫̄⌧ (bottom right) flux in Sibyll-2.3c and H3a primary model at ✓ = 60�.

several PeV and depends on the choice of models and
the zenith angle. Further sources of high energy muons
that are not included in our calculation are the photo-
production of muon pairs, which is suppressed by 10�4

wrt. the pair production cross section �e+e� [75], and the
nuclear interactions of muons. While the muon pair pro-
duction can significantly contribute to inclusive fluxes at
very high (PeV) energies, the nuclear interactions are
only important for the low energy tail of muon bundles
in air showers.

At E & 100 GeV the main source of muon neutrinos
(upper right panel) are semi-leptonic and 3-body decays
of charged kaons, see e.g. [61] for a more detailed discus-
sion of relevant channels. Pion and muon decays domi-
nate below this energy. Prompt neutrinos originate from
decays of charged and neutral D-mesons, where the fluxes
from D± are a factor of three higher. Since pions do
not decay into electron neutrinos (lower left panel), those
come mostly from decays of neutral and charged kaons.
At energies below 100 GeV and for near-horizontal zenith

angles the dominant fraction of electron neutrinos is from
muon decays, resulting in a strong association with the
muon flux. In turn, this means that the precision of the
electron neutrino prediction for a few to several tens of
GeV is linked to the modeling of pion production and
muon energy loss and, to a lesser extent, to kaon produc-
tion.

Atmospheric tau neutrinos (lower right panel) are rare
[35], but we can discuss their flux for completeness. The
dominant production channel of tau neutrinos is the de-
cay of D+

s ! ⌧+ + ⌫⌧ , where the subsequent decay of
⌧ ! ⌫⌧ + X is more e�cient in producing a forward tau
neutrino, than the decay of the meson. Therefore most
of the tau neutrino flux comes from the decay of the tau
lepton itself (black and blue line in lower right panel in
Fig. 4.3).

Other sources of atmospheric leptons that are not
taken into account in our calculation are B-hadrons.
Their contribution to the prompt flux can be of the order
of 10% [64, 72].
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定のためのセットアップを行う。 
 2021年度の7月ごろに陽子-陽子衝突の測定を行う。検出器は放射線被爆を避けるために
測定の直前にLHCトンネル内に設置し、測定後は取り除く。2ヶ月ほど前から一部のメンバ
ーが滞在して直前の動作テストなどを入念に実施し、他のメンバーが加わって24時間シフト
を組んでオペレーションを行う。この測定では、ATLAS実験との共同データ取得を行う。
LHCf検出器の後ろにATLAS-ZDC検出器を設置して共同データ取得を初めて行う。ZDCは
カロリーメータ型検出器で、中性子がLHCf検出器内に入射して引き起こすハドロンシャワ
ーの縦方向発達を後方のZDC検出器でも捉えることによって中性子のエネルギー分解能を
40％から20％へ劇的に向上させることができる。これは中性子検出が必要なΛ粒子検出に
必須である。測定完了後の9月には、CERN研究所内のSPS加速器でLHCf＋ZDCの共同のビ
ームテストを実施し、キャリブレーションを行う（ビームテスト統括：伊藤）。 
 測定後の2021年度後半から2022年度にかけて取得したデータ解析を行ってη、K0s、Λ微
分生成断面積を求める（毛受、大学院生2名、イタリアグループ ポスドク2名）。K0s崩壊
による4光子の検出はトリガーレベルでは約1万事象、イベント再構成後で約1千事象の検出
が見込まれる。その後は、この結果を使ってストレンジメソン生成のモデルの検証を行う。
図4はその検証の1例を示しており、相互作用モデルの1つであるQGSJETII-04モデル内で44̅
対の生成割合を示す内部パラメータを測定されたK0/
π0比から制限できることを示している。また図１の
例のようなモデルではストレンジメソンと対となっ
てΛ粒子のようなストレンジクォークを含むバリオ
ンが生成される。η、K0s、Λの測定結果を包括的に
用いることで高エネルギーハドロン衝突でのストレ
ンジメソン生成のメカニズムを理解し、モデルを構
築する。これを空気シャワーシミュレーションに適
用し、ミューオン過剰問題に対するストレンジメソ
ンの寄与をモデルの不定性を含めた形で求める（さ
こ、大学院生1名）。 
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期待される本研究成果の波及効果 
 本研究は、主動機としている超高エネルギー宇宙線観測のミューオン過剰問題の解決だけ
でなく、非摂動QCD物理の研究のための貴重な測定データになる。これら以外にニュート
リノ実験にも本研究成果（特にK中間子生成の理解）は貢献できる。 
• IceCube実験による天体ニュートリノ観測におけるバックグランドとなる大気ニュートリ
ノの見積もりの改善（大気()は主に宇宙線と大気衝突で生成された3中間子崩壊から生成） 

• LHC新実験FASERにおけるニュートリノフラックス推定の改善（０度方向に生成される
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the zenith angle. Further sources of high energy muons
that are not included in our calculation are the photo-
production of muon pairs, which is suppressed by 10�4

wrt. the pair production cross section �e+e� [75], and the
nuclear interactions of muons. While the muon pair pro-
duction can significantly contribute to inclusive fluxes at
very high (PeV) energies, the nuclear interactions are
only important for the low energy tail of muon bundles
in air showers.

At E & 100 GeV the main source of muon neutrinos
(upper right panel) are semi-leptonic and 3-body decays
of charged kaons, see e.g. [61] for a more detailed discus-
sion of relevant channels. Pion and muon decays domi-
nate below this energy. Prompt neutrinos originate from
decays of charged and neutral D-mesons, where the fluxes
from D± are a factor of three higher. Since pions do
not decay into electron neutrinos (lower left panel), those
come mostly from decays of neutral and charged kaons.
At energies below 100 GeV and for near-horizontal zenith

angles the dominant fraction of electron neutrinos is from
muon decays, resulting in a strong association with the
muon flux. In turn, this means that the precision of the
electron neutrino prediction for a few to several tens of
GeV is linked to the modeling of pion production and
muon energy loss and, to a lesser extent, to kaon produc-
tion.

Atmospheric tau neutrinos (lower right panel) are rare
[35], but we can discuss their flux for completeness. The
dominant production channel of tau neutrinos is the de-
cay of D+

s ! ⌧+ + ⌫⌧ , where the subsequent decay of
⌧ ! ⌫⌧ + X is more e�cient in producing a forward tau
neutrino, than the decay of the meson. Therefore most
of the tau neutrino flux comes from the decay of the tau
lepton itself (black and blue line in lower right panel in
Fig. 4.3).

Other sources of atmospheric leptons that are not
taken into account in our calculation are B-hadrons.
Their contribution to the prompt flux can be of the order
of 10% [64, 72].
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定のためのセットアップを行う。 
 2021年度の7月ごろに陽子-陽子衝突の測定を行う。検出器は放射線被爆を避けるために
測定の直前にLHCトンネル内に設置し、測定後は取り除く。2ヶ月ほど前から一部のメンバ
ーが滞在して直前の動作テストなどを入念に実施し、他のメンバーが加わって24時間シフト
を組んでオペレーションを行う。この測定では、ATLAS実験との共同データ取得を行う。
LHCf検出器の後ろにATLAS-ZDC検出器を設置して共同データ取得を初めて行う。ZDCは
カロリーメータ型検出器で、中性子がLHCf検出器内に入射して引き起こすハドロンシャワ
ーの縦方向発達を後方のZDC検出器でも捉えることによって中性子のエネルギー分解能を
40％から20％へ劇的に向上させることができる。これは中性子検出が必要なΛ粒子検出に
必須である。測定完了後の9月には、CERN研究所内のSPS加速器でLHCf＋ZDCの共同のビ
ームテストを実施し、キャリブレーションを行う（ビームテスト統括：伊藤）。 
 測定後の2021年度後半から2022年度にかけて取得したデータ解析を行ってη、K0s、Λ微
分生成断面積を求める（毛受、大学院生2名、イタリアグループ ポスドク2名）。K0s崩壊
による4光子の検出はトリガーレベルでは約1万事象、イベント再構成後で約1千事象の検出
が見込まれる。その後は、この結果を使ってストレンジメソン生成のモデルの検証を行う。
図4はその検証の1例を示しており、相互作用モデルの1つであるQGSJETII-04モデル内で44̅
対の生成割合を示す内部パラメータを測定されたK0/
π0比から制限できることを示している。また図１の
例のようなモデルではストレンジメソンと対となっ
てΛ粒子のようなストレンジクォークを含むバリオ
ンが生成される。η、K0s、Λの測定結果を包括的に
用いることで高エネルギーハドロン衝突でのストレ
ンジメソン生成のメカニズムを理解し、モデルを構
築する。これを空気シャワーシミュレーションに適
用し、ミューオン過剰問題に対するストレンジメソ
ンの寄与をモデルの不定性を含めた形で求める（さ
こ、大学院生1名）。 

�

期待される本研究成果の波及効果 
 本研究は、主動機としている超高エネルギー宇宙線観測のミューオン過剰問題の解決だけ
でなく、非摂動QCD物理の研究のための貴重な測定データになる。これら以外にニュート
リノ実験にも本研究成果（特にK中間子生成の理解）は貢献できる。 
• IceCube実験による天体ニュートリノ観測におけるバックグランドとなる大気ニュートリ
ノの見積もりの改善（大気()は主に宇宙線と大気衝突で生成された3中間子崩壊から生成） 

• LHC新実験FASERにおけるニュートリノフラックス推定の改善（０度方向に生成される
大量のニュートリノを用いたニュートリノ相互作用研究が目的の１つ。(), (=は主にK中
間子崩壊から生成される。LHCf検出器とほぼ同じ角度領域をカバーしており、データの
親和性も高い。） 

 
参考文献 [1]  A.Aab et al., PRL (2016) 117-19  [2]  H. Dembinski, UHECR 2018講演
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FIG. 4.3. Contribution from decays of various particles to the atmospheric µ+ + µ� (top left), ⌫µ + ⌫̄µ (top right), ⌫e + ⌫̄e
(bottom left) and ⌫⌧ + ⌫̄⌧ (bottom right) flux in Sibyll-2.3c and H3a primary model at ✓ = 60�.

several PeV and depends on the choice of models and
the zenith angle. Further sources of high energy muons
that are not included in our calculation are the photo-
production of muon pairs, which is suppressed by 10�4

wrt. the pair production cross section �e+e� [75], and the
nuclear interactions of muons. While the muon pair pro-
duction can significantly contribute to inclusive fluxes at
very high (PeV) energies, the nuclear interactions are
only important for the low energy tail of muon bundles
in air showers.

At E & 100 GeV the main source of muon neutrinos
(upper right panel) are semi-leptonic and 3-body decays
of charged kaons, see e.g. [61] for a more detailed discus-
sion of relevant channels. Pion and muon decays domi-
nate below this energy. Prompt neutrinos originate from
decays of charged and neutral D-mesons, where the fluxes
from D± are a factor of three higher. Since pions do
not decay into electron neutrinos (lower left panel), those
come mostly from decays of neutral and charged kaons.
At energies below 100 GeV and for near-horizontal zenith

angles the dominant fraction of electron neutrinos is from
muon decays, resulting in a strong association with the
muon flux. In turn, this means that the precision of the
electron neutrino prediction for a few to several tens of
GeV is linked to the modeling of pion production and
muon energy loss and, to a lesser extent, to kaon produc-
tion.

Atmospheric tau neutrinos (lower right panel) are rare
[35], but we can discuss their flux for completeness. The
dominant production channel of tau neutrinos is the de-
cay of D+

s ! ⌧+ + ⌫⌧ , where the subsequent decay of
⌧ ! ⌫⌧ + X is more e�cient in producing a forward tau
neutrino, than the decay of the meson. Therefore most
of the tau neutrino flux comes from the decay of the tau
lepton itself (black and blue line in lower right panel in
Fig. 4.3).

Other sources of atmospheric leptons that are not
taken into account in our calculation are B-hadrons.
Their contribution to the prompt flux can be of the order
of 10% [64, 72].
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定のためのセットアップを行う。 
 2021年度の7月ごろに陽子-陽子衝突の測定を行う。検出器は放射線被爆を避けるために
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定のためのセットアップを行う。 
 2021年度の7月ごろに陽子-陽子衝突の測定を行う。検出器は放射線被爆を避けるために
測定の直前にLHCトンネル内に設置し、測定後は取り除く。2ヶ月ほど前から一部のメンバ
ーが滞在して直前の動作テストなどを入念に実施し、他のメンバーが加わって24時間シフト
を組んでオペレーションを行う。この測定では、ATLAS実験との共同データ取得を行う。
LHCf検出器の後ろにATLAS-ZDC検出器を設置して共同データ取得を初めて行う。ZDCは
カロリーメータ型検出器で、中性子がLHCf検出器内に入射して引き起こすハドロンシャワ
ーの縦方向発達を後方のZDC検出器でも捉えることによって中性子のエネルギー分解能を
40％から20％へ劇的に向上させることができる。これは中性子検出が必要なΛ粒子検出に
必須である。測定完了後の9月には、CERN研究所内のSPS加速器でLHCf＋ZDCの共同のビ
ームテストを実施し、キャリブレーションを行う（ビームテスト統括：伊藤）。 
 測定後の2021年度後半から2022年度にかけて取得したデータ解析を行ってη、K0s、Λ微
分生成断面積を求める（毛受、大学院生2名、イタリアグループ ポスドク2名）。K0s崩壊
による4光子の検出はトリガーレベルでは約1万事象、イベント再構成後で約1千事象の検出
が見込まれる。その後は、この結果を使ってストレンジメソン生成のモデルの検証を行う。
図4はその検証の1例を示しており、相互作用モデルの1つであるQGSJETII-04モデル内で44̅
対の生成割合を示す内部パラメータを測定されたK0/
π0比から制限できることを示している。また図１の
例のようなモデルではストレンジメソンと対となっ
てΛ粒子のようなストレンジクォークを含むバリオ
ンが生成される。η、K0s、Λの測定結果を包括的に
用いることで高エネルギーハドロン衝突でのストレ
ンジメソン生成のメカニズムを理解し、モデルを構
築する。これを空気シャワーシミュレーションに適
用し、ミューオン過剰問題に対するストレンジメソ
ンの寄与をモデルの不定性を含めた形で求める（さ
こ、大学院生1名）。 

�

期待される本研究成果の波及効果 
 本研究は、主動機としている超高エネルギー宇宙線観測のミューオン過剰問題の解決だけ
でなく、非摂動QCD物理の研究のための貴重な測定データになる。これら以外にニュート
リノ実験にも本研究成果（特にK中間子生成の理解）は貢献できる。 
• IceCube実験による天体ニュートリノ観測におけるバックグランドとなる大気ニュートリ
ノの見積もりの改善（大気()は主に宇宙線と大気衝突で生成された3中間子崩壊から生成） 

• LHC新実験FASERにおけるニュートリノフラックス推定の改善（０度方向に生成される
大量のニュートリノを用いたニュートリノ相互作用研究が目的の１つ。(), (=は主にK中
間子崩壊から生成される。LHCf検出器とほぼ同じ角度領域をカバーしており、データの
親和性も高い。） 

 
参考文献 [1]  A.Aab et al., PRL (2016) 117-19  [2]  H. Dembinski, UHECR 2018講演
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FIG. 4.3. Contribution from decays of various particles to the atmospheric µ+ + µ� (top left), ⌫µ + ⌫̄µ (top right), ⌫e + ⌫̄e
(bottom left) and ⌫⌧ + ⌫̄⌧ (bottom right) flux in Sibyll-2.3c and H3a primary model at ✓ = 60�.

several PeV and depends on the choice of models and
the zenith angle. Further sources of high energy muons
that are not included in our calculation are the photo-
production of muon pairs, which is suppressed by 10�4

wrt. the pair production cross section �e+e� [75], and the
nuclear interactions of muons. While the muon pair pro-
duction can significantly contribute to inclusive fluxes at
very high (PeV) energies, the nuclear interactions are
only important for the low energy tail of muon bundles
in air showers.

At E & 100 GeV the main source of muon neutrinos
(upper right panel) are semi-leptonic and 3-body decays
of charged kaons, see e.g. [61] for a more detailed discus-
sion of relevant channels. Pion and muon decays domi-
nate below this energy. Prompt neutrinos originate from
decays of charged and neutral D-mesons, where the fluxes
from D± are a factor of three higher. Since pions do
not decay into electron neutrinos (lower left panel), those
come mostly from decays of neutral and charged kaons.
At energies below 100 GeV and for near-horizontal zenith

angles the dominant fraction of electron neutrinos is from
muon decays, resulting in a strong association with the
muon flux. In turn, this means that the precision of the
electron neutrino prediction for a few to several tens of
GeV is linked to the modeling of pion production and
muon energy loss and, to a lesser extent, to kaon produc-
tion.

Atmospheric tau neutrinos (lower right panel) are rare
[35], but we can discuss their flux for completeness. The
dominant production channel of tau neutrinos is the de-
cay of D+

s ! ⌧+ + ⌫⌧ , where the subsequent decay of
⌧ ! ⌫⌧ + X is more e�cient in producing a forward tau
neutrino, than the decay of the meson. Therefore most
of the tau neutrino flux comes from the decay of the tau
lepton itself (black and blue line in lower right panel in
Fig. 4.3).

Other sources of atmospheric leptons that are not
taken into account in our calculation are B-hadrons.
Their contribution to the prompt flux can be of the order
of 10% [64, 72].
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The Ș meVRQ SURdXcWiRQ UaWe aV a fXQcWiRQ Rf 𝒙𝑭, 
measured with the LHCf-Arm2 detector in p-p 
collisions at 𝑠=13 TeV, was compared with the 
predictions of four widely used hadronic interaction 
models:

¾ QGSJETII-04.
¾ EPOS-LHC.
¾ DPMJET 3.06.
¾ SYBILL 2.3.

None of the models can correctly reproduce the 
experimental distribution over the entire 𝒙𝑭
range. QGSJETII-04 shows the best agreement, 
especially at high 𝑥ி, but a factor ≈ 2 of differences 
is visible at low 𝑥ி.
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Figure 3. Di-photon invariant mass distribution reconstructed using the LHCf-Arm2 detector
for pairs with pT < 1.1GeV/c. The blue solid line shows the result of the composite fit on the
distribution, obtained by adding the signal fit distribution (asymmetric Gaussian function, red
line) and the background fit distribution (third-order Chebyshev polynomial function, green line).
Solid and dashed vertical lines indicate the signal and the two background windows, respectively.

4.2.2 Acceptance and branching ratio correction

Second, we corrected the signal distribution for the limited aperture of the LHCf-Arm2
detector since it does not cover the full 2π azimuthal angle. To estimate the acceptance
correction factors, we used a toy MC simulation based on the predictions from four hadronic
interaction models, QGSJET II-04, EPOS-LHC, DPMJET 3.06 and SIBYLL 2.3. For
each model, we generated an η meson pt − xF phase space, then we simulated the decay
η → γγ and computed the pt − xF phase space for the particles hitting the LHCf-Arm2
detector, also considering the single-photon selection criteria on energy and position listed
in table 2. The geometrical acceptance efficiency was calculated as the ratio of accepted η

mesons divided by the distribution of all generated η mesons. The acceptance correction
is defined as the inverse of the acceptance efficiency. The four models provide different
predictions of the acceptance correction factor due to the different pt −xF spectrum shapes
inside the xF bins used in the analysis, as shown in figure 5, where both the acceptance
maps (top panel) and the acceptance correction xF distributions (bottom panel) of the
models considered in the analysis are displayed. The final map applied to the data was
obtained by averaging the results of the models in the analysis pt − xF region, defined by

– 9 –

Figure 2 shows the reconstructed two-photon invariant
mass (Mγγ) distributions of LHCf data in the rapidity range
8.8 < y < 10.8. The left and right panels of Fig. 2 show the
distributions for Type-II events in the Arm2 small calo-
rimeter and Arm2 large calorimeter, respectively. The sharp
peaks around 135 MeV are due to π0 events. The distri-
butions in Fig. 2 are based only on data from pþ p
collisions at

ffiffiffi
s

p
¼ 7 TeV during LHC Fill 1104. Similar

invariant mass distributions are obtained from other fills
and from Arm1. Kinematic quantities of the π0s
(4-momenta, pT, pz, and rapidity) are reconstructed by
using the photon energies and incident positions measured
by the LHCf calorimeters and are used for producing the pT
and pz distributions. The projected position of the proton
beam axis on the LHCf detector (beam center) is used in
order to derive the correct pT and pz values of each event.
The beam center position is obtained from the LHCf
position-sensitive detectors of Arm1 and Arm2 for each fill.
The π0 event selection criteria that are applied prior to the

reconstruction of the π0 kinematics are summarized in
Table I. Type-I events accompanied by at least one addi-
tional background particle in one of the two calorimeters
(usually a photon or a neutron) and not originating in a π0

decay are denoted as multihit π0 events and are rejected as
background events. Similarly, Type-II events accompanied
by at least one additional background particle in the
calorimeter used for π0 identification are rejected.

Figure 3 shows diagrams of all types of multihit events
that are rejected. Panels (a) and (b) show the multihit Type-I
π0 events, and panels (c) and (d) show the multihit Type-II
π0 events. Red and green arrows indicate a background
particle not originating in a π0 decay and two photons
originating in a π0 decay, respectively. The final inclusive
production rates reported in this paper are corrected for
these cut efficiencies and will be discussed in Sec. V B.

B. Corrections for experimental effects

The raw pT and pz distributions of π0s are corrected for
(1) contamination by background events, (2) reconstruction
inefficiency and the smearing caused by finite position and
energy resolutions, (3) geometrical acceptance and the
branching ratio of π0 decay, and (4) the efficiency of the
multihit π0 cut. We now discuss each of these corrections in
some detail.

1. Background contamination

First, the background contamination of the π0 events
from hadronic events and from the coincidence of two
photons not originating from the decay of a single π0 are
estimated using a sideband method [18]. As shown in Fig. 2
for instance, the reconstructed two-photon invariant mass
distributions of LHCf data are fit to a composite physics
model (solid blue curve). The model consists of an
asymmetric Gaussian distribution for the π0 signal com-
ponent and a third-order Chebyshev polynomial function
for the background component. The fit is performed over
the two-photon invariant mass range 0.08 < Mγγ <
0.18 GeV. The π0 signal window is defined by the two
dashed vertical lines in Fig. 2 that are placed #3σ from the
mean value. Here, the mean value and the standard
deviation are obtained from the best-fit asymmetric
Gaussian distribution. The background window is defined
as the region within #6σ distance from the peak value and
excluding the π0 signal window. The fraction of the

FIG. 2. Reconstructed invariant mass distributions in pþ p
collisions at

ffiffiffi
s

p
¼ 7 TeV. Left: Type-II π0 events in the Arm2

small calorimeter. Right: Type-II π0 events in the Arm2 large
calorimeter. The solid curves show the best-fit composite physics
model to the invariant mass distributions.

FIG. 3. Diagrams of all multihit events that are rejected. Panels
(a) and (b) show the multihit Type-I π0 events, and panels (c) and
(d) show the multihit Type-II π0 events. Red and green arrows
indicate a background particle not originating in a π0 decay and
two photons originating in a π0 decay, respectively.

TABLE I. Summary of criteria for selection of the π0 sample.

Type-I π0 events
Incident position Within 2 mm from the edge of calorimeter
Energy threshold Ephoton > 100 GeV
Number of hits Single hit in each calorimeter
PID Photonlike in each calorimeter

Type-II π0 events
Incident position Within 2 mm from the edge of calorimeter
Energy threshold Ephoton > 100 GeV
Number of hits Two hits
PID Photonlike

O. ADRIANI et al. PHYSICAL REVIEW D 94, 032007 (2016)
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¾ The forward Ș/𝝅𝟎 production ratio in p-p 
collision has been measured by the LHCf
experiment.

¾ For the first time this measurement is carried out 
in the forward region of high-energy collisions.

¾ The importance of this observation relies on the fact 
that 𝜋 and Ș are the two main sources of the 
electromagnetic component of Extended Air 
Showers (EASs) so their production and ratio are 
critical for modelling the EAS development.

¾ The preliminary results indicate that only 
QGSJETII-04 and DPMJET 3.06 are able to
reproduce the shape of the experimental 
distribution.
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Operation with pp, √s=13.6 TeV in 2022
Successfully completed in Sept 2022 
Record of the longest fill in LHC: 50 hours 
Low luminosity special run L = 0.4 μb-1/s, β* = 19.2 m 
300 M events obtained in total (↔ 40 M in 2015) 
thanks to improvement of DAQ speed, higher luminosity, and optimization of trigger.
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Analyses with large statistics 
Improvement of η and high-E π0 

 η:  2 k events (2015) → 22 k events (2022) 
     → cross-section measurement in XF-pT bins  

Measurement of strange hadrons (K0s, Λ)

22

50 第 7章 η 中間子の生成微分断面積測定
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図 7.4 2022年測定のデータを用いて求めた η 中間子のみの pT − xF スペクトル。右図は左図の bin幅を調整
した後のスペクトルを表している。Chapter 2. The LHCf experiment 14

(a) Transverse projection of arm1

(b) Transverse projection of arm2

Figure 2.4: Acceptances of the LHCf calorimeters. In
p

s =13 TeV operation, the
elliptical structure of the beam pipe between IP1 and the TAN location (the main

limitation to the acceptance of LHCf) and the internal walls of the TAN

of the pipe itself in the D1 dipole region, around ±84.5m from IP. The projection

of the D1 aperture to the LHCf location at ±140m is an ellipse with horizontal

and vertical axises 211.8mm and 87.7mm, respectively. The position relationships

with calorimeters are shown in Figure 2.4. ”Beam center” indicated in the plots

means the extrapolated beam direction considering the 145 µrad crossing angle.

(a) Arm1 side

Chapter 2. The LHCf experiment 14

(a) Transverse projection of arm1

(b) Transverse projection of arm2

Figure 2.4: Acceptances of the LHCf calorimeters. In
p

s =13 TeV operation, the
elliptical structure of the beam pipe between IP1 and the TAN location (the main

limitation to the acceptance of LHCf) and the internal walls of the TAN

of the pipe itself in the D1 dipole region, around ±84.5m from IP. The projection

of the D1 aperture to the LHCf location at ±140m is an ellipse with horizontal

and vertical axises 211.8mm and 87.7mm, respectively. The position relationships

with calorimeters are shown in Figure 2.4. ”Beam center” indicated in the plots

means the extrapolated beam direction considering the 145 µrad crossing angle.

(b) Arm2 side

Figure 2.10: Cross-section at the detector positions and projections of the beam pipe
and relating materials for a) Arm1 and b) Arm2. Here vertical crossing angle of
145 µrad is assumed.
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O

図 7.5 IP1 から見た LHCf Arm1 検出器の位置とビームパイプのかげ [27]。赤円がビームパイプの形と大き
さ、青い楕円がビームパイプのかげの境界線を表している。また、検出器座標とその座標の y = 63 の位置を緑
線で模式的に図示した。

の位置関係を示す。青い楕円は、IP1で生じた粒子が 141.05mの距離を進んで LHCf検出器に到達する際に、ビー
ムパイプに衝突することなく進める範囲を表している。この青線の外側をビームパイプのかげと呼ぶ。ビームパイ
プのかげに飛んでくる光子は検出器に入射しない。また、一部の η 中間子由来の光子は検出器にヒットせずに通り
過ぎてしまう。これらの要因で LHCf検出器にヒットしなかったイベント分を補正しなければならない。
アクセプタンスの計算には Toy MCを用いた。η 中間子の生成およびアクセプタンスの具体的な計算方法は以下
の通りである。

1. η 中間子の静止系で、0 – 6800 GeVのエネルギー、0.0 – 3.0 GeV/cの横運動量を持つ η 中間子を 272 GeV
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Measurement of !!, " and #"! mesons 
with TeV energies by using LHCf detectors
H. MENJO (ISEE, Nagoya Univ., Japan) on behalf of the LHCf collaboration

!!, "measurement
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angles in proton-proton collisions at the LHC, including
zero degrees. The LHCf detectors have the capability for
precise measurements of forward high-energy inclusive-
particle-production cross sections of photons, neutrons,
and possibly other neutral mesons and baryons. Among
the many secondary neutral particles that LHCf can detect,
the !0 mesons are the most sensitive to the details of the
proton-proton interactions. Thus a high priority has been
given to analyzing forward !0 production data in order to
provide key information for an as yet unestablished had-
ronic interaction theory at the TeV energy scale. The
analysis in this paper concentrates on obtaining the inclu-
sive production rate for !0s in the rapidity range larger
than y ¼ 8:9 as a function of the!0 transverse momentum.

In addition to the aim described above, this work is also
motivated by an application to the understanding of
ultrahigh-energy cosmic-ray (UHECR) phenomena, which
are sensitive to the details of soft !0 production at extreme
energy. It is known that the lack of knowledge about
forward particle production in hadronic collisions hinders
the interpretation of observations of UHECR [7,8].
Although UHECR observations have made notable advan-
ces in the last few years [9–15], critical parts of the analysis
depend on Monte Carlo (MC) simulations of air shower
development that are sensitive to the choice of the hadronic
interaction model. It should also be remarked that the
LHC has reached 7 TeV collision energy, which in the
laboratory frame of UHECR observations is equivalent to
2:6" 1016 eV, and this energy is above the ‘‘knee’’ region
of the primary cosmic ray energy spectrum (#4"1015 eV)
[16]. The data provided by LHCf should then provide a
useful benchmark for the MC codes that are used for the
simulation of UHECR atmospheric showers.

This paper is organized as follows. In Sec. II the LHCf
detectors are described. Section III summarizes the con-
ditions for taking data and the MC simulation methodol-
ogy. In Section IV the analysis framework is described.
The factors that contribute to the systematic uncertainty of
the results are explained in Sec. V, and the analysis results
are then presented in Sec. VI. Section VII discusses the
results that have been obtained and compares these with
the predictions of several hadronic interaction models.
Finally, concluding remarks are found in Sec. VIII.

II. THE LHCF DETECTORS

Two independent LHCf detectors, called Arm1 and
Arm2, have been installed in the instrumentation slots of
the target neutral absorbers (TANs) [17] located $140 m
from the ATLAS interaction point (IP1) and at a zero-
degree collision angle. Figure 1 shows schematic views
of the Arm1 (left) and Arm2 (right) detectors. Inside a TAN
the beam-vacuum chamber makes a Y-shaped transition
from a single common beam tube facing IP1 to two sepa-
rate beam tubes joining to the arcs of the LHC. Charged
particles produced at IP1 and directed towards the TAN are

swept aside by the inner beam separation dipole magnet D1
before reaching the TAN. Consequently, only neutral par-
ticles produced at IP1 enter the LHCf detector. At this
location the LHCf detectors cover the pseudorapidity range
from 8.7 to infinity for a zero-degree beam crossing angle.
With a maximum beam crossing angle of 140 "rad, the
pseudorapidity range can be extended to 8.4 to infinity.
Each LHCf detector has two sampling and imaging

calorimeters composed of 44 radiation lengths (X0) of
tungsten and 16 sampling layers of 3 mm thick plastic
scintillators. The transverse sizes of the calorimeters are
20" 20 mm2 and 40" 40 mm2 in Arm1 and 25"25mm2

and 32" 32 mm2 in Arm2. The smaller calorimeters cover
a zero-degree collision angle. Four X-Y layers of position-
sensitive detectors are interleaved with the layers of tung-
sten and scintillator in order to provide the transverse
positions of the showers. Scintillating fiber (SciFi) belts
are used for the Arm1 position sensitive layers and silicon
microstrip sensors are used for Arm2. Readout pitches are
1 mm and 0.16 mm for Arm1 and Arm2, respectively.
More detail on the scientific goals and the construction

and performance of the detectors can be found in previous
reports [18–22].

III. SUMMARY OF THE CONDITIONS
FOR TAKING DATA AND OF THE

METHODOLOGY FOR PERFORMING
MONTE CARLO SIMULATIONS

A. Conditions for taking experimental data

The experimental data used for the analysis of this paper
were obtained on May 15 and 16, 2010, during proton-
proton collisions at

ffiffiffi
s

p ¼ 7 TeV with a zero-degree beam
crossing angle (LHC Fill 1104). Data taking was carried
out in two different runs: the first run was on May 15 from
17:45 to 21:23, and the second run was on May 16 from
00:47 to 14:05. The events that were recorded during a
luminosity optimization scan and a calibration run were
removed from the data set for this analysis.
The range of total luminosity of the three crossing bunch

pairs was L ¼ ð6:3–6:5Þ " 1028 cm'2 s'1 for the first run
and L ¼ ð4:8' 5:9Þ " 1028 cm'2 s'1 for the second run.

FIG. 1 (color online). Schematic views of the Arm1 (left) and
Arm2 (right) detectors. The transverse sizes of the calorimeters
are 20" 20 mm2 and 40" 40 mm2 in Arm1, and 25" 25 mm2

and 32" 32 mm2 in Arm2.
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Figure 1. Schematic (left) and location (right) of RHICf detector.

conducted at LHC. In comparison to the LHCf results, the energy scaling of forward particle
production can be tested, and it will contribute toward improving the predictions of models with
intermediate and even higher collision energies.

As discovered in the middle and forward pseudorapidity regions, large transverse single-spin
asymmetry (�# ) of c0 demonstrated an evident dependency on the transverse momentum ?T and
the Feynman-x GF of c0 [11, 12] with polarized beams of RHIC. The RHICf experiment extends
the measurement to the very forward region covering pseudorapidity of more than 6.05, which
corresponds to a low ?T of < 1 GeV/c and large GF. Moreover, the RHICf has already reported the
discovery of unexpectedly large transverse single-spin asymmetry in forward c

0 production [13].
An operation involving proton-proton collisions with the center-of-mass collision energy ofp

B = 510 GeV was successfully completed in June 2017. In this paper, we present the performance
of the RHICf detector during this operation. Therefore, a performance similar to that of the LHCf
detector is required to achieve these goals: high detection e�ciency with GF > 0.1, adequate
energy resolution for photons (< 5%), and impact position resolution (< 0.2 mm). Furthermore, we
analyzed the obtained data and reported the background level and stability of the energy scale. The
detector, location, and data acquisition system of the experiment are explained in section 2. After
introducing the analysis method in section 3, the operation conditions and detector performances are
discussed in sections 4 and 5, respectively. Lastly, the results are summarized in section 6.

2 Experimental setup

2.1 Detector and location

The RHICf detector comprises two compact sampling and positioning calorimeters, which is actually
the former LHCf-Arm1 detector [14]. Each calorimeter tower has dimensions transverse to the beam
direction of 20 mm⇥ 20 mm or 40 mm⇥ 40 mm, and a longitudinal size of 220 mm composed of
44 radiation lengths of tungsten, as shown in figure 1. In addition, 16 GSO scintillator plates with
1 mm thickness were inserted at every 2 or 4 radiation lengths for recording the longitudinal shower
sampling, and four position-sensitive layers containing an X-Y hodoscope with 1 mm ⇥ 20 or 40 mm
GSO bars [15] were inserted at 6, 10, 30, and 42 radiation lengths for measurements of the lateral
shower development. Hereafter, the small and large calorimeter towers are referred to as TS and TL,
respectively. The light from each scintillator plate and bar was transferred through a light guide
and measured using a photomultiplier tube (PMT, Hamamatsu R7400U) and a multi-anode PMT

– 2 –

Size : 620mmH x 91mmW x 280mmT
Transverse size of calorimeters:

20x20mm and 40x40mm
Calorimeters:

Tungsten ( total length 44 r.l. and 1.7 λi )
16 GSO scintillator layers

Position sensitive layer:
4 GSO bar XY hodoscopes at 6,10,32,42 r,l

Energy resolution : <5% for photons  

LHCf Arm1 DetectorThe LHC forward (LHCf) experiment measures energetic neutral parrticles
such as !! emitted in the very forward region of pp collisions at LHC. The aim is
to provide essencial calibration points of hadrnic interaction models which is
used for simulations of air showers caused by interactions of very high energy
cosmic rays with atmospheric nuclei.

The LHCf has two independent detectors ( Arm1 and Arm2 ) that had been
installed +/- 140m from the ATLAS interaction point. Each detector has two
sampling and imaging calorimeter towers. The detectors are installed into the
narrow gaps between the LHC beam pipes connecting to the beam separation
chambers and view zero degree of LHC collisions. The detectors are able to
measure only neutral particles because charged particles are swept away by
magnetic field of the dipole magnets located between IP and the detectors.

Summary and Prospects
LHCf measures !!, # and $"! mesons with TeV energies emitted in the forward region

of LHC collisions. The kinematic of these mesons can be reconstructed from precise
measurements of two or four photons. In addition to the published results, we will
provide many results from the data including from a future operaion with p-O collisions
scheduled in 2025.

Reconstruction method

Introduction

Size : 620mmH x 91mmW x 280mmT
Transverse size of calorimeters:

25x25mm and 32x32mm
Calorimeters:

Tungsten ( total length 44 r.l. and 1.7 λi )
16 GSO scintillator layers

Position sensitive layer:
silicon strip layers at 6, 12, 18, 24, 32, 40 r,l
first 2 layer: x-y pairs, the others: x or y 
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!! and # immediately decay to two
photons at IP. These photon pairs are
measured by the LHCf detectors, and its
mass and kinematics can be reconstructed
from photon energies and hit positions as
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Event Categoly: Type 2

Event Categoly: Type 1
• Events with one photon hit in each tower.
• Sensitive for # and low energy !! (Eπ < 2 TeV)
• Each photon energy can be simply measured by 

each calorimeter tower, but an correction of 
contamination of leaked shower particles between 
towers must be applied.

• Events with photon pairs in one tower.
• Sensitive only for high energy !! (Eπ > 2 TeV)
• Only the total photon energy (E1+E2) can be 

measured calorimetorically.
• Energy sharing factor (E1/ E2) is estimated using a 

ratio of peak hight on the lateral distributions 
measured by the position sensitive layers.

!!, #

or

!!

Result from data in 2015 

Data in 2022
An operation with pp collisions at √s =

13.6 TeV was successfully performed
in Sept. 2022, and 300 M events in
total have been obtained in this 4-days
operation.
The two peak structures on the

reconstructed mass distribution of
type-1 events (right figure) are clearly
found, which correspond to !!and #
mass. The !!and # candidate events
have wide phase space coverages
including several TeV energies.

#"! measurement

Reconstructed mass Mγγ

LHCf preliminary
pp √s = 13.6 TeV in 2022

Arm1, Center, Type1

While analyses of data in 2022 are still on-going, many results
from data obtained in the past operations, ex. in 2015 with pp at
√s = 13 TeV, have been already published. The bottom figure
shows the production differencial cross-section of # mesons
measured at pp, √s = 13 TeV.
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Figure 7. Inclusive η production rate as function of xF in pT < 1.1GeV/c for p-p collisions
at √

s = 13TeV, measured using the LHCf-Arm2 detector. Black markers refer to experimental
data with statistical errors and grey bands refer to the total uncertainties, obtained by summing in
quadrature the statistical and systematic errors. The data points are compared with the prediction,
at the generator level, of the hadronic interaction models considered in this analysis, QGSJET II-04
(blue line), EPOS-LHC (magenta line), SIBYLL 2.3 (green line) and DPMJET 3.06 (red line).

forward region for high-energy collisions. The result was compared with the prediction
of several hadronic interaction models, QGSJET II-04, EPOS-LHC, DMPJET 3.06 and
SIBYLL 2.3. None of the models reproduces the experimental distribution in the whole xF
range. QGSJET II-04 shows the best agreement, but significant differences are present at
low xF. The other models predict an overall higher production rate than the experimental
data. The large experimental uncertainties in this analysis, due to the low accumulated
statistics, will be improved by the new LHCf data collected during LHC RUN III, in which
an increase in eta meson statistics by about a factor of ten is expected [18].
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" pp, √s = 13 TeV
JHEP10(2023)169

• Pseudo rapidity coverage η > 8.4
• Luminosity L ~ 1028 – 1030 cm2s-1

• Joint operation with ATLAS

• pp at √s = 0.9, 2.7, 7, 13, 13.6 TeV
• p-Pb at √sNN = 10 TeV
• p-Oxgen in “2025”

Operation ConditionOperation 

2 "! → 4%
IP

&"! →

• $"! decays to 4 γ during flying to the detector
• The decay vertex position can be estimated

assuming as %## = %$!.
• The key is to reconstruct energies of

individual photon properly. 
Development of reconstruction algorithm is
on-going using a machine learning technique
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Joint operation with ATLAS
Process-based analyses  
Detail understanding of interaction 
Forward-Central correlation 
Forward(LHCf)-Forward(ATLAS-ZDC, RP) 
Trigger exchange btw. LHCf and ATLAS 
merge reconstructed data with event-
matching 
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Measurement of diffractive contribution 
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• Event selection by Ntracks=0
 Ntracks: the number of tracks detected  
            by ATLAS inner trackers (|η|<2.5, pT > 100 MeV) 

Method

→ Selecting pure samples of proton dissociations. 
→ Sensitive to only low-mass dissociations　 
　 MX ≲ 50 GeV 

⇔ Large rapidity gap
Δη > 5
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Joint operation in 2022
Improvement from the last run in 2015 
Large statistics 300 M events (↔ 6 M in 2015) 
Participation of ATLAS ZDC and RPs 
     ZDC → Improvement of energy resolution for neutrons 
     RPs → Tagging scattered protons 

Physics Targets  
Detailed study of single diffractive collisions   
Measurement of proton excitation (Δ+)  
Measurement of Λ (Λ→ n + π0) 
p-π interaction study using OPE processes  
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Joint operation with ATLAS RPs
Physics targets:  
Detailed study of single diffractive collisions,   
Measurement of proton excitation (very low-mass diff.)
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(a) Single di�raction (AFP near station) (b) Single di�raction (AFP far station)
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(a) Single di�raction

(b) �+(1232) excitation

(c) # (1440) excitation

Figure 1: Diagrams of considered processes. Upper diagram: Single di�ractive dissociation via Pomeron exchange.
Middle diagram: �+(1232) production through a spin-1 exchange. Lower diagram: # (1440) production by proton
excitation. For each diagram it is indicated by which detector configuration the process could be measured.

of the di�ractive system through the proton. This would lead to a huge improvement for the kinematic
reconstruction of such events with respect to Ref. [14, 15], where only the central ATLAS tracking
information was used.

Another target that could be pursued with a joint run of forward neutral particle detectors and forward
proton detectors is the production of an # (1440) (the so-called Roper resonance) or a �+(1232) baryon. In
these cases, at least one of the protons enters an excited state during the collision with a subsequent decay
into a proton an a c

0 meson. The proton could be detected by the Roman Pot detectors, while the neutral
pion could be detected by LHCf (see Figure 1). The main di�erence to the single di�ractive production
of a neutral pion is that for the decay of the excitations the proton and the c

0 are expected to be detected
on the same side of the interaction point, while for single di�ractive dissociation they would be detected
at opposite sides of the interaction point. The production of excitation states of the proton in soft QCD
interactions has not been measured yet at the LHC but still composes the di�raction process with the lowest
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these cases, at least one of the protons enters an excited state during the collision with a subsequent decay
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Fusibility study using MC  
ATL-PHYS-PUB-2023-024



p-O measurement in 2025
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Nuclear Modi9cation Factor in p-O
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Superposition model approximation
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Nuclear modification factor 

for π0 production at pO 

Motivation 
Ideal condition of CR-Air interaction study 
First proton-“light ion” collisions at colliders 
Different modeling of nuclear effect induces difference predictions among models.  
Negligible contribution of Ultra Peripheral Collisions (UPCs)  
Nucleus(nucleon)-Nucleus interactions 
Glauber theory  
describe as superposition  
of nucleon collisions 
Nuclear effect  
- Nuclear shadowing 
- Limiting Fragmentation 
- QGP (core-corona) 
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Proton Oxygen

Arm2（CR） （Air）

p-nuclei collisions with LHCf 17

The p-O run

5 Jul 2024

Measurement expectations

• Currently LHCf is not supposed to 
take data in O-O collisions

• Depending on the strategy of the 
change between p-O and O-O there 
might be this possibility (?)

• In that case LHCf will be ready to
take this opportunity

(s) (s)

2025

*) This schedule might be changed

Operation strategy 
Setup  
Only Arm2 detector is  
installed in p-remnant side.  
too-high multiplicity (<#Hits> > 5) in O-remnant side  
Joint operation with ATLAS  

Oxygen run in July 2025  
1 week special run ( p-O and O-O )   
Install the detector during TS1  
Beam commissioning (4 day) 
p-O collisions  (2 days) ← LHCf Operation 
- - - - - Remove the detector from LHC - - - - - 
O-O collisions (2 days) ← too high multiplicity 
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Summary 
LHCf measures the very forward neutral particles,  
which are motivated for cosmic ray physics. 
Presented results from Run 2 data 
Updated neutron results → inelasticity measurement.  
η meson diff. cross-section  
Many analyses are on-going  
η, π0 with high statistics data, K0s measurement  
Joint analyses with ATLAS including ZDC, RPs  
(Joint analysis using Run 2 data is on-going, also) 
pO operation will be in 2025 
Ideal condition for studying CR-Air interactions.  

30



Thank you very much !!



Backup 
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Central Collision Peripheral Collisions UPCs  
(Ultra-Peripheral collisions)

p-nuclei collisions with LHCf 14

Effect of the Ultra Peripheral Collision (UPC)
Measurement expectations

5 Jul 2024

Central
Collision Peripheral

Collision

QCD UPC

In the case of EAS interaction, forward production
is dominated by soft QCD processes

Forward production measured in p-Pb collisions
was affected by a large contribution from Ultra
Peripheral Collision (Coulombian interaction) that
constitutes a significant source of background for
measurements: the uncertainty is dominated by
the systematic from the estimation of the UPC
contribution (10-50%) to be subtracted from data

In p-O collisions, UPC background is negligible and
does not contribute to the final error!
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UPCs are background  
Air :  Oxygen atom (neutral) 
LHC Beam :  Oxygen nucleus (+8e)  
σUPC ∝ Z2 
p-Pb :    QCD ~ UPC 
p-O :      QCD >> UPC 

Effect of the Ultra Peripheral Collisions (UPCs)
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p-nuclei collisions with LHCf 15

LHCf-ATLAS Joint Analysis

5 Jul 2024

The LHCf-ATLAS joint analysis proved to be a
very powerful tool to study forward production
from different contributions, non-diffractive
and diffractive (MX<50GeV), by looking at the
activity in the central region.

Because of the large UPC contribution, which
(having no activity in central region) mimics a
diffractive event, the LHCf-ATLAS joint analysis
was not effective in p-Pb collisions.

In p-O collisions, the UPC contribution is
negligible respect to diffraction contribution,
so that the LHCf-ATLAS joint analysis can be
successfully extended to investigate forward
production in p-ion collisions.
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very powerful tool to study forward production
from different contributions, non-diffractive
and diffractive (MX<50GeV), by looking at the
activity in the central region.

Because of the large UPC contribution, which
(having no activity in central region) mimics a
diffractive event, the LHCf-ATLAS joint analysis
was not effective in p-Pb collisions.

In p-O collisions, the UPC contribution is
negligible respect to diffraction contribution,
so that the LHCf-ATLAS joint analysis can be
successfully extended to investigate forward
production in p-ion collisions.
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Non-diffractive Diffractive / UPC
Need to be careful in the 
central-forward correlation 
analyses with ATLAS. 
In single diffractive study.  
Little central activity in both  
low-mass diffractive and UPC 
events.  
→ No way to separate  
   these events experimentally. 
The UPC contribution is still a 
controllable level.

Impact on LHCf-ATLAS joint analysis
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図 7.13 LHCf検出器内でのシャワー発達イメージ。電磁シャワーは検出器の前方で、ハドロンシャワーは後方で発達する。

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
scale factor

10000

20000

30000

40000

50000

^2
χ

^2 module0χ^2 module0χ

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
scale factor

5000

10000

15000

20000

25000

30000^2
χ

^2 module1χ^2 module1χ

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
scale factor

5000

10000

15000

20000

25000

30000

35000^2
χ

^2 module2χ^2 module2χ

図 7.14 ZDCの ADC値からトラック長への変換係数 zi を求めるための �2 分布。求めた係数は、module0が
0.15、module1が 0.23、module2が 0.31。

(a)

h_ene
Entries  5652
Mean    340.7
Std Dev     144.9

 / ndf 2χ  125.8 / 97
Constant  1.43± 67.47 
Mean      3.3± 331.1 
Sigma     3.3± 166.8 

100 200 300 400 500 600 700
[GeV]recE

0

10

20

30

40

50

60

70

80

90

En
tri

es
/b

in

reconstructed energy TS only LHCf SPS2021
h_ene

Entries  5652
Mean    340.7
Std Dev     144.9

 / ndf 2χ  125.8 / 97
Constant  1.43± 67.47 
Mean      3.3± 331.1 
Sigma     3.3± 166.8 

reconstructed energy TS only LHCf SPS2021

(b)

h_ene
Entries  17305
Mean      446
Std Dev     177.7

 / ndf 2χ  182.7 / 97
Constant  2.8± 243.9 
Mean      2.3± 426.4 
Sigma     1.8± 196.9 

100 200 300 400 500 600 700 800 900 1000
[GeV]recE

0

50

100

150

200

250

En
tri

es
/b

in

reconstructed energy TL only LHCf SPS2021
h_ene

Entries  17305
Mean      446
Std Dev     177.7

 / ndf 2χ  182.7 / 97
Constant  2.8± 243.9 
Mean      2.3± 426.4 
Sigma     1.8± 196.9 

reconstructed energy TL only LHCf SPS2021

図 7.15 LHCf (a)、(b)はそれぞれ TS、TLを表す。
(a)

0

5

10

15

20

25

30

35

40

45

50

0 1 2 3 4 5 6 7 8 9 10
 [GeV]LHCfGE

0

100

200

300

400

500

600

700

 [t
ra

ck
 le

ng
th

, c
m

]
ZD

C
GE

(b)

0

20

40

60

80

100

correlation  SPS2021 proton 350GeV TL

0 1 2 3 4 5 6 7 8 9 10
 [GeV]LHCfE

0

100

200

300

400

500

600

700

 [t
ra

ck
 le

ng
th

, c
m

]
ZD

C
E

correlation  SPS2021 proton 350GeV TL
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図 7.15 LHCfのみを用いて再構成した場合の再構成エネルギー分布。 (a)、(b)はそれぞれ TS、TLを表す。
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図 7.16 350 GeV 陽子ビームのデータでの LHCf と ZDC の dE 相関図。横軸が LHCf でのエネル 損失、
縦軸が ZDCでのエネルギー損失。 (a)、(b)はそれぞれ TS、TLを表す。
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Figure 16: Measured correlation of energy deposit between LHCf and ZDC from the proton incident
events obtained at the joint beam test in 2021. The left and right panels show the results for TS and TL,
respectively.
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図 7.23 再構成エネルギー分布 (新手法③：エネルギーエスティメーターから入射粒子のエネルギーへの変換に
二次関数を用いた場合)。 (a)、(b)はそれぞれ TS、TLを表す。
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図 7.24 再構成エネルギー分布 (新手法④：フィット範囲を限定して求めたエネルギーエスティメーターから入
射粒子のエネルギーへの変換に二次関数を用いた場合)。 (a)、(b)はそれぞれ TS、TLを表す。

効果を取り除いたエネルギー分解能を求めることができた。
7.3.6 新手法④：② +③
エネルギー分解能の評価
解析範囲を限定した上で、エネルギーエスティメーターから入射粒子への変換に二次関数を用いる方法である。

6.5.4節で求めた変換係数を使って再構成した入射エネルギー分布を図 7.24に示す。ガウス関数フィットから求め
たエネルギー分解能は、TS が �/E � 18.1%、TL が �/E � 17.7% である。新手法③に比べるとエネルギー分解
能が向上していることから、解析範囲を限定する手法はエネルギー分解能の向上に有効であるといえる。再構成エ
ネルギーの平均値は、TSは 341.5 GeV、TLは 363 GeVである。

7.4 MCとの比較
ELHCf と EZDC の相関を示した図を用いて、MC とデータの比較を行う (図 7.25)。この図から、データは MC
でおおよそ再現されていることが確認できる。ただし、このMCの設定には現実を再現しきれていないところがあ
ることに少し注意する必要がある。それは、ZDCの石英ファイバーの配置である。実際には図 5.6の写真のように
ファイバー 5本ごとにある間隔が層によって異なっているが、これをシミュレーションの設定に組み込むのは非常
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図 7.23 再構成エネルギー分布 (新手法③：エネルギーエスティメーターから入射粒子のエネルギーへの変換に
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Figure 17: Distributions of reconstructed energies from the LHCf and ZDC data.

� = 67.3 ± 0.5 GeV for TL, and the energy resolution �/ < E > are 21.6% and 19.0% for TS and TL,228

respectively. Comparing them with the LHCf standalone results, 50% and 46% for TS and TL, for the229

same event samples, we found a significant improvement due to this joint analysis of LHCf and ZDC.230

A trial with introducing an additional event selection was performed for the same event sample.231

Considering the non-linear correlation, (dELHCf, dEZDC) are required to be in the region defined in232

Fig. 13. Figure ?? shows the distribution of the selected events. The total number of selected events are233

approximately 40% of the total statistics. The fitting results are < E > = 341± 2 GeV and� = 61.8± 1.5234

GeV for TS and < E > = 363 ± 1 GeV and � = 64.0 ± 0.7 GeV for TL, and the energy resolution are235

18.1% and 17.7% for TS and TL, respectively. While the event statistics is less, the resolution is better236

than that for all events, especially for TS.237
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図 7.23 再構成エネルギー分布 (新手法③：エネルギーエスティメーターから入射粒子のエネルギーへの変換に
二次関数を用いた場合)。 (a)、(b)はそれぞれ TS、TLを表す。
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図 7.24 再構成エネルギー分布 (新手法④：フィット範囲を限定して求めたエネルギーエスティメーターから入
射粒子のエネルギーへの変換に二次関数を用いた場合)。 (a)、(b)はそれぞれ TS、TLを表す。

効果を取り除いたエネルギー分解能を求めることができた。
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エネルギー分解能の評価
解析範囲を限定した上で、エネルギーエスティメーターから入射粒子への変換に二次関数を用いる方法である。
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能が向上していることから、解析範囲を限定する手法はエネルギー分解能の向上に有効であるといえる。再構成エ
ネルギーの平均値は、TSは 341.5 GeV、TLは 363 GeVである。
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図 7.23 再構成エネルギー分布 (新手法③：エネルギーエスティメーターから入射粒子のエネルギーへの変換に
二次関数を用いた場合)。 (a)、(b)はそれぞれ TS、TLを表す。
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図 7.24 再構成エネルギー分布 (新手法④：フィット範囲を限定して求めたエネルギーエスティメーターから入
射粒子のエネルギーへの変換に二次関数を用いた場合)。 (a)、(b)はそれぞれ TS、TLを表す。

効果を取り除いたエネルギー分解能を求めることができた。
7.3.6 新手法④：② +③
エネルギー分解能の評価
解析範囲を限定した上で、エネルギーエスティメーターから入射粒子への変換に二次関数を用いる方法である。

6.5.4節で求めた変換係数を使って再構成した入射エネルギー分布を図 7.24に示す。ガウス関数フィットから求め
たエネルギー分解能は、TS が �/E � 18.1%、TL が �/E � 17.7% である。新手法③に比べるとエネルギー分解
能が向上していることから、解析範囲を限定する手法はエネルギー分解能の向上に有効であるといえる。再構成エ
ネルギーの平均値は、TSは 341.5 GeV、TLは 363 GeVである。

7.4 MCとの比較
ELHCf と EZDC の相関を示した図を用いて、MC とデータの比較を行う (図 7.25)。この図から、データは MC
でおおよそ再現されていることが確認できる。ただし、このMCの設定には現実を再現しきれていないところがあ
ることに少し注意する必要がある。それは、ZDCの石英ファイバーの配置である。実際には図 5.6の写真のように
ファイバー 5本ごとにある間隔が層によって異なっているが、これをシミュレーションの設定に組み込むのは非常
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Figure 18: Distributions of reconstructed energies for the events passing the event selection.
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図 7.13 LHCf検出器内でのシャワー発達イメージ。電磁シャワーは検出器の前方で、ハドロンシャワーは後方で発達する。
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図 7.14 ZDCの ADC値からトラック長への変換係数 zi を求めるための �2 分布。求めた係数は、module0が
0.15、module1が 0.23、module2が 0.31。
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図 7.15 LHCf (a)、(b)はそれぞれ TS、TLを表す。
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図 7.16 350 GeV 陽子ビームのデータで LHCf と ZDC の dE 相関図。横軸が LHCf でのエネルギー損失、
縦軸が ZDCでのエネルギー損失。 (a)、(b)はそれぞれ TS、TLを表す。
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図 7.15 LHCfのみを用いて再構成した場合の再構成エネルギー分布。 (a)、(b)はそれぞれ TS、TLを表す。
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図 7.16 350 GeV 陽子ビームのデータでの LHCf と ZDC の dE 相関図。横軸が LHCf でのエネル 損失、
縦軸が ZDCでのエネルギー損失。 (a)、(b)はそれぞれ TS、TLを表す。
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Figure 16: Measured correlation of energy deposit between LHCf and ZDC from the proton incident
events obtained at the joint beam test in 2021. The left and right panels show the results for TS and TL,
respectively.
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図 7.23 再構成エネルギー分布 (新手法③：エネルギーエスティメーターから入射粒子のエネルギーへの変換に
二次関数を用いた場合)。 (a)、(b)はそれぞれ TS、TLを表す。
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図 7.24 再構成エネルギー分布 (新手法④：フィット範囲を限定して求めたエネルギーエスティメーターから入
射粒子のエネルギーへの変換に二次関数を用いた場合)。 (a)、(b)はそれぞれ TS、TLを表す。

効果を取り除いたエネルギー分解能を求めることができた。
7.3.6 新手法④：② +③
エネルギー分解能の評価
解析範囲を限定した上で、エネルギーエスティメーターから入射粒子への変換に二次関数を用いる方法である。

6.5.4節で求めた変換係数を使って再構成した入射エネルギー分布を図 7.24に示す。ガウス関数フィットから求め
たエネルギー分解能は、TS が �/E � 18.1%、TL が �/E � 17.7% である。新手法③に比べるとエネルギー分解
能が向上していることから、解析範囲を限定する手法はエネルギー分解能の向上に有効であるといえる。再構成エ
ネルギーの平均値は、TSは 341.5 GeV、TLは 363 GeVである。

7.4 MCとの比較
ELHCf と EZDC の相関を示した図を用いて、MC とデータの比較を行う (図 7.25)。この図から、データは MC
でおおよそ再現されていることが確認できる。ただし、このMCの設定には現実を再現しきれていないところがあ
ることに少し注意する必要がある。それは、ZDCの石英ファイバーの配置である。実際には図 5.6の写真のように
ファイバー 5本ごとにある間隔が層によって異なっているが、これをシミュレーションの設定に組み込むのは非常
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図 7.23 再構成エネルギー分布 (新手法③：エネルギーエスティメーターから入射粒子のエネルギーへの変換に
二次関数を用いた場合)。 (a)、(b)はそれぞれ TS、TLを表す。
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Figure 17: Distributions of reconstructed energies from the LHCf and ZDC data.

� = 67.3 ± 0.5 GeV for TL, and the energy resolution �/ < E > are 21.6% and 19.0% for TS and TL,228

respectively. Comparing them with the LHCf standalone results, 50% and 46% for TS and TL, for the229

same event samples, we found a significant improvement due to this joint analysis of LHCf and ZDC.230

A trial with introducing an additional event selection was performed for the same event sample.231

Considering the non-linear correlation, (dELHCf, dEZDC) are required to be in the region defined in232

Fig. 13. Figure ?? shows the distribution of the selected events. The total number of selected events are233

approximately 40% of the total statistics. The fitting results are < E > = 341± 2 GeV and� = 61.8± 1.5234

GeV for TS and < E > = 363 ± 1 GeV and � = 64.0 ± 0.7 GeV for TL, and the energy resolution are235

18.1% and 17.7% for TS and TL, respectively. While the event statistics is less, the resolution is better236

than that for all events, especially for TS.237
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図 7.23 再構成エネルギー分布 (新手法③：エネルギーエスティメーターから入射粒子のエネルギーへの変換に
二次関数を用いた場合)。 (a)、(b)はそれぞれ TS、TLを表す。
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図 7.24 再構成エネルギー分布 (新手法④：フィット範囲を限定して求めたエネルギーエスティメーターから入
射粒子のエネルギーへの変換に二次関数を用いた場合)。 (a)、(b)はそれぞれ TS、TLを表す。

効果を取り除いたエネルギー分解能を求めることができた。
7.3.6 新手法④：② +③
エネルギー分解能の評価
解析範囲を限定した上で、エネルギーエスティメーターから入射粒子への変換に二次関数を用いる方法である。

6.5.4節で求めた変換係数を使って再構成した入射エネルギー分布を図 7.24に示す。ガウス関数フィットから求め
たエネルギー分解能は、TS が �/E � 18.1%、TL が �/E � 17.7% である。新手法③に比べるとエネルギー分解
能が向上していることから、解析範囲を限定する手法はエネルギー分解能の向上に有効であるといえる。再構成エ
ネルギーの平均値は、TSは 341.5 GeV、TLは 363 GeVである。

7.4 MCとの比較
ELHCf と EZDC の相関を示した図を用いて、MC とデータの比較を行う (図 7.25)。この図から、データは MC
でおおよそ再現されていることが確認できる。ただし、このMCの設定には現実を再現しきれていないところがあ
ることに少し注意する必要がある。それは、ZDCの石英ファイバーの配置である。実際には図 5.6の写真のように
ファイバー 5本ごとにある間隔が層によって異なっているが、これをシミュレーションの設定に組み込むのは非常
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図 7.23 再構成エネルギー分布 (新手法③：エネルギーエスティメーターから入射粒子のエネルギーへの変換に
二次関数を用いた場合)。 (a)、(b)はそれぞれ TS、TLを表す。
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図 7.24 再構成エネルギー分布 (新手法④：フィット範囲を限定して求めたエネルギーエスティメーターから入
射粒子のエネルギーへの変換に二次関数を用いた場合)。 (a)、(b)はそれぞれ TS、TLを表す。

効果を取り除いたエネルギー分解能を求めることができた。
7.3.6 新手法④：② +③
エネルギー分解能の評価
解析範囲を限定した上で、エネルギーエスティメーターから入射粒子への変換に二次関数を用いる方法である。

6.5.4節で求めた変換係数を使って再構成した入射エネルギー分布を図 7.24に示す。ガウス関数フィットから求め
たエネルギー分解能は、TS が �/E � 18.1%、TL が �/E � 17.7% である。新手法③に比べるとエネルギー分解
能が向上していることから、解析範囲を限定する手法はエネルギー分解能の向上に有効であるといえる。再構成エ
ネルギーの平均値は、TSは 341.5 GeV、TLは 363 GeVである。

7.4 MCとの比較
ELHCf と EZDC の相関を示した図を用いて、MC とデータの比較を行う (図 7.25)。この図から、データは MC
でおおよそ再現されていることが確認できる。ただし、このMCの設定には現実を再現しきれていないところがあ
ることに少し注意する必要がある。それは、ZDCの石英ファイバーの配置である。実際には図 5.6の写真のように
ファイバー 5本ごとにある間隔が層によって異なっているが、これをシミュレーションの設定に組み込むのは非常
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Figure 18: Distributions of reconstructed energies for the events passing the event selection.
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On-going Joint analyses with ATLAS 

Study of diffractive collisions 
Photon spectra with Nch=0 in ATLAS (pT>0.1GeV, |η| < 2.5)  
Study of MPI 
Correlation between forward neutron and  Nch in ATLAS 
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弾性度とLHCf-ATLAS 連動解析

3

S. Ostapchenko et al, Phys Rev D 94, 114026

モデルにより大角度の粒子生成数と前方に
生じた中性子のエネルギーの関係が異なる


500GeV < Etrue < 1500GeV

Etrue > 4500GeV

EPOS-LHC & QGSJET II-04:  

前方に高エネルギー粒子がある場合、
大角度の粒子の生成数が大きく減少

SIBYLL & PYTHIA :  

前方に高エネルギー粒子があっても、
大角度の粒子の生成数は比較的多い

エネルギーが大きくなるほど粒子の生成数は増える。

そのため、この部分のモデル間の違いは、弾性度のエネルギー依存性と
深く関係している。
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