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LHCf実験による
LHCのビーム軸上でのハドロン測定
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LHCでの超前方領域測定

散乱陽子 :  TOTEM, ATLAS/CMS RPs 
中性ハドロン :  LHCf, ZDCs  
ニュートリノ・長寿命未知粒子 : FASER, SND
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Preparation and Operation 
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LHCf実験の設置場所
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IP5 

RP147 RP220 

Roman Pots:  
 measure elastic & diffractive protons close to outgoing beam 

TAN
• 後方の電磁石の放射線損傷を防ぐ目的 
• 内部で1→2本にビープパイプが分岐 
• 96mm幅のExperimental Slotを 
持つ。

133rd LHCC Meeting28-Feb.-2018  

The LHCf experiment 
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ATLAS 
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Chapter3

ZDCDesign

3.1ZDCLocation

TheZDCsresideinaslotintheneutralbeamabsorbers(TAN).Fig.3.1schematically
showsthelocationoftheTANsandthustheZDCs.TheTANislocated140mfrom
theIP,andisrequiredtoabsorbthefluxofforwardhighenergyneutralparticles
thatwouldotherwiseimpingeonthetwinaperturesuperconductingbeamseparation
dipoles(D2).TheZDCsareplacedinaslotintheTANthatwouldotherwisecontain
inertcopperbarsasshielding,atthepointwherethebeampipetransitionsfromone
pipetotwo.Figure3.2showstwoconfigurationsofZDCmodulesintheTAN.The
twoconfigurationsarediscussedbelowinsection7.2.
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Figure3.1:LHCbeamlinesintheregionofIP1showingthelocationoftheZDCs
(left).TransparentviewoftheTANshowingthebeampipeandlocationofZDC
modules(right).TheTANis140mfromtheIP.
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LHCf

• 衝突点から±140mのビームパイプが分岐
する地点の直後に検出器を設置 
‣独立した２つの検出器, Arm1/Arm2 

• ゼロ度を含む超前方に生成された
(η>8.4)中性粒子( photon, π0, neutron )が
測定可能 
‣荷電粒子は陽子ビームと同様に磁場
で曲げられるため検出器には入射し
ない

Large Hadron Collider forward (LHCf) 実験

衝突点

140 m
96mm

Interaction point

Charged particles

Neutral particles
Beam pipe

Protons

2台の検出器(Arm1,Arm2)を 
LHCビームラインの隙間に設置。 
最前方領域（η>8.4）に散乱される 
中性粒子（γ,n,π0）を測定。

途中にあるビームパイプの射影
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Figure 3.1: Hit map of incident particles on the Arm1 calorimeters after 2mm
edge cut. The red line show the designed pipe shadow. The red dashed line
show the artificial pipe shadow cut that is 3 mm lower than the designed pipe
shadow.

The number of inelastic collisions Ninela can be estimated by integrating the
Rinela over the entire run time. In this analysis σinela is assumed to be 53.0mb
estimated from the result of TOTEM experiment [11] [20]. The integrated
luminosity during the data taking in three days

√
s = 900GeV operation was

0.30nb−1. Ninela was estimated as 1.59× 107 collisions.
To estimated the number of collisions used in the analysis, the DAQ

live-time was estimated. The DAQ live-time ratio was defined as the ratio
NL2TA/Nshower, where NL2TA and Nshower are the number of L2TA triggers
and shower trigger, respectively. NL2TA was 44,389 and Nshower was 44,747
during the

√
s =900GeV run. Because the live-time ratio was 99.2%, the

number of collisions used in the analysis was 1.58× 107 collisions.
The highest luminosity of each data taking day was 9.5× 1027 cm−2s−1,

1.3× 1028 cm−2s−1 and 1.0× 1028 cm−2s−1 for 2, 3 and 27 of May, respec-
tively. The data used in the analysis contained events more than one col-
lision (pile-up events) in a single bunch crossing. If the average number of
collisions at one bunch crossing is λ, the probability that there are exactly n
collisions is equal to

P (n) =
λne−λ

n!
. (3.3)

Here λ is the average of number of collisions at one beam crossing, and

25

光子事象の 
ヒットマップ  

@ pp √s=0.9 TeV 
　zero crossing angle
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超前方領域の粒子生成
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陽子

陽子

Remnant 
　ビーム運動量をそのまま受け継ぎ 
　高エネルギーの粒子が生成。 
　

ジェット生成

ストリング 
　広いRapidity範囲に 
　粒子を生成

回折事象
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ラピディティ分布
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加速器実験でどこを測れば良い？
本研究で着目するのは、散乱の超前方(|η|>8.4)と呼ばれる領域

• ハドロン散乱のエネルギー流量は超前方領域にほとんど集中 
• 空気シャワーの発達に重要なのは超前方での粒子生成 
‣特に空気シャワーの大部分を構成する、電磁(EM)成分(主にπ0崩壊の

photon)がどう生成されるかが重要 => 本研究により検証

超前方領域は粒子の生成断面積は小さいが、エネルギー流量は最も大きい
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超前方領域のエネルギースペクトル
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central strings

QGP

non-diff
resonnance

diffractive
resonnance

non-diff strings

diffractive
strings

all remnants

all

生成プロセスごとの断面積 
pp √s = 7 TeV by EPOS-LHC 
T. Pierog 氏提供

光子 光子

中性子
中性子

・ほとんどはπ0崩壊からの光子 
・π0断面積を反映している。

ほぼdiffractive含む 
Remnantから生成　 
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目次
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LHCf (+RHICf) コボラミーティング 
記念写真 @ 名古屋 2023年10月
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超前方領域測定のモチベーション
高エネルギー宇宙線と地球大気との相互作用の理解 
 　→ 超高エネルギー宇宙線観測 
 　→ 高エネルギーニュートリノ観測　 

FASERνへ入射するニュートリノフラックスの理解←New

8

到来方向分布に非一様成分（ホットスポット） 超高エネルギー宇宙線観測Telescope array experiment
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TA, ICRC 2015 5 

Scintillator Detectors on 
a 1.2 km square grid 

Ȋ Power: Solar/Battery 
Ȋ Readout:  Radio 
Ȋ Self-calibrated:         

 P background 
Ȋ Operational:  3/2008 

TA, ICRC 2015 3 

507 scintillation  
counters surface 
detector (SD) 

Area: ~700 km2.  

3 fluorescence 
detector (FD) 
stations 

Located at the 
corners of the SD 
array 

In operation since 
Mar 2008 

TA Detectors 
Middle Drum FD 

Black 
Rock 
FD 

Long 
Ridge 

FD 

500 particle detectors 
3 telescope stations  
3000 km2 in Ulta, USA
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高エネルギー宇宙線観測とハドロン相互作用

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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• Using air shower MC, spectrum and arrival direction of primary 
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ミューオン超過問題化学組成推定

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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Xmax above 1017.2 eV, Measurements and Composition Implications Jose Bellido

Figure 4: The mean (left) and the standard deviation (right) of the measured Xmax distributions as a function
of energy compared to air-shower simulations for proton and iron primaries.

the tails of the Xmax distributions.
Between 1017.2 and 1018.33 eV the observed elongation rate (rate of change of hXmaxi) is

(79±1) g/cm2/decade (Fig. 4, left). This value, being larger than that expected for a constant mass
composition (⇠60 g/cm2/decade), indicates that the mean primary mass is becoming lighter with
increasing energy. At 1018.33±0.02 eV the elongation rate becomes significantly smaller ((26± 2)
g/cm2/decade) indicating that the composition is becoming heavier with increasing energy. The
fluctuations of Xmax (Fig. 4, right) decrease above 1018.3 eV, also indicating a composition becom-
ing heavier with increasing energy.

The mean value of lnA, hlnAi, and its variance, s2(lnA), determined from Eqs. (1.1) and (1.2),
are shown in Fig. 5. For the parameters hXmaxip, fE and hs 2

shi, the EPOS-LHC [7], QGSJetII-
04 [8] and Sibyll2.3 [9] hadronic interaction models are used. The unphysical negative values
obtained for s2(lnA) result from the corresponding hadronic model predicting s(Xmax) values (for
pure compositions) that are larger than the observed ones. An average value of s2(lnA) ' 1.2 to
2.6 has been estimated in [10] using the correlation between Xmax and S1000 (the signal recorded
at 1000 m). This range for s2(lnA) is valid for the three hadronic models and for the energy
range lg(E/eV) = 18.5 to 19.0. The average s 2(lnA) from Fig. 5, for the same energy range, is
(0.8±0.4) for EPOS-LHC, (�0.7±0.4) for QGSJetII-04, (0.6±0.4) for Sibyll2.3. The QGSJetII-
04 and Sibyll2.3 models failed to provide consistent interpretation, and EPOS-LHC is marginally
consistent.

For the three models, similar trends with energy for hlnAi and s 2(lnA) are observed. The
primary mass is decreasing with energy reaching minimum values at 1018.33±0.02 eV, and then
it starts to increase again towards higher energies. The spread of the masses is almost constant
until ⇡ 1018.3 eV after which it starts to decrease. Together with the behavior of hlnAi, this is an
indication that the relative fraction of protons becomes smaller for energies above ⇡1018.3 eV.

The expected Xmax distributions for p, He, N and Fe have been parametrized [11] using a

45

proton

iron

PAO collaboration  
(ICRC2017) ‣ ミューオン量は Eπ0/Ehad に敏感 

‣ いろいろなアイディア 
-　ベクターメソン生成 
-　ストレンジ粒子 (K中間子) 
-　QGP

加速器実験によるハドロン相互作用モデルの検証が不可欠

‣ 観測結果の解釈に大きな 
相互作用モデル依存性 
‣ 観測量ごとに<A>の 
推定結果が異なる

宇宙線と 
大気原子核が衝突

✓高精度観測には、 
空気シャワー発達の 
正確な理解が不可欠。 

✓ハドロン相互作用の 
モデリングが観測結果 
の解釈に影響

空気シャワー観測

加速器実験 
データの不足



空気シャワー勉強会2020/3/25-26

3rd 衝突

空気シャワー発達とNμ

10

Cosmic-rays (p, e, γ)

1st 衝突 バリオン π+,π+,π-,π- .. π0,π0….

1次宇宙線エネルギー

電磁シャワー

π± : π0 = 2 : 1Elasticity 

2nd 衝突

電磁シャワー

4th 衝突
π→ µ + ν

Nth 衝突 電磁シャワー

π→ µ + ν Nµ = EHAD / Ecritical
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LHCf 検出器
‣ サンプリングカロリーメータ 
‣ 20x20, 40x40mm2 (Arm1) , 25x25, 32x32mm2(Arm2) 
‣ タングステン, GSOシンチレータ 16層, 位置検出層 4層 
  (Arm1: GSO bar X-Yホドスコープ,  Arm2: シリコン検出器) 
‣ 検出器厚さ: 44 r.l. / 1.7 λ 

‣

Location
‣ ATLAS 衝突点  
‣ IPから +/- 140m 
‣ pseudo rapidity η > 8.4 
  (θ < 0.35 mrad)   

LHC forward (LHCf)実験

γ, n, π0



20-21 Feb 2023 KMI Symposium

LHCf 測定
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Preparation and Operation 
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Preparation

Arm2 

Arm1 

Installation

ATLAS-ZDC

Arm1

Arm1 
ATLAS-ZDC 

低ルミノシティの Special Run時に測定 
　- 放射線損傷を避ける 
　- イベントのPile upを避ける 
→ 測定毎に検出器の設置、取り外し



高エネルギーQCD 核子構造勉強会・理研2023年11月1日

Detector Performances
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Figure 4.18: Measured L90% distributions and template-fitting results in four energy
ranges of the Arm1 20 mm calorimeter. Black points represent the measured data,
while the green histograms are the results of the template fitting. Each of photon
and hadron contribution is shown as filled the red and the blue areas, respectively.
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3.5. Detector performances 67
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Figure 3.24: Neutrons energy resolution as a function of energy.
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Figure 3.25: Neutrons transverse position resolution as a function of energy.
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Figure 3.25: Neutrons transverse position resolution as a function of energy.
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Figure 18. Position resolution of the GSO-bar hodoscope layers depending on the incident electron beam
energies. Black and white markers represent data and simulation results, respectively. Events within a
2(4) mm square around the center of the calorimeter were selected for the 20(40) mm calorimeter tower.

dependence of the calorimeter was reduced below the level of 1% after using the correction maps
generated from MC simulations. The linearity of the detector response to the beam energy has been
measured to be better than 0.5% for both Arm1 and Arm2 in the energy range between 100 and
250 GeV. After the calibration, we confirm that the detectors meet all the requirements of the LHCf
experiment for proton-proton collisions at 13 TeV.
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Figure 12. Energy dependence of the energy resolution of the Arm1 detector for data (filled circles) and MC
(open circles, shifted horizontally by 5 GeV). The events in a 4(8) mm ⇥ 4(8) mm square around the center
of the 20(40) mm calorimeter tower were selected.
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Figure 13. Energy dependence of the energy resolution of the Arm2 detector for data (filled circles) and
MC (open circles, shifted horizontally by 5 GeV). The events in a 5(10) mm ⇥ 5(10) mm square around the
center of the 25(32) mm calorimeter tower were selected.

The correction was tested by checking the position dependence of S for each calorimeter. Data
with 150 and 200 GeV electron beams were used for this study of Arm1 and Arm2, respectively.
The uniformity of calorimeter responses before and after correction is demonstrated in figure 14
and 15 for Arm1 and Arm2, respectively.
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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
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超前方中性子測定
中性子測定の意義 
リーディング粒子を測定することで被弾性度(1- kn : 粒子生成に使われるエネルギーの 
割合)の測定が可能。 

解析 
データ：pp, √s = 13 TeV, Arm2 検出器を使用  
PID：EMシャワーとの縦方向発達の違いを利用。 
Λ0, K0Lのコンタミは 
MCで推定して差っ引く 
Unfolding でエネルギー分解能 
(40%)の補正 
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Figure 3. Template fit for the reconstructed energy bin 4000GeV < E < 4250GeV of pseudo-
rapidity region A. The binning of the L2D scale varies depending on the expected statistics for
each energy bin. QGSJET II-04 hadrons (blue) and photons (red) distributions were fitted to
experimental data (black). The result of the fit is shown in green.

• Fake and missed

Fake and missed events refer, respectively, to events that, due to detector misre-

constructions, are either incorrectly included in, or incorrectly excluded from, the

measured distributions. Both effects are due to improper position and/or energy

reconstruction, which are significant only in the low energy region. As discussed in

section 5.1, the limited hadron detection efficiency contributes as well to the missed

events. Actually, it constitutes the largest contribution to correction factors: indeed,

due to the small depth of the detector, a large fraction of hadrons either interacts late

or does not interact at all in the calorimeter. Above 2TeV, the detection efficiency

is mostly constant around a 70% value, whereas, below 2TeV, it strongly decreases

due to the smaller energy deposits left in the scintillators. Note that fake and missed

events corrections are expressed as a function of different definitions of energy (recon-

structed and true) because they are respectively applied before and after unfolding.

They were both estimated making use of the ideal (multihit corrected) sample de-

scribed before, using the average between QGSJET II-04 and EPOS-LHC as the final

correction factors. Since different generators change the result by less than 1%, we

decided to neglect the contribution to the total systematic uncertainty due to model

dependence of these correction factors. Fake events correction (i.e. 1− fi, where fi is

the ratio between the entries that should not be reconstructed in bin i and the num-

ber of reconstructed events in bin i) slightly decreases with increasing energy, ranging

from -8% to -1%. Missed events correction (i.e. mj , where mj is the ratio between the

entries that should be reconstructed in bin j and the number of reconstructed events

in bin j) ranges from more than +100% at 500GeV to about +40% at 6.5TeV.

– 9 –
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Figure 2. Inclusive differential neutron production cross section for p-p collisions at
√
s = 13TeV,

measured using the LHCf Arm2 detector. Black markers represent the experimental data with
statistical errors, whereas gray bands represent the quadratic sum of statistical and systematic
uncertainties. Colored histograms refer to model predictions at the generator level. For each
region, the top plot shows the energy distributions expressed as dσn/dE and the bottom plot the
ratios of these distributions to the experimental results.

to extract three important parameters: energy flow, cross section and average inelasticity

of forward neutrons.

The differential energy flow dEn/dη and the differential cross section dσn/dη are ex-

pressed as a function of pseudorapidity in the following manner. For each region, the

corresponding mean pseudorapidity, η, and pseudorapidity interval, ∆η, are given by the

average value and the distance of the two extremes, respectively.3 In a similar way, for each

energy bin i of the dσn/dE distribution, the mean energy, Ei, and the energy interval, dEi,

3In case of the most forward region, the upper limit of ∞ is limited to 13 for computational reasons.

This number was chosen in such a way that more than 95% of the events in this region are below this value.
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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 –
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Figure 1. Definition of the six pseudorapidity regions used in the analysis. Bottom left and upper
right squares respectively correspond to the small and the large tower of the Arm2 detector as
seen from IP1. The origin of the reference frame is centered in the beam center projection on the
detector plane during LHC Fill 3855. All analysis regions are chosen within a fiducial area (dashed
line), which is 2 mm inside the tower edges (solid line).

Region A Region B Region C Region D Region E Region F

η 10.75–∞ 10.06–10.75 9.65–10.06 8.99–9.21 8.80–8.99 8.65–8.80

θ [µrad] 0–42 42–85 85–128 198–249 249–298 298–347

φ [◦] 90–270 135–215 150–200 45–70 45–70 45–70

Table 1. Definition of the six pseudorapidity regions used in the analysis: the coverage is expressed
in terms of pseudorapidity η, scattering angle θ and azimuthal angle φ.

taking. This offline selection requires a raw energy deposit above 850MeV in at least three

consecutive scintillator layers, ensuring a good selection efficiency for hadrons with incident

energies above 500GeV. Particle IDentification (PID) exploits the different development of

electromagnetic and hadronic showers in the calorimeter to distinguish between photon and

hadron candidates. This discrimination is based on the variable L2D = L90%−0.25×L20%,

where LX% represents the longitudinal depth at which the fraction of the energy deposit

with respect to the total release in the calorimeter is X%. Finally, after taking into account

the beam center projection on the detector plane, the event is selected if it is within one

of the six pseudorapidity regions defined for this analysis. Three of these pseudorapidity

intervals (η > 10.75, 8.99 < η < 9.21 and 8.80 < η < 8.99) were already considered in [25],

whereas the remaining three (10.06 < η < 10.75, 9.65 < η < 10.06 and 8.65 < η < 8.80)

are new additions to this work. The six regions superimposed to the detector area are

shown in figure 1 and more details on their definition are given in table 1. Due to the

slightly different definition of the three regions already included in [25], and to the refined

– 5 –
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Figure 2. Inclusive differential neutron production cross section for p-p collisions at
√
s = 13TeV,

measured using the LHCf Arm2 detector. Black markers represent the experimental data with
statistical errors, whereas gray bands represent the quadratic sum of statistical and systematic
uncertainties. Colored histograms refer to model predictions at the generator level. For each
region, the top plot shows the energy distributions expressed as dσn/dE and the bottom plot the
ratios of these distributions to the experimental results.

to extract three important parameters: energy flow, cross section and average inelasticity

of forward neutrons.

The differential energy flow dEn/dη and the differential cross section dσn/dη are ex-

pressed as a function of pseudorapidity in the following manner. For each region, the

corresponding mean pseudorapidity, η, and pseudorapidity interval, ∆η, are given by the

average value and the distance of the two extremes, respectively.3 In a similar way, for each

energy bin i of the dσn/dE distribution, the mean energy, Ei, and the energy interval, dEi,

3In case of the most forward region, the upper limit of ∞ is limited to 13 for computational reasons.

This number was chosen in such a way that more than 95% of the events in this region are below this value.
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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
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Figure 4. Inclusive production cross section as a function of elasticity kn (left) and average
inelasticity 〈1−kn〉 extracted from that distribution (right), relative to p-p collisions at

√
s = 13TeV.

These quantities, measured using the LHCf Arm2 detector, are only relative to the events where
the leading particle is a neutron. Black markers represent the experimental data with the quadratic
sum of statistical and systematic uncertainties. Solid lines (left) and full circles (right) refer to
model predictions at the generator level, obtained using only the events where the leading particle
is a neutron. In order to compare this approach to the general case, 〈1−k〉, the average inelasticity
obtained using all the events independently of the nature of the leading particle, is also reported as
open circles in the right figure.

that was obtained from five simulation samples generated using all the models discussed in

section 4, taking the average as best estimate and the maximum deviation as uncertainty.

Corrections range between 1% and 70%, whereas absolute uncertainties go from 5% to

70%. The several sources of uncertainties acting on the dσn/dE distributions contribute

to the uncertainty on the elasticity distribution in a similar way to what was previously

described, i.e. assuming that all contributions are independent and dividing them in bin-by-

bin independent (only statistical) and bin-by-bin fully-correlated (all systematic) sources.

Note that, differently from the previous case, the term bin does not refer to the energy bin,

but to the pseudorapidity bin, because the summation index is on pseudorapidity and not

on energy. The elasticity distribution cannot directly be used to extract the error on the

average inelasticity, because systematic uncertainties are correlated both on energy and on

pseudorapidity. The entire procedure must therefore be repeated to extract the uncertainty,

but an average value is computed instead of building a histogram, so that both sources of

correlation are correctly considered in the estimation of the uncertainty. This value is then

corrected to take into account the contribution of neutrons below 500GeV, which are not

included in the dσn/dE distributions. The correction factor, estimated in a similar way to

what was previously discussed, amounts to a value of (0.4± 0.4)%.

Figure 4 shows the inclusive production cross section as a function of elasticity and

the average inelasticity extracted from that distribution, measured using the LHCf Arm2

detector. In the left plot, the contribution to the error bars of σn is dominated by the

uncertainty on dσn/dE for large values of kn and by the uncertainty on elasticity correction
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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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ストレンジ粒子
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  <<1PeVのνμはK±崩壊による生成がドミナント 

‣ FASER実験のニュートリノフラックス見積もりの改善 
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0.1 0.2 0.3 0.4 0.5 0.60.08

0.10

0.12

0.14

0.16

0.18

QGSJETII-04モデル内部パラメータ

K0
/π

0

QGSJETII-04

EPOS-LHC

0.28 SIBYLL2.3c

0.04 PYTHIA8 Q
G

SJ
ET

II 
 

デ
フ
ォ
ル
ト
値

測定で期待される誤差大きさ

A�	� 
����]_J"e��)&*Z��4 

A��� Xnp�sv38 

�

　
•毛受 (代表、研究総括) 
•伊藤 (分担、ビームテスト) 
•大学院生2名

名古屋大学 東京大学

トリガー開発 
データ解析

空気シャワー 
影響

INFNフィレンツェ 
(LHCf実験イタリアグループ)

本申請組織

新読み出し開発 
データ解析

海外協力研究者
　CERN (スイス)

• O.Adriani  
• L. Bonechi 
• R.D'Alessandro  
• ポスドク2名

•さこ (協力)

オペレーション

　ATLAS実験
共同データ取得、解析

　
宇宙線相互作用 

ワーキング・グループ
空気シャワー影響

連携

共同研究 
LHCf実験

ストレンジ粒子測定

K0s 測定 (K0s→2π0→4γ)

6

6

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）。 

�

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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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
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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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大気νμの親粒子

衝突点

K0s  
cτ=2.7cm 

2π0  
BR: 31% 

4γ  

‣ 低い幾何学的アクセプタンス (<10-3) 
‣ ４光子入射の事象再構成

➡高統計データが必要
➡チャレンジング!!

ストレンジ粒子
‣ ミューオン超過問題への寄与 
  K0生成量多→ミューオン量多 

‣ Atmospheric νμ flux 
  <<1PeVのνμはK±崩壊による生成がドミナント 

‣ FASER実験のニュートリノフラックス見積もりの改善 

K±

(レムナントのハドロン生成中のsクォーク量を示す)

   η 
cτ << 1

 2γ 
BR:39%

η
(uu+dd+ss)

π0と同様の解析手法が使える

Other channels 

✘
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η中間子の特徴 
 = 547 MeV (↔  = 135 MeV)   

主な崩壊モード（ ） 

•  (BR=39%) 

•  (BR=33%) 

•  (BR=23%) 

クォーク構成

Mη Mπ0

cτ ≪ 1

η → 2 γ
η → 3 π0

η → π+ π− π0

空気シャワー中では 
電磁成分を形成

(uu + dd − 2 ss)/ 6

13
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Figure 10: Model predictions for the production di↵erential cross-section for ⇡0’s and
⌘’s at p+ p,

p
s= 13 TeV. The cross-sections of ⇡0’s are scaled by a factor 10.

four photons from a K
0 decay; K0

s ! 2⇡0 ! 4� (BR: 30.7%). TeV-energy K
0s can

fly inside the beam pipe from the interaction point and some of them decay before
arriving at TAN. The K0 decay vertex position can be estimated with the assumption
that the invariant masses of photon pairs are equal to the ⇡

0 mass. The kinematics
of the K

0, in particular its energy, pT, and mass as well as the decay vertex position,
can be reconstructed from the measured energies and hit positions of the four photons.
Because of the small probability of four photon detection in the LHCf detector, the
geometrical acceptance for K

0 detection is very small, as shown in the right plot of
figure 11. In 20 nb�1 data set, a few hundreds of K0 candidate events can be collected,
with an estimated background of approximately (10÷20)%.

3.2 LHCf-ATLAS common physics program

Similarly to the last LHCf runs in 2015 and 2016, the common LHCf-ATLAS data
taking will be implemented integrating the LHCf final trigger signal in the ATLAS
Level1 trigger logic. The joint analysis of 13TeV p+p data taken in 2015 with ATLAS
is on-going, and the first result has been published as a conference note [10]. In addition
to the common operation with the ATLAS central detector, common operations with
ATLAS ZDC and roman pot detectors are planned in the next operation.

η中間子の生成 
生成断面積：π0 の約20％ 
ハドロン相互作用モデル間で大きな違い

π0 (x10)

η

PYTHIA8 
EPOS-LHC 
SIBYLL2.3 
QGSJET II-04

sクォーク生成の間接的なプローブ
→ sを含む代表的な中間子 Kは 
　空気シャワー中のミューオン生成に寄与



高エネルギーQCD 核子構造勉強会・理研2023年11月1日

giuseppe piparo 

background subtraction 
(𝜂 meson)

background subtraction 
(𝜂 meson)

4

¾TKH Ș PHVRQV aUH UHcRQVWUXcWHd XVLQJ WKH 
characteristic peak in the invariant mass 
distribution of two photons. 
¾The events are selected and separated from the 
background using a sideband method. 
¾AbRXW 1500 Ș PeVRQV ZeUe IRXQd ZLWK WKLV 
method.
¾The peak in the original distribution was 
artificially shifted by increasing the energy of the 
photons by 2.65%, in order to bring the centroid 
of the peak around the value of the rest mass of 
WKH Ș PHVRQV (𝑀Ș =547.862�0.018 𝑀𝑒𝑉/𝑐ଶ ). ArXiv:2305.06633 CERN-EP-2023-06

«SUBMITTED TO JHEP
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データ 
2015年陽子陽子衝突 
Arm2検出器のπ0トリガー事象 

解析手法（＝π0解析） 
光子が各カロリーメータタワーに入射 
再構成質量を用いてη事象を選別

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)

032007-6

2光子再構成質量(Mγγ)の分布 

SignalBkg. Bkg.

Eη = Eγ1
+ Eγ2

Mγγ = θ Eγ1
Eγ2

：２光子の開口角。 
　　検出器入射位置とIPでの崩壊を仮定して計算
θ

：光子エネルギーEγ1
, Eγ2

事象再構成

η事象数 
  ~1,500

サイドバンド法を用いて 
シグナル領域のバックグランドを推定
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forward  production rateforward  production rate

7

The Ș PeVRQ SURdXcWLRQ UaWe aV a fXQcWLRQ Rf ࡲ࢞, 
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 ࡲ࢞
range. QGSJETII-04 shows the best agreement, 
especially at high 𝑥ி, but a factor ൎ 2 of differences 
is visible at low 𝑥ி.

ArXiv:2305.06633 CERN-EP-2023-06
«68BMI77ED 72 JHE3

論文投稿済み (ArXiv:2305.06633)

0.90.80.70.60.50.4
 ( )XF = Eη / Ebeam
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ArXiv:2305.06633 CERN-EP-2023-06
«68BMI77ED 72 JHE3

‣横運動量  

‣どのモデルともデータを完全には再現
しない 
‣ QGSJET II-04: データを最もよく再現 
  ただし、低エネルギーではデータの1/2 

‣ EPOS-LHC, SIBYLL2.3, DPMJETIIIは、 
　実験よりハードなスペクトル 
‣これは何を反映している？ 
　→ π0含む中間子生成全般の傾向？ 
　→  η中間子生成のみの特徴？

pT < 1.1 GeV/c

giuseppe piparo 

forward  production rateforward  production rate

8

¾ The inclusive 𝜋଴ production rate was 
calculated using the same methodology of 
𝜂 mesons with minor differences.

¾ The analysis is almost completed, so final 
results are still preliminary. 

¾ The inclusive 𝜋଴ production rate is needed 
to calculate the ratio between 𝜂 and 𝜋଴.

¾ The analysis of different types of events 
permits to cover a larger 𝒙𝑭 acceptance 
region.

¾ Preliminary results indicate that none of 
the models is able to reproduce the shape 
of the experimental distribution in the 
whole 𝒙𝑭 range.

π⁰の測定結果
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測定結果：η/π0 Ratio
実験結果 
0.2 でほぼ一定
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forward  production ratio forward  production ratio 

9

¾ The forward Ș/𝝅૙ 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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LHCf-ATLAS共同データ取得
共同測定の方法 
DAQは、ATLASとLHCfで独立 
LHCfのトリガーをATLASに送って 
ATLAS L1トリガーに入力（L1_LHCf） 
ALTAS High Level Trigger はパススルー 
各実験で再構成後に 
イベントマッチングをオフラインで実施 
陽子-陽子衝突時の共同データ取得 
2010年 √s = 7 TeV → 共同測定なし（フラグは記録） 
2015年 √s = 13 TeV → 実施。ただし、L1_LHCfに対してプリスケール。 
2022年 √s = 13.6 TeV → 大成功 !! LHCfトリガーすべてでATLASでもデータ取得 
　　　　　　　　　　　　 6 M イベント @ 2015　　300 M イベント @ 2022
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共同測定で実現できる様々な物理
Diffractive Collisions (回折事象)の研究 
ATLASで粒子検出がない事象を選択することで低質量Diff. Collisionを選別可能。 
RP(AFP)で散乱陽子をタグすることでSingle Diff.事象の詳細研究が可能。 

Multi-Parton Interaction (MPI）の研究 
Parton衝突数が増えていったときに、MPIに使われる総エネルギーとの関係を 
前方中性子(LHCf)と中心領域粒子数(ATLAS)の相関を用いて測定。 

陽子-π中間子衝突の測定 
One-Pion-Exchangeを用いて、仮想パイオンと陽子の衝突を測定。 
仮想パイオンを出した陽子は中性子になるので、LHCfで中性子をタグすることで事象選択でき
る。残ったバックグラウンド事象との弁別のために、LHCf+ATLAS ZDCを用いて高いエネル
ギー分解能の改善（40％→20％）を実現。 

Resonanceの測定 
Λ → p + π0 や Δ→ p + π0 をAFPとLHCfの2つを使った事象再構成を行って測定。
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LHCf+ATLASによる回折事象の測定
回折事象 
片側もしくは両側の陽子が励起して崩壊。 
ラピディギャップ (Δη)で特徴づけられる。 
超前方領域の粒子生成に寄与 
低質量の断面積にモデル依存性が大きい。
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Fig. 2 SD (pp → pX ; blue) cross section shown as a function of
log10 ξX . MC predictions with EPOS-LHC (magenta), QGSJET-II-
04 (blue dashed), SIBYLL2.3 (green), PYTHIA8212-SS (red dotted-
dashed), and PYTHIA8212-DL (cyan) compared with each other. The
comparison of low-MX SD cross section predicted by models is shown
in the inset

TeV, the PYTHIA8212DL model gives the best description
of the number of hits detected by the minimum-bias trigger
scintillators [27]. Therefore, the PYTHIA8212DL model was
employed in this analysis. The total inelastic cross sections
in p–p collisions at

√
s = 13 TeV implemented in each

model were 78.984, 80.167, 78.420, and 79.865 mb, corre-
sponding to EPOS-LHC, QGSJET-II-04, PYTHIA8212DL,
and SIBYLL2.3, respectively.

Given the model differences in the treatments of diffractive
components, not only the predicted diffraction cross sections
but also the diffractive mass distributions are important. Fig-
ure 2 shows the SD (pp → pX ) cross sections in each ξX
interval predicted by several models. The different spectral
shapes come from the different approaches to the diffraction
treatment implemented in the models. There are large dif-
ferences among models in both the high and low diffractive
mass regions. The flat distribution of SD cross section of the
SIBYLL2.3 model, which corresponds to a diffractive mass
distribution described as dM2

X/M
2
X [26]. The PYTHIA8212

model (SS pomeron flux) uses a treatment similar to that of
SIBYLL2.3 for the diffractive mass distribution [24]. In the
high diffractive mass regions, EPOS-LHC tuned dσ SD/d#η

[16] by comparing with the data of the ATLAS rapidity gap
distribution shown in [6]. The inset of Fig. 2 shows the low-
mass SD cross sections of each model in the ξX interval
−8.5 < log10(ξx ) < −5.5. The QGSJET-II-04 model uses
different transverse profiles for pomeron emission vertices
by different elastic scattering eigenstates [17,28]. This leads
to the larger cross sections in the low-mass regions at very
high energies.

4 Diffractive and nondiffractive contributions to the VF
photon, neutron, and π0 spectra

The LHCf collaboration has published several forward neu-
tral particle spectra at different collision energies, but no
hadronic interaction model can describe the LHCf results
perfectly [29–32]. To address the origin of the differences
between the experimental data and the model predictions,
separating the VF-triggered events to diffractive and non-
diffractive contributions is important.

In this analysis, all the events from each simulation are
classified into nondiffractive and diffractive collisions by
using MC flags, where the SD, DD, and CD events are
together treated as diffraction. It is noted that the SIBYLL2.3
model does not implement CD processes. The simulated VF
photon and neutron spectra are shown in the top four pan-
els of Figs. 3 and 4 for two fiducial areas, |η| > 10.94
(left) and 8.81 < η < 8.99 (right), respectively. Mean-
while, Fig. 5 shows the π0 pz spectra at the fiducial pT phase
spaces of 0 < pT < 0.2 GeV (left) and 1.2 < PT < 1.4
GeV (right), respectively. The spectra of total, nondiffractive,
and diffractive components of four MC samples are com-
pared with each other. In the bottom three panels of Figs.
3, 4, and 5, the ratios of the spectra divided by the EPOS-
LHC results are plotted separately for total, nondiffractive,
and diffractive components. Clearly, the nondiffraction and
diffraction implemented in each model are very different.
Especially, PYTHIA8212DL predicts the largest diffractive
contribution at high photon energies at |η| > 10.94 and in
the π0 pz spectrum at 0 < pT < 0.2 GeV. There is no
large difference between models of the neutron total spectra
at |η| > 10.94. In contrast, comparing the individual contri-
bution of nondiffractive and diffractive components, one sees
that the neutron spectra of EPOS-LHC and PYTHIA8212DL
are dominated by diffraction, but those of QGSJET-II-04 and
SIBYLL2.3 are dominated by nondiffraction at high ener-
gies. As shown in Fig. 5, SIBYLL2.3 predicts a larger con-
tribution for all components at 1.2 < pT < 1.4 GeV. It is
also found that the larger the value of pT is, the larger is the
contribution from all components predicted by SIBYLL2.3.
Additionally, in Figs. 4 and 5, neutron and π0 spectra of
EPOS-LHC and QGSJET-II-04 exhibit a bump or kink struc-
ture at ∼3 TeV. In the EPOS-LHC model, this structure is due
to the simple approach used for the pion-exchange process,
whereas in QGSJET-II-04 it is due to the selected kinematics,
the contribution to which is mainly from low-mass diffrac-
tion.

5 Identification of diffraction with central track
information

Because of the large differences found among different
hadronic interaction models, it is important to classify the
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Fig. 1 Illustration of a single
diffraction, b double diffraction,
and c central diffraction with the
pomeron exchanged in a
proton–proton collision. MX
and MY are the invariant masses
of the dissociated systems X
and Y
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detectors, covering zero-degree collision angles, have unique
sensitivity to low-mass diffractive processes as visible events.
Accordingly, applying the rapidity gap measurement based
on central rapidity information makes it possible to access
pure low-mass diffractive processes. Therefore, forward par-
ticle cross sections derived from such pure low-mass diffrac-
tive cases identified by central information can provide an
opportunity for constraining hadronic interaction models.

In this paper, parts of the ATLAS detector [12] and the
LHCf detectors [13] located at interaction point 1 (IP1) of
the LHC are considered to be representatives of the central
detectors and VF detectors, respectively. The ATLAS inner
detector (ID) measures particle momentum and vertex infor-
mation with full azimuthal (φ) and |η| < 2.5 pseudorapidity
coverage. For studies of minimum-bias measurements, this
detector can provide information on charged tracks with a
pT threshold as low as 100 MeV. The LHCf detectors were
installed in the target neutral absorber (TAN) located ±140
m from IP1. The detectors were designed to measure for-
ward neutral particles (e.g., neutrons, photons, and π0s) over
a pseudorapidity range |η| > 8.4. The photon and hadron
energy thresholds are 200 and 500 GeV, respectively. The
ATLAS–LHCf common data acquisition experiment is ded-
icated to measuring and classifying diffractive dissociation.
Since ATLAS and LHCf have totally different detector accep-
tances, this common experiment not only enhances the trig-
ger efficiency for inelastic processes but also addresses some
specific processes with each other’s tagging information.

In the present work, three subjects were investigated based
on MC simulation. We first investigated the different contri-
butions of nondiffractive and diffractive components to the
forward neutral particle cross sections and the differences
among models. Then, we evaluated the performance to iden-
tify the diffractive dissociation on the corresponding cross
sections of neutral particles expected by the VF detector by
applying a simple selection based on central detector infor-
mation. Finally, we studied the sensitivity range in diffractive
mass of the common experiment using VF and central detec-
tors.

2 Diffractive dissociation

In high-energy proton interactions, Regge theory describes
diffractive processes as a t-channel reaction, which is dom-

inated by the exchange of an object with vacuum quantum
numbers called pomerons [14,15]. It is usually recognized
that diffractive processes are composed of single-diffraction
(SD; Fig. 1a), double-diffraction (DD; Fig. 1b), and central-
diffraction (CD; Fig. 1c) terms. An operational characteris-
tic of diffractive interactions is the large angular separation
between the final state systems called the rapidity gap $η.
The size and location of $η in pseudorapidity phase space
can be used to determine the type of diffraction. In the SD
case, it is known that the relationship between the observ-
ables $η and ξX is

$η ! − ln(ξX ), (1)

where ξX = M2
X/s with

√
s being the total energy in the

center-of-momentum frame.

3 Monte Carlo simulation

In this analysis, MC simulation samples were produced using
four interaction models for comparison. p–p collision events
at

√
s = 13 TeV were simulated by each model, and trigger

conditions of a VF detector were applied based on the energy,
particle type, and η according to the LHCf case. Four MC
generators are extensively used in cosmic-ray observations
and high-energy experiments: EPOS-LHC [16], QGSJET-II-
04 [17], SYBILL 2.3 [18,19], and PYTHIA 8212 [20,21].
All these models are post-LHC generators tuned by using
the LHC Run1 data. The first three simulation samples were
generated by using the integrated interface tool CRMC v1.6.0
[22], whereas for PHYHIA, its own front-end was used.

For the PYTHIA8 generator, Monash event tuning [23]
was employed in this analysis. Minimum-bias data and
underlying event data from the LHC were used for con-
straining the parameters. The new NNPDF2.3 LO PDF set
was adopted in the event tuning. By default, PYTHIA8 uses
the Schuler and Sjöstrand (SS) parameterization [24] of the
pomeron flux. In addition, an alternative pomeron flux model,
the Donnachie and Landshoff (DL) [25] model, with a linear
pomeron trajectory αP (t) = 1+$+α

′
t is also implemented.

The default value of variable parameters $ and α
′

are 0.085
and 0.25 GeV−2 [26], respectively. According to the ATLAS
minimum-bias measurement in p–p collisions at

√
s = 13

123

212 Page 2 of 9 Eur. Phys. J. C (2017) 77 :212
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detectors, covering zero-degree collision angles, have unique
sensitivity to low-mass diffractive processes as visible events.
Accordingly, applying the rapidity gap measurement based
on central rapidity information makes it possible to access
pure low-mass diffractive processes. Therefore, forward par-
ticle cross sections derived from such pure low-mass diffrac-
tive cases identified by central information can provide an
opportunity for constraining hadronic interaction models.

In this paper, parts of the ATLAS detector [12] and the
LHCf detectors [13] located at interaction point 1 (IP1) of
the LHC are considered to be representatives of the central
detectors and VF detectors, respectively. The ATLAS inner
detector (ID) measures particle momentum and vertex infor-
mation with full azimuthal (φ) and |η| < 2.5 pseudorapidity
coverage. For studies of minimum-bias measurements, this
detector can provide information on charged tracks with a
pT threshold as low as 100 MeV. The LHCf detectors were
installed in the target neutral absorber (TAN) located ±140
m from IP1. The detectors were designed to measure for-
ward neutral particles (e.g., neutrons, photons, and π0s) over
a pseudorapidity range |η| > 8.4. The photon and hadron
energy thresholds are 200 and 500 GeV, respectively. The
ATLAS–LHCf common data acquisition experiment is ded-
icated to measuring and classifying diffractive dissociation.
Since ATLAS and LHCf have totally different detector accep-
tances, this common experiment not only enhances the trig-
ger efficiency for inelastic processes but also addresses some
specific processes with each other’s tagging information.

In the present work, three subjects were investigated based
on MC simulation. We first investigated the different contri-
butions of nondiffractive and diffractive components to the
forward neutral particle cross sections and the differences
among models. Then, we evaluated the performance to iden-
tify the diffractive dissociation on the corresponding cross
sections of neutral particles expected by the VF detector by
applying a simple selection based on central detector infor-
mation. Finally, we studied the sensitivity range in diffractive
mass of the common experiment using VF and central detec-
tors.

2 Diffractive dissociation

In high-energy proton interactions, Regge theory describes
diffractive processes as a t-channel reaction, which is dom-

inated by the exchange of an object with vacuum quantum
numbers called pomerons [14,15]. It is usually recognized
that diffractive processes are composed of single-diffraction
(SD; Fig. 1a), double-diffraction (DD; Fig. 1b), and central-
diffraction (CD; Fig. 1c) terms. An operational characteris-
tic of diffractive interactions is the large angular separation
between the final state systems called the rapidity gap $η.
The size and location of $η in pseudorapidity phase space
can be used to determine the type of diffraction. In the SD
case, it is known that the relationship between the observ-
ables $η and ξX is

$η ! − ln(ξX ), (1)

where ξX = M2
X/s with

√
s being the total energy in the

center-of-momentum frame.

3 Monte Carlo simulation

In this analysis, MC simulation samples were produced using
four interaction models for comparison. p–p collision events
at

√
s = 13 TeV were simulated by each model, and trigger

conditions of a VF detector were applied based on the energy,
particle type, and η according to the LHCf case. Four MC
generators are extensively used in cosmic-ray observations
and high-energy experiments: EPOS-LHC [16], QGSJET-II-
04 [17], SYBILL 2.3 [18,19], and PYTHIA 8212 [20,21].
All these models are post-LHC generators tuned by using
the LHC Run1 data. The first three simulation samples were
generated by using the integrated interface tool CRMC v1.6.0
[22], whereas for PHYHIA, its own front-end was used.

For the PYTHIA8 generator, Monash event tuning [23]
was employed in this analysis. Minimum-bias data and
underlying event data from the LHC were used for con-
straining the parameters. The new NNPDF2.3 LO PDF set
was adopted in the event tuning. By default, PYTHIA8 uses
the Schuler and Sjöstrand (SS) parameterization [24] of the
pomeron flux. In addition, an alternative pomeron flux model,
the Donnachie and Landshoff (DL) [25] model, with a linear
pomeron trajectory αP (t) = 1+$+α

′
t is also implemented.

The default value of variable parameters $ and α
′

are 0.085
and 0.25 GeV−2 [26], respectively. According to the ATLAS
minimum-bias measurement in p–p collisions at

√
s = 13
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GeV. Only the SD (pp → pX ) component is used for this calculation

VF detectors can enhance detection efficiency, especially for
low-mass processes.

According to QGSJET-II-04 simulation predictions, most
of the events survived from the central-veto selection are
from the low-mass diffraction as shown in Fig. 12. In par-
ticular, all the low-mass diffractive events at log10(ξx ) <

−5.5 detected by VF detector survived from the central-
veto selection, whereas all the high-mass diffractive events at
log10(ξx ) > −4 were excluded. In the other word, the filled
histogram in Figs. 7 and 9 are mostly derived from the low-
mass diffractive processes at log10(ξx ) < −5.5. Therefore,
the common experiment using VF and central detectors can
provide a chance to verify the results of low-mass diffrac-
tion reported by TOTEM [10] and impose a constraint on
the treatment of low-mass diffraction implemented in MC
simulation models through VF neutral particle spectra.
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6 Conclusion

We studied the nondiffractive and diffractive contributions
to VF particle production using MC predictions in p–p
collisions at

√
s = 13 TeV. For the forward photon and

π0 energy spectra, PYTHIA8212DL predicts the largest
diffractive contributions at high energies. In the cases of
neutron differential cross sections at high energies, EPOS-
LHC and PYTHIA8212DL are dominated by diffraction at
|η| > 10.94 while QGSJET-II-04 and SIYBLL2.3 are dom-
inated by nondiffraction.

The identification of diffraction based on the rapidity
gap technique has been investigated. We studied the per-
formance of an effective selection criterion for diffractive
events (central-veto selection): “There are no charged par-
ticles (Ntrack = 0) in the kinematic range |η| < 2.5 and
pT > 100 MeV”. Such a selection has ≈100% purity,
independent of particle type, energy, and interaction model
whereas selection efficiency increases from ∼30 to 70% with
increasing energy. The surviving events from central-veto
selection are mostly low-mass diffraction events in the phase
space of log10(ξx ) < −5.5. This indicates that the combined
experiment can purify the detection of low-mass diffraction.
Such mass range was not accessible by the experiments using
the changed particle tracker.

Clearly, nondiffraction and diffraction have different con-
tributions in the VF regions, while hadronic interaction mod-
els also exhibit big differences among each other. The rapid-
ity gap measurement (central-veto technique) using central
information is an effective way to identify diffractive events
and classify the forward productions to nondiffraction and
diffraction. Furthermore, using the observed events, it is
capable of both constraining the differential cross sections
(dσ/dE , dσ/dη) of low-mass diffraction and helping to
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Figure 1: Ntrack distribution in data compared to several MC model predictions for events in which the
LHCf-Arm1 detected a photon (in the region A or B) with E� > 200 GeV. All distributions are normalized
to the total number of events. Black points indicate the measured spectrum and lines represent MC
predictions, folded with the tracking e�ciency of the ATLAS detector. Blue lines indicate the inclusive
distributions, red lines the contribution from the proton di↵ractive dissociation events, and green lines the
contribution from the single-di↵ractive events. The inserts show a zoom of the data and model predictions
at small Ntrack. For these models only events with one particle-level photon (E� > 200 GeV and within
the LHCf-Arm1 acceptance) are used. The LHCf simulation shows that most of the multi-photon events
are rejected by the photon selection criteria and the fraction of multi-photon events remaining as a single-
reconstructed photon relative to the total event yield is less than 2%.

5

選択された事象

ピュアなLow-mass diffractive 事象 (log10ξ < -5.5, Mx < 50 GeV )を選択
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Nch=0 選別による光子スペクトル

28
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　 以外は同じ解析を適用。 
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Nch=0 選別による光子スペクトル

•Low Mass Diff.事象の光子生成への寄与は >~ 20%  
•Low Mass Diff.事象の方がスペクトルがハード
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RPとの共同測定によるSingle Diff.の詳細研究
散乱陽子をAFP/ALFAで検出。 
　→ Single Diff.のみを選別 
　→ Diff.質量 (ξ)をイベントごとに決定 
特定のDiff. 質量のときのハドロン生成を 
調べることが可能になる。
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陽子-原子核衝突の測定
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2024年 陽子-酸素原子核衝突 測定
p-O衝突は宇宙線ー大気相互作用を再現する理想的な条件 !! 
コライダーでの軽原子核衝突は世界初 
原子核効果のモデリングの違いがモデル予測の違いの要因の１つ 

p-O相互作用 
Glauber理論 
p-O衝突をp-p衝突の 
重ね合わせで記述 

原子核効果 

32
  

3

Nuclear Modi9cation Factor in p-O

● RpO = 1 corresponds to the 

Superposition model approximation

RpO=
1

A
×
d
2σ/dy dPT (pO)

d
2σ/dydPT ( pp)

η > 10.76 8.81< η < 8.99
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原
子
核
効
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QGSJET II-04

pO衝突π0生成の原子核効果

+

＝

？

R =
σpO

A σpp
A:平均核子核子衝突数

Nuclear Modification Factor
‣ Nuclear Shadowing  
‣ Limitting Fragmentation 
‣ QGP (core-corona)
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p-O測定のスケジュールとプラン
測定セットアップ 
”Arm2”を陽子の最前方領域に設置 
DAQシステム等はこれまでと同じ 
ATLASとの共同測定 

スケジュール 
測定は2024年6月のOxygen Run期間中（1週間）に実施 
• 検出器の設置（TS期間中に実施） 
• 酸素ビームのコミッショニング（1日） 
• 酸素原子核-酸素原子核衝突（2日）基本的に測定なし 
• 陽子-酸素原子核衝突（2日）← LHCf オペレーション 
• 検出器の取り外し（半日）
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陽子 酸素原子核

Arm2 検出器（宇宙線） （大気）

•中性子入射が多数で測定が難しい 
•後ろのATLAS ZDC検出器への 
影響を避ける。

{
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まとめ
LHCf実験は超前方領域の中性粒子測定をLHC稼働初期から実施 
中性子を用いた被弾性度の測定、η中間子の測定を紹介。 
K0s中間子の解析を2022年データで進めていく予定。 
LHCf -ATLASの共同測定 
2022年に高統計(300 M)のデータ取得に成功 
回折事象、MPI、p-π衝突などさまざまな物理の測定。 
2015年のデータを含めて、順次、解析を進めている。 
陽子-酸素原子核衝突の測定を2024年6月に予定 
宇宙線-大気相互作用を再現する理想的な実験条件。 
2日間のオペレーションを成功するために準備作業を進めている。
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空気シャワー研究会2023年3月27-28日

空気シャワー発達のKを含んだ場合

36

3rd 衝突

1st 衝突 バリオン π+,π−, K+, K- π0,π0….

1次宇宙線エネルギー

電磁シャワー

π± : π0 = 2 : 1Elasticity 

K0

2nd 衝突

電磁シャワー

Nth 衝突 電磁シャワー

π→ µ + ν Nµ = EHAD / Ecritical

π中間子以外の中間子の寄与 
　K中間子：sクォークを含む中間子 

π0: cτ = 25 nm 
 → 電磁シャワー 
 
K0s :  cτ = 2.6 cm 
 → 崩壊する前に衝突 
 → ハドロンシャワー 
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π0とηの生成断面積のモデル予測

37
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Figure 10: Model predictions for the production di↵erential cross-section for ⇡0’s and
⌘’s at p+ p,

p
s= 13 TeV. The cross-sections of ⇡0’s are scaled by a factor 10.

four photons from a K
0 decay; K0

s ! 2⇡0 ! 4� (BR: 30.7%). TeV-energy K
0s can

fly inside the beam pipe from the interaction point and some of them decay before
arriving at TAN. The K0 decay vertex position can be estimated with the assumption
that the invariant masses of photon pairs are equal to the ⇡

0 mass. The kinematics
of the K

0, in particular its energy, pT, and mass as well as the decay vertex position,
can be reconstructed from the measured energies and hit positions of the four photons.
Because of the small probability of four photon detection in the LHCf detector, the
geometrical acceptance for K

0 detection is very small, as shown in the right plot of
figure 11. In 20 nb�1 data set, a few hundreds of K0 candidate events can be collected,
with an estimated background of approximately (10÷20)%.

3.2 LHCf-ATLAS common physics program

Similarly to the last LHCf runs in 2015 and 2016, the common LHCf-ATLAS data
taking will be implemented integrating the LHCf final trigger signal in the ATLAS
Level1 trigger logic. The joint analysis of 13TeV p+p data taken in 2015 with ATLAS
is on-going, and the first result has been published as a conference note [10]. In addition
to the common operation with the ATLAS central detector, common operations with
ATLAS ZDC and roman pot detectors are planned in the next operation.
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① MPIモデルの検証
Multi-Partonic Interaction (MPI)

38

Page 10

Multiple partonic interactions

YITP workshop, Kyoto | 2020/12/7 London | Anatoli Fedynitch

Low energy High energy

� Phenomenological models for the transverse hadron structure

� SIBYLL + DPMJET models, multiple-cut structure from Eikonal H[SaQVLRQ (³RSWLFV´)

� Uncorrelated multiple interactions in SIBYLL & DPMJET. Correlations in e.g. PYTHIA through 
FRORU UHFRQQHFWLRQ, LQ QGSJET aQG EPOS WKURXJK ³G\QaPLF´ PDFV.

MPI model in DPMJET and SIBYLL

Parton Distribution Function

高エネルギーになればなるほどPartonの衝突数は増える。 
→ 全断面積は増加していく。 
→ここのParton間の衝突の足し合わせのみで考えると 
　衝突するPartonのエネルギーが陽子エネルギーを超えうる。 
MPIのモデルに２つのアプローチ 
　1. SIBYLL, PYTHIA, DPMJET (幾何学から使用するエネルギーを制限) 
　2. EPOS, QGSJET (PDFを変更) 
　

Fedynitch , YITP workshop
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LHCf-ATLASによるMPIモデル検証

39
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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。

大角度の粒子の生成数

イ
ベ
ン
ト
数

大橋 JPS20秋

LHCf-ATLAS連動解析によって 
MPIモデルの検証可能

①

②

現在、解析を進めている。
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② pp衝突を用いたpπ衝突の測定
pπ衝突 
2次宇宙線-大気衝突の主成分 
実験データが固定標的実験（E<150GeV）のみ 
→モデル予測のばらつきが大きい 
pp衝突を用いたpπ衝突測定 
陽子とVirtual Pion(パイオン雲)との衝突 
One Pion Exchange (OPE) 

40

p

p

n

π* T. Pierog, KIT - 76/33OppO – Feb. 2021

Introduction Cosmic Ray Models More OppOrtunitiesLHCf

Ultra-High Energy Hadronic Model Predictions π-Air

© Pierog pO+OO

前方方向に中性子が生成  
     En ~ 5.5 TeV @13TeV pp 
→ LHCf検出器で検出

T. Pierog, KIT - 76/33OppO – Feb. 2021

Introduction Cosmic Ray Models More OppOrtunitiesLHCf

Ultra-High Energy Hadronic Model Predictions π-Air

T. Pierog, KIT - 76/33OppO – Feb. 2021

Introduction Cosmic Ray Models More OppOrtunitiesLHCf

Ultra-High Energy Hadronic Model Predictions π-Air

σOPE(En) = σpπ(Ebeam − En) F(Ebeam − En)

π*フラックス中性子測定
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pp衝突を用いたpπ衝突の測定

V.A. Khoze et al., arXiv:1705.03685Figure 5: The four values of ⇡+p total cross section that we extract from the LHCf data on leading
neutrons [1], compared with expectations based on fits to lower-energy hadron-hadron total cross
section data parametrized by two Regge poles, DL [33], or using the COMPETE parametrization [37].
Note that the results of both parametrizations coincide in the region of the existing ⇡p cross section
data, that is for

p
s < 25 GeV. For reference, the upper two (red) curves are the corresponding

descriptions of the pp total cross section.
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Figure 4: Unfolded neutrons energy spectra for p-p collisions at
p
s = 13 TeV measured by

the LHCf Arm2 detector. Black markers are experimental data with statistical uncertainty,

whereas gray bands represent the quadrature sum of statistical and systematic uncertainty.

Histograms refer to models spectra at the generator level. Top are energy distributions ex-

pressed as d�n/dE and bottom are the ratios of these distributions to the experimental data.

8.99, respectively. In particular, they are compatible with data in the region

between 1.5 and 2 TeV, where neutron production is maximum, but they are

softer or harder otherwise. The other models underestimate (QGSJET II-04)

or overestimate (DPMJET 3.06, PYTHIA 8.212) the di↵erential cross section395

in all the energy range.

The general trend of experimental data is similar to what observed at
p
s= 7 TeV

[13]. Direct comparison of models can not be done because the version used here

is di↵erent respect to the one employed in [13]: in particular, QGSJET II-04,

EPOS-LHC and SIBYLL 2.3 were tuned using LHC Run I results. Comparing400

the pre-LHC and post-LHC version of SIBYLL, we can observe a significant

increase of the neutron production in all the pseudorapidity regions, fact that

improves the agreement of the model with experimental measurements. Di↵er-

ently, QGSJET and EPOS are not a↵ected by relevant changes. Whereas no

strong variation is found also in PYTHIA, DPMJET exhibits a very di↵erent405

neutron production in the two cases. Because no significant changes in di↵er-

ential cross section are expected between
p
s= 7 and 13 TeV, this variation is
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η > 10.76
LHCf 中性子測定結果 
@ pp √s=13TeV

実際にLHCf結果(@pp,7TeV)から 
σp-πを算出
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OPE以外からの中性子生成の寄与 
（バックグランド）は、ATLASとの 
共同解析で見積もることができる。

OPE

Bkg.

•  これまでの解析でOPEの寄与は見えてきている。 
•LHCf-ZDCの共同測定により 
中性子エネルギー分解能向上40％→20％



空気シャワー勉強会2020/3/25-26

③ K0測定
モチベーション 
EM/HAD比を変更によって地上ミューオン量に寄与。 
（K0はπ0に比べて寿命が長いので崩壊前に衝突） 
K中間子(sクォーク含む)はモデル予測のばらつきが大きい。 
測定手法 
K0s崩壊による4つのγ線を同時検出（K0s→2π0→4γ)
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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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大気νμの親粒子

衝突点

K0s  
cτ=2.7cm 

2π0  
BR: 31% 

4γ  

‣ 低い幾何学的アクセプタンス (<10-3) 
‣ ４光子入射の事象再構成

➡高統計データが必要
➡チャレンジング!!

ストレンジ粒子
‣ ミューオン超過問題への寄与 
  K0生成量多→ミューオン量多 

‣ Atmospheric νμ flux 
  <<1PeVのνμはK±崩壊による生成がドミナント 

‣ FASER実験のニュートリノフラックス見積もりの改善 

K±

(レムナントのハドロン生成中のsクォーク量を示す)
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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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大気νμの親粒子

衝突点

K0s  
cτ=2.7cm 

2π0  
BR: 31% 

4γ  

‣ 低い幾何学的アクセプタンス (<10-3) 
‣ ４光子入射の事象再構成

➡高統計データが必要
➡チャレンジング!!

ストレンジ粒子
‣ ミューオン超過問題への寄与 
  K0生成量多→ミューオン量多 

‣ Atmospheric νμ flux 
  <<1PeVのνμはK±崩壊による生成がドミナント 

‣ FASER実験のニュートリノフラックス見積もりの改善 

K±

(レムナントのハドロン生成中のsクォーク量を示す)

K中間子測定は大気ニュートリノ生成にも関係！！
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③ K0事象のイベント再構成
４つの入射粒子からそれぞれの位置とエネルギーを再構成 MCによる再構成質量

赤：signal 
青：back ground

近藤卒論
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decays of particles become suppressed above the critical
energy. Heavier and less abundant hadrons dominate at
very high energy and produce prompt atmospheric leptons.
As expected, the conventional muons stem from the decays
of charged pions and, with a smaller contribution, from
charged kaons (upper left panel in Fig. 5). Prompt muons
have two sources, decays of charmed mesons and a
component from electromagnetic decays of unflavored
mesons [17]. The detailed break-down of the contributors
to the unflavored component is shown Fig. 6. A contribu-
tion at a similar level as charm comes from the process η
and η0 → μþμ−γ, breaking the correlation between prompt
fluxes of muons and neutrinos. The crossover between
conventional and prompt flux happens at 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 with respect to the pair
production cross section σeþe− [18], and the nuclear
interactions of muons. While the muon pair production

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.

FIG. 5. Contribution from decays of various particles to the atmospheric μþ þ μ− (top left), νμ þ ν̄μ (top right), νe þ ν̄e (bottom left)
and ντ þ ν̄τ (bottom right) flux in SIBYLL-2.3c and H3a primary model at θ ¼ 60°.

FIG. 6. Breakdown of the unflavored component of the prompt
muon flux.
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K±

K中間子は大気ニュートリノ生成に寄与
•νμ　100GeV-1PeVでK中間子がDominant 
•νe    100GeV-10TeVでK中間子がDominant

大気ニュートリノの親粒子

PRD 100.103018K中間子測定によって 
大気ニュートリノフラックス見積もり精度向上 
= IceCubeによる天体ニュートリノ探索 
　のバックグラウンド
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indeed unphysical. The disagreement of the neutrino
spectral index between our calculations and HKKMS or
Bartol is caused in part by the different choice of the
primary flux (see Sec. VI B). Differences may also come
from the treatment of decays, which in case of MCEQ are
simulated with the PYTHIA-8 Monte Carlo [11] using
methods that preserve high accuracy throughout all steps
of the calculations. We find that the calculation by

Sinegovskaya et al. [80] produce a few percent higher
flux using exactly the same set of models (olive curves in
Fig. 31), consistent with the findings by [83]. For Bartol,
the higher number of electron neutrinos is the result of a
higher kaon abundance in associated Kþ production in
TARGET-2.1A. In the case of HKKMS sizable deviations
are expected, since the interaction model has been modified
to match muon flux and charge ratio measurements.

FIG. 30. The atmospheric muon flux and the charge ratio. The MCEQ fluxes for different interaction models are calculated for the
zenith angle θ ¼ 0° and the H3a primary spectrum. For the Kochanov et al. [79] curves the authors used the KM parametrization for
hadronic interactions and the Zatsepin-Sokolskaya primary spectrum.

FIG. 31. Atmospheric muon and neutrino fluxes averaged over the zenith angle. The HKKMS and Bartol curves are from
computations for Kamioka site and Solar Flux minimum. At energies above a few GeV the dependence on the detector location and solar
modulation diminishes. The curves by Sinegovskaya et al. are computed for the similar choice of models as in our case, namely an H3a
primary spectrum and QGSJET-II-03 interaction model.
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K dominant K dominant

Sibyll2.3c

モデル予測の違いが30-50％。 
νe　E>10TeVではさらに大きなモデル依存性。（D中間子の寄与）

D dominant


