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LHCf: Very Forward experiment at LHC 
        → production of most energetic particles  
        → Motivated for high-energy cosmic ray physics  

Photo @ 2022 operation  
Members from Nagoya Univ., INFN(Italy)
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Ultra-High Energy Cosmic-rays (UHECRs)

3

13 TeV70.9 2.7

101710151013

0.5

LHCf RHICf 

D’Enterria et al., 2011

knee

ankle

GZK

inner-galactic Extra-galactic

Method of UHECR observation

4

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

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

Studying the properties  
of primary CR relying  
on MC simulation. 

•Energy 
•Arrival direction 
•Composition(p,Fe)
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Arrival direction fo UHECRs

4

UHECR arrival directions and nearby galaxies Armando di Matteo

Figure 1: The directional exposure of the datasets we used. The yellow area in the left panel is the fiducial
declination band used for the cross-calibration of energies [16].

Figure 2: The flux distribution from our dataset above two selected energy thresholds, in equatorial coordi-
nates

The geometrical exposure is 95 700 km2 yr sr for Auger vertical events (zenith angles \ < 60�)
and 26 300 km2 yr sr for Auger inclined events (60�  \ < 80�). Taking into account the energy res-
olution e�ects, the e�ective exposure is 96 600 km2 yr sr for Auger vertical events, 26 600 km2 yr sr
for Auger inclined events, and 13 700 km2 yr sr for TA events. This represents a 33% increase from
the last Auger–TA joint searches for medium-scale anisotropies [15]. The declination dependence
of the directional exposure is computed in the approximation of 100% detector e�ciency [18] and
shown in Figure 1.

Following Ref. [16], we apply the conversion

⇢TA 7! ⇢Auger = 8.57 (⇢TA/10 EeV)0.937 EeV (1)

to TA event energies in order to correct them for the mismatch in the energy scales of the two
experiments, which has been estimated by comparing their data in a common declination band in
the intersection of their fields of view. The distribution of arrival directions of the events above two
selected energy thresholds, averaged over 20�-radius top-hat windows, is shown in Figure 2.

3. The analysis

In this work, we present the result of a likelihood ratio test between flux models including a
contribution from nearby galaxies and and the isotropic null hypothesis, similar to Refs. [17, 19, 20].
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Combined result of Auger and TA with 20 degree smearing 

PAO and TA, ICRC 2021

✓ A few hotspots 
✓ Not point like  
   

Why ? 
 Bend by Magnetic field  
 proton → only a few degrees 

- Source distribution ? 
- Magnetic field uncertainty ? 
- Composition (p, Fe) 
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 Shower Maximum (XMax)

Muon (XµMax, Nµ)
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Page 3

UHECR mass composition

Auger, ICRC 2015

Spectrum 
measured 

calorimetrically

³VPRRWK´ LQcUeaVe 
of mean mass

Decreasing 
fluctuations →

mixture masses

UHECR are 
nuclei(?)

Data Model territory
Aab et al. (PAO), PRL 2020

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

•  A-dependency is mainly 
from difference of σinela

•  XµMax: σinela  
          + particle production 

•Nµ : particle production  
          contribution of wide  
          energy ranges 

•  High energy interactions  
are more important.

CR primary energy:  
   109-1020 eV 
     High energy  

   interaction

secondaries’  
  interactions 

Low energy  
interactions 

…
.



Estimators of Mass Composition
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UHECR observation issues
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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)

Large model dependency of  
UHECR composition measurement 

Muon excess  
Nµdata > NµMC 

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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E=6-16EeV

Several ideas to solve it
• Strange particles 
• Vector meson productions  
• QGP 

Sensitive Eπ0/Ehad for a collision

Xmax

Nµ: Number of muons  
      on the ground Interaction model  

uncertainty
Experimental 
uncertainty>

Possibility  
-  Strangeness enhancement 
-  Vector meson  
-  p-π interaction     etc.  

30-60% 
more  

muons 
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Contribution of strange particles in air shower
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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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K± decays

arXiv: 1806.04140

Source of Atmospheric neutrino production 

High energy atm. ν are backgrounds  
of astronomical neutrino search  

by IceCube.

p, n 
π±,0 

K±,0,D 

Cosmic-ray

π0 K0

→ EM 

→ Hadrons 

decay

interaction

More K0 
 → increase #muons  
More K± 
 → Increase #νe,µ  
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Arm1

LHCf:¢`�$

ª�

ATLAS 

140m!

´³²µ¥±·¶¦¨�

´³²µ¥±·¶¦©�

Charged!par5cles!(+)!

Beam 

Charged!par5cles!(?)!

Neutral$$
par3cles$

Beam!pipe!

96mm�

!  LHC��(Îp?p�x��OJ�{3(wcêøþĀp�Ñ��)àf9!

!  LHC!√s=13TeV!p?p�xÓ¥E
lab
!=!9×1016eV!

!  2010>Ñ!LHC!900GeV,!7TeV�3�xðĀíº2013>Ñ!2.76TeV�3�
xÏ5.02TeV�3��xðĀíÒ"Bà|�!

Arm2

-140 m +140 m

proton proton

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

•  Thickness: 44 r.l. and 1.7 λ 

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

LHCf experiment 

√s=14TeV → Elab = 1017eV
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Run Elab (eV) Photon Neutron π0

p-p √s=0.9TeV 
(2009/2010) 4.3x1014 PLB 715, 298 

(2012) -

p-p √s=2.76TeV 
(2013) 4.1x1015 PRC 86, 065209 

(2014) PRD 94   
032007 
(2016)p-p √s=7TeV 

(2010) 2.6x1016 PLB 703, 128 
(2011)

PLB 750 
360 (2015)

PRD 86, 092001 
(2012)

p-p √s=13TeV 
(2015)

9.0x1016 PLB 780, 233 
(2018)

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

preliminary 
 

p-Pb √sNN=5TeV 
(2013,2016)

1.4x1016 PRC 86, 065209 
(2014)

p-Pb √sNN=8TeV 
(2016)

3.6x1016 prelimiary

RHICf  
p-p √s=510GeV 

(2017)
1.4x1014 Submitted 

ArXiv:2203.15416
Spin Asymmetry  

PRL 124 252501 (2021)

LHCf-ATLAS 
joint analysis

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

Final: under internal review

with STAR

LHCf/RHICf Operations and Analyses
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How to measure strange particles by LHCf

日本物理学会・2020年秋季大会・オンライン2020/9/14-17 

Dknp����+z���

�� nplj�npU^���������

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

�

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Other sources of atmospheric leptons that are not
taken into account in our calculation are B-hadrons.
Their contribution to the prompt flux can be of the order
of 10% [64, 72].
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定のためのセットアップを行う。 
 2021年度の7月ごろに陽子-陽子衝突の測定を行う。検出器は放射線被爆を避けるために
測定の直前にLHCトンネル内に設置し、測定後は取り除く。2ヶ月ほど前から一部のメンバ
ーが滞在して直前の動作テストなどを入念に実施し、他のメンバーが加わって24時間シフト
を組んでオペレーションを行う。この測定では、ATLAS実験との共同データ取得を行う。
LHCf検出器の後ろにATLAS-ZDC検出器を設置して共同データ取得を初めて行う。ZDCは
カロリーメータ型検出器で、中性子がLHCf検出器内に入射して引き起こすハドロンシャワ
ーの縦方向発達を後方のZDC検出器でも捉えることによって中性子のエネルギー分解能を
40％から20％へ劇的に向上させることができる。これは中性子検出が必要なΛ粒子検出に
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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
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築する。これを空気シャワーシミュレーションに適
用し、ミューオン過剰問題に対するストレンジメソ
ンの寄与をモデルの不定性を含めた形で求める（さ
こ、大学院生1名）。 
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 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） 
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the zenith angle. Further sources of high energy muons
that are not included in our calculation are the photo-
production of muon pairs, which is suppressed by 10�4

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

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

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

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

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

Other sources of atmospheric leptons that are not
taken into account in our calculation are B-hadrons.
Their contribution to the prompt flux can be of the order
of 10% [64, 72].
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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].

arXiv: 1806.04140

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)

Reconstruction method is well established 
     (= method for π0 )

Other channels 

✘
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η meson measurement
Motivation
2nd dominant source of photons (EM) in air showers.
Contribution of strange quark 
Large discrepancy of predictions between models  

Data and analysis 
pp, √s=13 TeV 
Arm2 detector 
Similar as Type1 π0 analysis
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¾ Located at about 140 m from LHC interaction point 1 (IP1).
¾ two calorimetric towers with 16 GSO scintillator layers [2], 22 

tungsten plates and 4 XY silicon microstrip imaging layers [3], 
with a total length of about ϰϰ ܺ and ϭ͘ϲ λூ.

¾ The energy resolution is  better than 3% for photons and 
30÷40% for neutrons, while the position resolution for 
electromagnetic showers is about .mߤ 40

EVENT RECONSTRUCTION AND SELECTION
¾ The η meson identification is carried out by reconstructing

position and energy of the two photons originated in the decay 
η → γγ (B.R. 39.41%) and by selecting with several criteria.

¾ The invariant mass distribution is fitted with a model 
consisting of an asymmetric Gaussian for the signal and a 3ௗ
order Chebyshev polynomial function for the background. 

¾ The η mesons are selected in a window of 3ߪ from the peak,  
about 1500 candidates were found. Background was
subtracted by using a sideband method.

¾ An artificial shift of +2.65% on single photon energies was 
applied to bring the η invariant mass peak into agreement with 
η rest mass.

REFERENCESRESULTS AND COMPARISON WITH MODELS
¾ The η experimental ࡲ࢞ spectrum was compared 

with several hadronic interaction models.
¾ None of the models is able to reproduce the 

experimental distribution in the whole ݔி range. 
¾ Among the models the one that seems to better 

reproduce the data is QGSJETII-04.
¾ Thanks to the detector read-out upgrade, the new 

data taking during LHC Run III, scheduled for 
September 2022, will allow to increase the 
statistics of the η mesons and to improve the 
precision of the measurement [4]. For more details 
see poster by K. Ohashi [5] (poster location A26). 
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Measurement of the forward η meson production cross section in p-p collisions at 
TeV 13=࢙ with the LHCf Arm2 detector

ARM2 DETECTOR

Invariant mass distribution Criteria for η event selection

10th Edition of the Large Hadron Collider Physics Conference (LHCP 2022), 16-20 May 2022, Taipei, Taiwan (Online)

EXPERIMENTAL CORRECTIONS AND UNCERTAINTIES 
¾ The Feynman-x distribution ிݔ) ൌ /௭2 of η (ݏ mesons was

corrected for several experimental effects:

a) η selection inefficency.
b) Geometrical acceptance.
c) Loss of events due to multihit cut.
d) Branching ratio inefficency.

¾ QGSJET model informations were used to calculate a) and c), 
while for b) the mean of the correction values obtained by 
QGSJET and EPOS were considered.

¾ The systematic uncertainties were estimated by using both the 
data sample (for energy scale, PID and beam-center stability 
errors) and the results of the QGSJET and EPOS model 
simulations (for acceptance, multihit and background 
subtraction errors). 

[1] O. Adriani et al., JINST 3 
(2008) S08006.
[2] Y. Makino, A. Tiberio et al., 
JINST 12 (2017) P03023.
[3] O. Adriani et al., 
JINST 5 (2010) P01012.
[4] LHCf collaboration (2019), 
͞LHCfʹTechnical Proposal for 
ƚhe LHC RƵn ϯ͘͟  
[5] K. Ohashi (2022/05), 
͞PƌoƐpecƚƐ of ƚhe LHCf
opeƌaƚion in ϮϬϮϮ ͕͟  PoƐƚeƌ͕  
LHCP 2022, Taipei (TW), Online.  

Production cross section of η mesons

Distributions of correction values Contributions to uncertainty

signal bkgbkg

Selected events hitmap

LHC-forward [1] (LHCf) is a unique experiment designed to measure neutral particle production in the pesudorapidity region η  8.4. 
The aim of LHCf is to provide experimental data needful to tune and calibrate hadronic interaction models widely used by  ground-based 

cosmic ray experiments. One of the characterizing parameters of the models is the strange quark contribution, that induces a large 
discrepancy on the expected ɻ prodƵcƚion croƐƐ section. A precise measure of this quantity allows to discriminate which of the analyzed 

models is more suitable to describe the interaction between primary cosmic rays and the earth's atmosphere.

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
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η spectrum at pp, √s=13TeV
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¾ Located at about 140 m from LHC interaction point 1 (IP1).
¾ two calorimetric towers with 16 GSO scintillator layers [2], 22 

tungsten plates and 4 XY silicon microstrip imaging layers [3], 
with a total length of about ϰϰ ܺ and ϭ͘ϲ λூ.

¾ The energy resolution is  better than 3% for photons and 
30÷40% for neutrons, while the position resolution for 
electromagnetic showers is about .mߤ 40

EVENT RECONSTRUCTION AND SELECTION
¾ The η meson identification is carried out by reconstructing

position and energy of the two photons originated in the decay 
η → γγ (B.R. 39.41%) and by selecting with several criteria.

¾ The invariant mass distribution is fitted with a model 
consisting of an asymmetric Gaussian for the signal and a 3ௗ
order Chebyshev polynomial function for the background. 

¾ The η mesons are selected in a window of 3ߪ from the peak,  
about 1500 candidates were found. Background was
subtracted by using a sideband method.

¾ An artificial shift of +2.65% on single photon energies was 
applied to bring the η invariant mass peak into agreement with 
η rest mass.

REFERENCESRESULTS AND COMPARISON WITH MODELS
¾ The η experimental ࡲ࢞ spectrum was compared 

with several hadronic interaction models.
¾ None of the models is able to reproduce the 

experimental distribution in the whole ݔி range. 
¾ Among the models the one that seems to better 

reproduce the data is QGSJETII-04.
¾ Thanks to the detector read-out upgrade, the new 

data taking during LHC Run III, scheduled for 
September 2022, will allow to increase the 
statistics of the η mesons and to improve the 
precision of the measurement [4]. For more details 
see poster by K. Ohashi [5] (poster location A26). 
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EXPERIMENTAL CORRECTIONS AND UNCERTAINTIES 
¾ The Feynman-x distribution ிݔ) ൌ /௭2 of η (ݏ mesons was

corrected for several experimental effects:

a) η selection inefficency.
b) Geometrical acceptance.
c) Loss of events due to multihit cut.
d) Branching ratio inefficency.

¾ QGSJET model informations were used to calculate a) and c), 
while for b) the mean of the correction values obtained by 
QGSJET and EPOS were considered.

¾ The systematic uncertainties were estimated by using both the 
data sample (for energy scale, PID and beam-center stability 
errors) and the results of the QGSJET and EPOS model 
simulations (for acceptance, multihit and background 
subtraction errors). 
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Production cross section of η mesons

Distributions of correction values Contributions to uncertainty

signal bkgbkg

Selected events hitmap

LHC-forward [1] (LHCf) is a unique experiment designed to measure neutral particle production in the pesudorapidity region η  8.4. 
The aim of LHCf is to provide experimental data needful to tune and calibrate hadronic interaction models widely used by  ground-based 

cosmic ray experiments. One of the characterizing parameters of the models is the strange quark contribution, that induces a large 
discrepancy on the expected ɻ prodƵcƚion croƐƐ section. A precise measure of this quantity allows to discriminate which of the analyzed 

models is more suitable to describe the interaction between primary cosmic rays and the earth's atmosphere.

• No model can reproduce the data perfectly 
• QGSJET II-04 shows a best agreement  
among the models.

Piparo, LHCP 2022

Poor statistics of eta events (~ 100)  
affect on the systematic uncertainties;  
background subtraction etc. 
It will be improved with analysis  
of Run3 data. 

→
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On-going Joint analyses with ATLAS 

Study of diffractive collisions
Photon spectra with Nch=0 in ATLAS (pT>0.1GeV, |η| < 2.5) 

Study of MPI
Correlation between forward neutron and  Nch in ATLAS
Good test of modeling for total energy budget for MPIs 

13
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Proton
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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
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LHCf Run3 operations 
‣pp,√s=13.6TeV in Sept. 2022 
‣p-Oxygen collisions in 2024
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proton-proton collisions in 2022

15

IP

K0s 
cτ=2.7cm 2π0 

BR: 31% 4γ  

Hardware upgrade 
✓ Improve readout speed of silicon DAQ 
✓ New trigger for  high energy π0, η, K0s 
  

IP

Λ n+π0 n+2γ  

Motivations
Increase statistics of π0 and η
Measurement of strange hadrons (K0s, Λ) 
 
 

Requirement 
Integral Luminosity = 40 nb-1 (~ x10 larger than last operation) 
@ Luminosity ~ 1030 cm-2s-1 (~ x10 higher)

  37th International Cosmic Ray Conference (ICRC 2021), 12-23 July 2021, Berlin, Germany (online)
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between “Type I” and 
“Type II” events

Arm2 acceptance 
covers the gaps in 
Arm1 data for X
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while Arm1 extends the 
acceptance to higher 
p
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Joint operation with ATLAS
Increase the statistics of common events 
 → Improve the results of current joint analyses
Operation with RPs (ALFA and AFP)
Study of hadronization at single diffractive events  
Measurement of Δ resonance (→ p + π0)

Joint operation with ATLAS ZDC
Improvement of energy resolution for hadronic showers  
with thicker detectors: LHCf (1.7 λ) + ZDC (4.5 λ) 
 → from 40% to 20 % 
p-π cross section measurement  
via one-pion exchange  
(OPE) process 

16

p
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n

π*

One-pion exchange and non-diffraction 
Differences in energy and positions 
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Beam test in 2021
Beam test @ CERN-SPS H4 line
Test of the upgraded DAQ system  
→ Confirmed the improvement of readout speed. 
     Arm2 Max DAQ: 0.8 kHz ➡ 2 kHz 
Joint beam test with ATLAS ZDC  
→ Confirmed energy resolution for hadronic showers 
     40％ (LHCf alone) → 21% (LHCf+ZDC) 
     

17

LHCf members ZDC members

ZCD
LHCf

Beam

LHCf-Arm1 ATLAS ZDC 
@LHC： 
　Neutron（E<７TeV ） 
@Beam Test： 
　Proton beam（350GeV） 
   Electron beam (100-200GeV) 

1.7 λinela 4.5 λinela



20-21 Feb 2023 KMI Symposium

Preparation / installation 

18

Preparation and Operation 

13

Preparation

Arm2 

Arm1 

Installation

ATLAS-ZDC

Arm1

Arm1 
ATLAS-ZDC 

Install/Remove at each operation  
to avoid the radiation damage.
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Data-taking 
2022 Sept. 23-27

14

Stable beams for more than 57 hours 
(Record the Longest LHC Fill)
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LHCf Operation in 2022

~150 M events for 
each detector!!

LHCf
Center of small 
calorimeter

LHCf
Shift detector 

for 5mm

Photo at the control room

Arm1, center pos. 
Arm1, 5mm high pos. 
Arm2, center pos. 
Arm2, 5mm high pos.

Sent LHCf triggers to ATLAS DAQ and  
  recoded all events in their disk,

Operation in 24-27 September
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Obtained Data

20
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 [MeV]γγM
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=13.6 TeV 2022s pp   
 LHCf Arm2 preliminary not calibrated   

 beam-center position

Di-photon invariant mass

Very preliminary 

Only one Arm 
Only one of the detector position 
Only 1/4 of the statistics

η mass  
peak

π0 mass  
peak

Obtained η events:  ~ 1500 events x 4 
　⇔ ~ 100 events in 2015 data set.  

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

Reconstructed mass  
from di-photon events

x ~ 50 increases 

LHCf events: 

LHCf-ATLAS common events:  
     ~300 M events ⇔ ~7 M events in 2015.

Improve/open many analysis channels with high statistics  
including K0s and Λ measurements 
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pO (+OO) collisions in 2024
Ideal for studying the cosmic-ray interactions of CR-Air
Long story for requesting this p-light ion collisions at LHC. 
Run3 is a last opportunity of LHCf operations

• Change of the beam line configuration after Run3 to improve radiation protection 
Therefore no possibility of installation of LHCf detectors in Run 4 and later  

LHC schedule pO, OO collision in 2024
LHCf and other experiments requested it continuously since LHC start.  
Dense discussions and reviews about pO+OO in 2021 
OO + pO Workshop in February https://indico.cern.ch/event/975877/overview  

Details of operation condition are under discussions
Requesting pO with the highest beam energy (Eproton=7TeV, √sNN=10TeV) 
About 7 days for pO + OO including the beam setup 

21

😜😗

https://indico.cern.ch/event/975877/overview
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Summary 
LHCf measured forward neutral particles at LHC 
to study hadronic interaction for cosmic-ray air showers.
Analyses are on-going
Eta measurement 
Joint analyses with ATLAS are on-going

LHC Run3 operations 
LHCf pp in 2022  
   Successfully completed in September during a low-luminosity run  
   Obtained total 300 M events, enough to measure η, K0s  
    Joint operation with ATLAS including ZDC and RPs
LHCf pO + OO in 2024

22



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

24

Run 17 operation 

• EM calorimeter (RHICf detector) installed in front of 
the ZDC+SMD of the STAR experiment 

• Two position-sensitive sampling 
calorimeters 
• TS (small tower): 20mm x 20mm

• TL (large tower): 40mm x 40mm 

• Tungsten absorber (44 X0, 1.6 Oint) 

• 16 GSO sampling layers

• 4 XY pairs of GSO-bar position 
layers 

September 10, 2020 7

Sent to BNL in 2015

LHCf-Arm1

Detector in RHIC beam line
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Collision energy scaling

25

13 TeV70.9 2.7

101710151013

0.5

LHCf RHICf 

D’Enterria et al., 2011

knee

ankle

GZK

inner-galactic Extra-galactic

• Wide energy range of CRs 
• Continuous collision in Air shower

Important to test  
collision energy scaling  
known as Feynman scaling 

LHCf ⇔ RHICf provide the test  
from 0.5 to 13 TeV (x 20)

In Fig. 20, we compare the xF distributions in the pT
range 0.0 < pT < 0.4 GeV. Other pT ranges are excluded
from the comparison, since LHCf data at

ffiffiffi
s

p
¼ 2.76 TeV

are unavailable outside this range. The xF distributions atffiffiffi
s

p
¼ 2.76 and 7 TeVare compatible with each other at the

"20% level. In Fig. 21, we further compare the xF
distributions for the reduced pT ranges: 0.0 < pT <
0.2 GeV and 0.2 < pT < 0.4 GeV. At 0.0 < pT <
0.2 GeV, only the bin 0.73 < xF < 0.82 at

ffiffiffi
s

p
¼

2.76 TeV deviates from the one at 7 TeV by 30%, while
the other bins are consistent within their uncertainties. At
0.2 < pT < 0.4 GeV, all bins at

ffiffiffi
s

p
¼ 2.76 TeV are con-

sistent with the ones at 7 TeV, except for the bin 0.82 <
xF < 0.91 that has a smaller (40%) cross section than at
7 TeV, although there is a large uncertainty at 2.76 TeV.
Overall, the xF distributions at

ffiffiffi
s

p
¼ 2.76 and 7 TeV

indicate that Feynman scaling holds at the "20% level at
these center-of-mass energies in the very forward region.
Besides a test of the Feynman scaling, we find in Fig. 21

that the yield of π0s at
ffiffiffi
s

p
¼ 2.76 TeV relative to 7 TeV is

slightly larger for 0.0 < pT < 0.2 GeV and slightly smaller
for 0.2 < pT < 0.4 GeV. This tendency means that the pT
distributions at

ffiffiffi
s

p
¼ 2.76 TeV are softer than those at

7 TeV, leading to the small hpTi values at 2.76 TeV relative
to those at 7 TeV as already found in Fig. 18.

D. pT dependence of the xF distributions

In hadronic interactions at large rapidities, partons from
the projectile and target hadrons generally have large and
small momentum fractions, respectively, since the momen-
tum fraction that the parton itself carries relative to the parent
projectile and target hadrons, i.e., the Bjorken-x variable or
xBj, is proportional to e"y (þy for projectile and −y for
target). Here, we note that a parton (dominantly gluon)
density rapidly increases with decreasing xBj when xBj <
0.01 with the target approaching the blackbody limit where
the gluon density is saturated. In the blackbody regime, the
partons cannot go through the target nuclear medium with-
out interaction and suffer transverse momenta transfers
proportional to the saturation momentum scale Qs. The
Qs values in the very forward region are ∼1 GeV in pþ p
collisions and ∼10 GeV in pþ Pb collisions, although the
calculation of Qs itself suffers from both theoretical and
experimental uncertainties and is also dependent on the
impact parameter of the colliding hadrons [15].
In the pT region below Qs, the xF distribution in the

forward region can be asymptotically written [69] as

xF
σinel

dσ
dxF

∝ ð1 − xFÞα; ð9Þ

where α is the leading exponent. In the blackbody regime,
the xF distribution of the leading hadron is strongly
suppressed, and thus α increases relative to the value found
for a dilute target. Conversely, α decreases with increasing
pT when pT approaches or exceeds the saturation momen-
tum scale Qs.
Figure 22 shows the best-fit leading exponent α in each

pT range in pþ p and pþ Pb collisions. The leading
exponent in pþ p collisions at

ffiffiffi
s

p
¼ 7 TeV (filled black

circles) is α ≈ 3.7 at pT < 0.6 GeV and decreases to
α ≈ 3.0 at 0.6 < pT < 1.0 GeV. The reduction of α with
increasing pT can be understood as much of the target
staying in the blackbody regime for pT < 0.6 GeV and
then gradually escaping from the blackbody regime for
pT > 0.6 GeV. The leading exponent in pþ p collisions atffiffiffi
s

p
¼ 2.76 TeV (open red circles) is slightly smaller than

that at 7 TeV though with large uncertainty. The compari-
son between

ffiffiffi
s

p
¼ 2.76 TeV and 7 TeV may indicate that

the upper pT limit of the measurement at 2.76 TeV is near
the saturation momentum at 2.76 TeV and that the sup-
pression due to the gluon density is weaker than at 7 TeV,
although the calculated Qs at 2.76 TeV is only slightly
different from the Qs at 7 TeV. The leading exponents in
pþ Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV (filled blue

FIG. 20. The π0 yield at 0.0 < pT < 0.4 GeV as a function of
xF. Open red circles and filled black circles indicate LHCf data in
pþ p collisions at

ffiffiffi
s

p
¼ 2.76 and 7 TeV, respectively.

FIG. 21. The π0 yield in each pT range as a function of xF. Left:
the distributions for 0.0 < pT < 0.2 GeV. Right: the distributions
for 0.2 < pT < 0.4 GeV. Open red circles and filled black circles
indicate LHCf data in pþ p collisions at

ffiffiffi
s

p
¼ 2.76 and 7 TeV,

respectively.

O. ADRIANI et al. PHYSICAL REVIEW D 94, 032007 (2016)

032007-20
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RHICf photon analysis
Data
pp, √s = 0.51 TeV
Obtained in 2017 at RHIC
LHCf-Arm1 detector
Three detector position.
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Results of production cross-section measurement

The LHCf Collaboration / Physics Letters B 780 (2018) 233–239 237

Fig. 3. Photon production cross-section measured by the Arm1 (red filled circle) and Arm2 (blue open circle) detectors. The left figure presents the results for η > 10.94, 
which covers the zero-degree collisions angle. The right figure presents those for 8.81 < η < 8.99, which corresponds to the fiducial area in the large calorimeters of the 
detectors. The bars and hatched areas correspond to the statistical and systematic uncertainties, respectively. Only uncorrelated systematic uncertainties between Arm1 and 
Arm2 are considered in these plots.

Fig. 4. Comparison of the photon production cross-section obtained from the experimental data and MC predictions. The top panels show the cross-section and the bot-
tom panels show the ratio of MC predictions to the data. The shaded areas indicate the total uncertainties of experimental data including the statistical and systematic 
uncertainties.

uncertainty on the production cross-section was calculated by mul-
tiplying the relative error of the multi-hit identification efficiency 
(i.e. the discrepancy between the data and MC simulation) by the 
ratio of multi-hit events to single-hit events.

5.5. Unfolding

It was discovered that the interaction model dependency of 
the ‘multi-hit cut’ correction factors, computed from the train-
ing sample, was the main source of systematic uncertainty in the 
cross-section unfolding process. EPOS-LHC predicted a higher mul-
tiplicity of photons than QGSJET II-04. Thus, a larger correction 

factor was expected in EPOS-LHC than in QGSJET II-04. We per-
formed cross-section unfolding with a training sample of 5 × 107

inelastic collisions generated by EPOS-LHC. The relative difference 
between the QGSJET II-04 and EPOS-LHC results was chosen as the 
systematic uncertainty associated with the unfolding.

5.6. Decay correction

The systematic uncertainty related to the correction for the 
decay of long-lifetime particles was estimated as the maximum 
relative fluctuation between the corrections predicted by the EPOS-

LHCf, √s=13TeV
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Inclusive production cross-section
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The LHCf Collaboration / Physics Letters B 780 (2018) 233–239 237

Fig. 3. Photon production cross-section measured by the Arm1 (red filled circle) and Arm2 (blue open circle) detectors. The left figure presents the results for η > 10.94, 
which covers the zero-degree collisions angle. The right figure presents those for 8.81 < η < 8.99, which corresponds to the fiducial area in the large calorimeters of the 
detectors. The bars and hatched areas correspond to the statistical and systematic uncertainties, respectively. Only uncorrelated systematic uncertainties between Arm1 and 
Arm2 are considered in these plots.

Fig. 4. Comparison of the photon production cross-section obtained from the experimental data and MC predictions. The top panels show the cross-section and the bot-
tom panels show the ratio of MC predictions to the data. The shaded areas indicate the total uncertainties of experimental data including the statistical and systematic 
uncertainties.

uncertainty on the production cross-section was calculated by mul-
tiplying the relative error of the multi-hit identification efficiency 
(i.e. the discrepancy between the data and MC simulation) by the 
ratio of multi-hit events to single-hit events.

5.5. Unfolding

It was discovered that the interaction model dependency of 
the ‘multi-hit cut’ correction factors, computed from the train-
ing sample, was the main source of systematic uncertainty in the 
cross-section unfolding process. EPOS-LHC predicted a higher mul-
tiplicity of photons than QGSJET II-04. Thus, a larger correction 

factor was expected in EPOS-LHC than in QGSJET II-04. We per-
formed cross-section unfolding with a training sample of 5 × 107

inelastic collisions generated by EPOS-LHC. The relative difference 
between the QGSJET II-04 and EPOS-LHC results was chosen as the 
systematic uncertainty associated with the unfolding.

5.6. Decay correction

The systematic uncertainty related to the correction for the 
decay of long-lifetime particles was estimated as the maximum 
relative fluctuation between the corrections predicted by the EPOS-

LHCf, √s=13TeV

Ratio (MC/Data)
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v.s. LHCf 13TeV η > 10.94v.s. LHCf 7TeV η > 10.94 v.s. LHCf 7TeV 8.81 < η < 8.99
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Test of collision energy scaling
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•Consistent with the scaling within the errors 
   Lower ratio at XF<0.4 of the middle plot can be explained by the difference of method  
   with LHCf 7TeV paper. 

•No sensitivity to test weak XF dependency predicted by some models.  
  → Need an effort to reduce the errors in both LHCf and RHICf
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Shower Trg. π0 Trg. High EM Trg. Hadron Trg. ZDC Trg. Pedestal Trg.

Baseline trigger 
Any showers

Two tower coin. 
for π0 (<~ 2 TeV) 
η (2γ) 

High threshold 
π0 (>~1.5 TeV) 
K0s(4γ) 

Deeply developed 
shower for  
hadron showers 
Λ (n+2γ)

Trigger from ZDC = zero bias trigger

2015 operation
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LHCf Operation in 2022
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Upgrade of Silicon readout system
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Hybrid  
12 PACE3

MDAQ board

DOHM board

Receiver  
VME board

Frontend PC

Arm2 Detector

x 8

x 4

Optical link

FEC, TSC 
(PCI board)CLK, TRG, Control

CLK, TRG,  
Control

DataAnalog, 
Digital

Hybrid  
12 PACE3

MDAQ board

PS-CLK board

Network  
Switch Frontend PC

Arm2 Detector

x 8

x 8

Optical link  
(TCP/IP, 1Gbps)

CLK_GENCLK, TRG

CLK, TRG

Data, ControlAnalog, 
Digital

200m
Counting Room (USA15)LHC Tunnel (TAN)Old 

New

✘Limited by  
  VME bus ~ 500 Mbps  
  

✘Unstable optical link 
   due to aging of emitter/receiver 
   No alternative 

✘ Old system 
   Only work at kernel 2.4 
   No spare

10Gbps

Available products (switch/FPGA)Newly designed board

Upgraded
New MDAQ board 

• Readout speed of silicon data 
  for 3k channels, 14 kB/event 

Old system:  0.8 msec / event  
→ New system:  0.1 msec / event

• Readout speed of all data including other data

Old system:  1.2 msec  
→ New system:  ~ 0.4 msec 1/3



Run3 LHCf+ATLAS joint operation
Many physics cases  

Detailed study of diffractive interaction using RPs  
MPI modeling study using very forward neutron 
One-pion-exchange measurement for p-π+ collision study 

33

ZDC Had

Trigger, 
Analog signal

DAQ scheme Improvement from 2015 run
•  Presence of ZDC, RPs 
•  3 ZDC-HAD modules were  
installed for LHCf runs  

•  AFP worked in the full period 
 partially with ALFA  

•  No pre-scaling of LHCf triggers  
 in ATLAS  
  → All 300M events recorded  
     (⇔ 6 M events in 2015) 
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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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Leading p, n

Average Inelasticity 
leading = 
a neutron

n, differential cross-section 

leading = 
any particle

JHEP 2020, 016 (2020)

‣ Inelasiticity (k = 1- Eleading/ECR), energy fraction used for particle productions, 
is one of the most important parameters for understanding CR-air shower development. 

‣ LHCf measures high energy neutrons, which can be leading baryons.  
‣ 40% energy resolution for neutrons. ~ 10% contamination of K0, Λ

CR

LHCf-ATLAS joint analysis is on-going 
with LHCf-neutron samples. 

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

Best agreement model

Inelasticity measurement at pp
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Composition measurement of UHECRs
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UHECR mass composition

Auger, ICRC 2015

Spectrum 
measured 

calorimetrically

³VPRRWK´ LQcUeaVe 
of mean mass

Decreasing 
fluctuations →

mixture masses

UHECR are 
nuclei(?)

Data Model territory
Aab et al. (PAO), PRL 2020

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

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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CR primary energy:  
   109-1020 eV 
     High energy  

   interaction

secondaries’  
  interactions 

Low energy  
interactions 

 Shower Maximum (XMax)

Muon (XµMax, Nµ)

•  A-dependency is mainly 
from difference of σinela

•  XµMax: σinela  
          + particle production 

• Nµ : particle production  
          contribution of wide  
          energy ranges 

•  High energy  
  interactions  
  are more important.

UHECR observation issues

7

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)

Large model dependency of  
UHECR composition measurement 

Muon excess  
Nµdata > NµMC 

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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E=6-16EeV

Several ideas to solve it
• Strange particles 
• Vector meson productions  
• QGP 

Sensitive Eπ0/Ehad for a collision

Results of XMAX measurement 

Interaction model  
uncertainty

Experimental 
uncertainty>


