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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 



High Energy Cosmic-Ray Observation
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Method of UHECR observation
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• 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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UHECR mass composition

Auger, ICRC 2015
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CR primary energy:  
   109-1020 eV 
     High energy  

   interaction

secondaries’  
  interactions 

Low energy  
interactions 

…
.

‣ Reconstruct primary information  
from observed showers 

- Energy 
- Direction  
- Composition (particle type)
Require precise understanding  
high energy interactions

Longitudinal development of 1019eV showers

‣ However, current understanding is not enough  
  -  Diff. model prediction > experimental uncertainty  
  -  Muon deficit problem : 30-50% more muon in data  

Sources of deficit ?
- vector mesons  - strange hadrons (K) - pion interactions  - nuclear effects 



Energy dependency of muon excess
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Muon deficit in simulated showers
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apparent. The energy scale of NEVOD-DECOR is there-
fore taken to be the same as GSF, ENEVOD-DECOR/Eref,GSF⇥
Eref,GSF/Eref = 1 ⇥ 1.08 = 1.08.

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

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

4.2 Combined measurements

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

z =
ln(Nµdet) � ln(Nµdet

p )

ln(Nµdet
Fe ) � ln(Nµdet

p )
, (4)

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

p and Nµdet
Fe are the simulated muon

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

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

p and Nµdet
Fe are available for

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

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

zref = zdata +
� ln(Edata/Eref)

ln(Nµdet
Fe ) � ln(Nµdet

p )
(5)

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

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

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

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

hlnAi
ln 56 . As

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

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

4.3 Energy-dependent trend

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

�z = a + b (log10(E/eV) � 16), (6)

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

PoS(ICRC2021)349

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

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

in reach of LHC
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• Line model with slope fitted to Δz = z – zmass

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

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

Muon excess 

= Composition model + Air Shower MC 

Normalized muon numbers results 
 observed by several CR experiments  
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• Line model with slope fitted to Δz = z – zmass

• Correction to χ2/ndof = 1 applied to take unexplained spread into account
• Slope is 8σ (10σ) away from zero for EPOS-LHC (QGSJet-II.04)
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in reach of LHC
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showers simulated with EPOS-LHC for shower energies
below 1016 eV was too high. After the correction, the z-
values fall between proton and iron. In case of Yakutsk,
the original data suggested very low muon densities with
partly negative z-values. After the correction, the Yakutsk
data is consistent with others within uncertainties. We em-
phasize again that the reference energy-scale after cross-
calibration has a remaining uncertainty of at least 10 %.
This means that z-values in all plots can be collectively
varied by about ±0.25.

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

hlnAi
ln 56 . As

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

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

4.3 Energy-dependent trend

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

�z = a + b (log10(E/eV) � 16), (6)

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

PoS(ICRC2021)349

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

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

in reach of LHC

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

zmass ⇡
hlnAi
ln 56 Dembinski@ICRC2021

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

Muon excess 

= Composition model + Air Shower MC 

Normalized muon numbers results 
 observed by several CR experiments  
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Spin Asymmetry AN of measurements at RHIC
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3.7% polarization scale uncertainty not shown 
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FIG. 6. AN for forward neutron production as function of
(a) pT and (b) xF. Error bars correspond to the statistical
uncertainties, and the boxes represent the total systematic
uncertainties.

are consistent with those by RHICf at
p
s = 510 GeV.

Figure 7 (b) shows the comparison between the two ex-
periments as a function of xF. In the low pT range that
PHENIX covers at

p
s=200 GeV, the asymmetries are

again consistent at both energies and show a flat xF de-
pendence. Figures 7 (a) and (b) suggest that there is no
or only a weak

p
s dependence.

The RHICf data is also compared to model calcula-
tions [7] based on the ⇡ and a1 exchange, as shown in
Fig. 8. The model did not predict the xF dependence
of the neutron AN. In the high xF range, the ANs are
mostly consistent with the model calculations. However,
the model does not reproduce the ANs in the low xF range
where the asymmetries are significantly smaller. This
may be because fragmentation is expected to dominate
neutron production at low xF over Reggeon exchange.

The ⇡ and a1 exchange model partially reproduces the
current results, but does not explain the xF dependence.
In Fig. 6 (a), ANs in 0.40 < xF < 0.60 and 0.60 < xF <
1.00 are consistent in pT < 0.3 GeV/c, but a xF depen-
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FIG. 7. Comparison of the RHICf results with those of
PHENIX as function of (a) pT and (b) xF.

dence is observed for higher pT. In Ref. [7], spin e↵ects
by the absorptive corrections, which are initial/final state
interactions, start to increase from pT⇠0.2 GeV/c. How-
ever, it is also expected in that calculation that the abso-
lute value of the neutron AN is larger in 0.40 < xF < 0.60
than that in 0.60 < xF < 1.00, which is opposite to the
measurements. Other Regge poles like ⇢ and a2 may en-
hance the asymmetry in 0.60 < xF < 1.00 because the
spin e↵ect by the ⇢ and a2 exchange can also have a fi-
nite contribution compared to the ⇡ and a1 exchange in
the higher xF region [25]. More comprehensive theoret-
ical considerations are necessary to understand the xF

dependence in pT > 0.3 GeV/c. Thus far no Reggeon
exchange model and absorptive corrections can explain
the xF dependence in pT < 0.3 GeV/c, therefore more
precise theoretical calculations, or the inclusion of new
processes other than the above production mechanism
may be necessary to explain the present results.

SciPost Phys. Proc. 8, 060 (2022)
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Figure 3: AN of the very forward ⇡0s as functions of (a) pT for several xF ranges
and (b) xF for several pT ranges. Only forward AN was presented in (a). Error
bars represent the statistical uncertainties, and the boxes represent the systematic
uncertainties.

comes. It is also desirable to investigate the same observables in the unexplored kinematic
region between 0.8⇠2.0 GeV/c where the fractions of both partonic and diffractive processes
are comparable.

5 Conclusion

The role of the diffractive process to the ⇡0 asymmetry can be studied by measuring the AN

of the very forward ⇡0. At low pT < 1 GeV/c where the diffractive process is expected to
dominate, large non-zero asymmetries increasing as functions of both xF and pT have been
observed for the first time from the polarized p+p collisions at

p
s = 510 GeV. The asymmetries

show an approximate xF scaling with the forward ⇡0 ones, which may indicate a possible
diffractive contribution to the ⇡0 asymmetries. The RHICf result will be further investigated
by RHICf-STAR combined analysis and a follow-up experiment, RHICf-II.
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Transverse single-spin asymmetries AN of forward neutrons at pseudorapidities larger than 6 had
only been studied in the transverse momentum range of pT < 0.4 GeV/c. The RHICf Collabo-
ration has extended the previous measurements up to 1.0 GeV/c in polarized p + p collisions atp
s = 510 GeV, using an electromagnetic calorimeter installed in the zero-degree area of the STAR

detector at the Relativistic Heavy Ion Collider. The resulting ANs increase in magnitude with pT
in the high longitudinal momentum fraction xF range, but reach a plateau at lower pT for lower
xF. For low transverse momenta the ANs show little xF dependence and level o↵ from interme-
diate values. For higher transverse momenta the ANs show also an indication to reach a plateau
at increased magnitudes. The results are consistent with previous measurements at lower collision
energies, suggesting no

p
s dependence of the neutron asymmetries. A theoretical model based on

the interference of ⇡ and a1 exchange between two protons could partially reproduce the current
results, however an additional mechanism is necessary to describe the neutron ANs over the whole
kinematic region measured.

I. INTRODUCTION

With discovery of a large transverse single-spin asym-
metries (AN) for forward neutron production [1] from
the first polarized p + p collisions at a center of mass
energy (

p
s) of 200 GeV at the Relativistic Heavy Ion

Collider (RHIC), the spin-dependent production mecha-
nism of the forward neutron has attracted great interest
over ten years. The discovery also inspired the PHENIX
experiment to measure the neutron ANs at

p
s = 62 GeV,

200 GeV, and 500 GeV [2] at transverse momenta (pT)
less than 0.4 GeV/c and indicated a possible pT depen-
dence of the neutron AN. The one-pion-exchange (OPE)
model [3–5], that successfully described the unpolarized
forward neutron production [6], introduced an interfer-
ence between spin flip ⇡ and spin nonflip a1 exchange
between the two protons. This theoretical framework re-
produced the PHENIX data reasonably well showing that

the neutron ANs increased with increasing pT with littlep
s dependence [7]. Recently, the ANs at

p
s = 200 GeV

in Ref. [2] were extracted as function of longitudinal mo-
mentum fraction (xF) and pT [8]. The results were con-
sistent with the model calculations, but only relatively
low transverse momenta were accessed.
The AN is defined by a left-right cross section asym-

metry as

AN =
d�left � d�right

d�left + d�right
, (1)

where d�left(right) is the particle production cross section
in the left (right) side of the beam polarization. ANs of
forward particle production at pseudorapidities (⌘) larger
than 6 at RHIC are especially important to study the
production mechanism of the particles in a region where
perturbative quantum chromodynamics is not applicable.
Thus far the neutron AN has been studied only in a nar-
row kinematic range in pT < 0.4 GeV/c, measurements
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Very forward Photon & Neutron @ pp, √s=13TeV
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Figure 4: Comparison of the photon spectra obtained from the experimental data and MC

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

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

data including the statistical and the systematic uncertainties.
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Inelasticity in p-p at √s = 13 TeV
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What we do in next
Measurement of strange particles   
Kaon contribution is one of the candidates of muon puzzle  
• Large σK　induces more muons on the ground due to long-life time of K0 than π0  

• Important for production of atmospheric neutrinos also. 
Detection with  

Process-based measurement with ATLAS
K0

s → 2 π0 → 4 γ
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η meson measurement
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Figure 3. Di-photon invariant mass distribution reconstructed using the LHCf-Arm2 detector
for pairs with pT < 1.1 GeV/c. The blue solid line shows the result of the composite fit on the
distribution, obtained by adding the signal fit distribution (asymmetric Gaussian function, red
line) and the background fit distribution (third-order Chebyshev polynomial function, green line).
Solid and dashed vertical lines indicate the signal and the two background windows, respectively.

4.2.2 Acceptance and branching ratio correction

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

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

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

ffiffiffi
s

p
¼ 7 TeV during LHC Fill 1104. Similar

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

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

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

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

B. Corrections for experimental effects

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

1. Background contamination

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

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

ffiffiffi
s

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

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

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

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

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

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

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

032007-6
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Motivation 
2nd dominant source of photons (EM) in air showers. 
Indirect probe of strange quark production. 
Large discrepancy of predictions between models   
Data and analysis  
pp, √s=13 TeV  
Arm2 detector  
Similar as Type1 π0 analysis
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measured with the LHCf-Arm2 detector in p-p 
collisions at 𝑠=13 TeV, was compared with the 
predictions of four widely used hadronic interaction 
models:

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

None of the models can correctly reproduce the 
experimental distribution over the entire 𝒙𝑭
range. QGSJETII-04 shows the best agreement, 
especially at high 𝑥ி, but a factor ≈ 2 of differences 
is visible at low 𝑥ி.
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DPMJETIII, predict harder 
spectra than data.  
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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 result

O. Adriani et al., JHEP10 (2023) 169
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η/π0 Ratio
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9

¾ The forward Ș/𝝅𝟎 production ratio in p-p 
collision has been measured by the LHCf
experiment.

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

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

¾ The preliminary results indicate that only 
QGSJETII-04 and DPMJET 3.06 are able to
reproduce the shape of the experimental 
distribution.
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‣  Good agreement with data 
‣  Less care about resonances. 
 → flat ratio 

‣ Much larger than data 
‣ These models cares low-mass  
 resonance productions.  
→ contribution from these decays 

‣ Data : constant in the whole 
energy range  
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Measurement of diffractive contribution 

13

• Event selection by Ntracks=0
 Ntracks: the number of tracks detected  
            by ATLAS inner trackers (|η|<2.5, pT > 100 MeV) 

Method

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

⇔ Large rapidity gap
Δη > 5

Identification of diffractive events by ATLAS
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Operation with pp, √s=13.6 TeV in 2022
Successfully completed in Sept 2022 
Record of the longest fill in LHC: 50 hours 
Low luminosity special run L = 0.4 μb-1/s, β* = 19.2 m 
300 M events obtained in total (↔︎ 40 M in 2015) 
thanks to improvement of DAQ speed, higher luminosity, and optimization of 
trigger. 
Physics targets  
Increase statistics of ηand high-energy π0  
       η:  2 k events (2015) → 22 k events (2022) 
     → cross-section measurement in XF-pT bins  
Measurement of strange hadrons (K0s, Λ)

14

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 
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for 5mm

Photo at the control room

14
ICRC 2023, Nagoya (Japan), July 26 - August 3, 2023

LHCf operation in p-p at 13.6 TeV

Confirmation of a 
large increase of η 
statistics:

2.2 x 104, ~10 
times more with 
respect to Run II

Type-I Type-II

Preliminary mass 
spectrum of “type I” 
events (i.e., 1 photon 
in each calorimeter)

IP

K0s 
cτ=2.7cm 2π0 

BR: 31% 4γ  

x10

K0s : expect O(103) events  

These analyses are on-going 

LHCf-Arm2 
pp, √s=13.6 TeV 
2022 

Reconstructed Mγγ distribution



New Trends of High-Energy and Low-x Physics2 Sept. 2024

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

Physics Targets  
Detailed study of single diffractive collisions   
Measurement of proton excitation (Δ+)  
Measurement of Λ (Λ→ n + π0) 
p-π interaction study using OPE processes  

15

LHCf-Arm1 ATLAS ZDC 
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図 7.13 LHCf検出器内でのシャワー発達イメージ。電磁シャワーは検出器の前方で、ハドロンシャワーは後方で発達する。
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図 7.15 LHCf (a)、(b)はそれぞれ TS、TLを表す。
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図 7.16 350 GeV 陽子ビームのデータで LHCf と ZDC の dE 相関図。横軸が LHCf でのエネルギー損失、
縦軸が ZDCでのエネルギー損失。 (a)、(b)はそれぞれ TS、TLを表す。
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図 7.15 LHCfのみを用いて再構成した場合の再構成エネルギー分布。 (a)、(b)はそれぞれ TS、TLを表す。
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図 7.16 350 GeV 陽子ビームのデータでの LHCf と ZDC の dE 相関図。横軸が LHCf でのエネル 損失、
縦軸が ZDCでのエネルギー損失。 (a)、(b)はそれぞれ TS、TLを表す。
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Figure 16: Measured correlation of energy deposit between LHCf and ZDC from the proton incident
events obtained at the joint beam test in 2021. The left and right panels show the results for TS and TL,
respectively.
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図 7.23 再構成エネルギー分布 (新手法③：エネルギーエスティメーターから入射粒子のエネルギーへの変換に
二次関数を用いた場合)。 (a)、(b)はそれぞれ TS、TLを表す。
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図 7.24 再構成エネルギー分布 (新手法④：フィット範囲を限定して求めたエネルギーエスティメーターから入
射粒子のエネルギーへの変換に二次関数を用いた場合)。 (a)、(b)はそれぞれ TS、TLを表す。

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

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

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

KBHQH
(QWULHV� �����
0HDQ�� �������
6WG�'HY��� �������
���QGI��χ �����������

&RQVWDQW� �����±�������
0HDQ����� ����±�������
6LJPD���� �����±�������

� ��� ��� ��� ��� ��� ��� ���
>*H9@UHF(

�

��

��

��

��

��

��

��

��

HQ
WUL
HV
�E
LQ

UHFRQVWUXFWHG�HQHUJ\�ILWUDQJH�636�����SURWRQ����*H9�76�XVLQJ�I��F���
KBHQH

(QWULHV� �����
0HDQ�� �������
6WG�'HY��� �������
���QGI��χ �����������

&RQVWDQW� �����±�������
0HDQ����� ����±�������
6LJPD���� �����±�������

UHFRQVWUXFWHG�HQHUJ\�ILWUDQJH�636�����SURWRQ����*H9�76�XVLQJ�I��F���

(b)

KBHQH
(QWULHV� �����
0HDQ�� �������
6WG�'HY��� �������
���QGI��χ �����������

&RQVWDQW� ����±�������
0HDQ����� ����±�������
6LJPD���� �����±�������

� ��� ��� ��� ��� ��� ��� ���
>*H9@UHF(

�

��

���

���

���

���

���

HQ
WUL
HV
�E
LQ

UHFRQVWUXFWHG�HQHUJ\�ILWUDQJH�636�����SURWRQ����*H9�7/�XVLQJ�I��F���
KBHQH

(QWULHV� �����
0HDQ�� �������
6WG�'HY��� �������
���QGI��χ �����������

&RQVWDQW� ����±�������
0HDQ����� ����±�������
6LJPD���� �����±�������

UHFRQVWUXFWHG�HQHUJ\�ILWUDQJH�636�����SURWRQ����*H9�7/�XVLQJ�I��F���

図 7.24 再構成エネルギー分布 (新手法④：フィット範囲を限定して求めたエネルギーエスティメーターから入
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Figure 17: Distributions of reconstructed energies from the LHCf and ZDC data.

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

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

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

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

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

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

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

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

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

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

効果を取り除いたエネルギー分解能を求めることができた。
7.3.6 新手法④：② +③
エネルギー分解能の評価
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たエネルギー分解能は、TS が �/E � 18.1%、TL が �/E � 17.7% である。新手法③に比べるとエネルギー分解
能が向上していることから、解析範囲を限定する手法はエネルギー分解能の向上に有効であるといえる。再構成エ
ネルギーの平均値は、TSは 341.5 GeV、TLは 363 GeVである。
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図 7.23 再構成エネルギー分布 (新手法③：エネルギーエスティメーターから入射粒子のエネルギーへの変換に
二次関数を用いた場合)。 (a)、(b)はそれぞれ TS、TLを表す。
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図 7.24 再構成エネルギー分布 (新手法④：フィット範囲を限定して求めたエネルギーエスティメーターから入
射粒子のエネルギーへの変換に二次関数を用いた場合)。 (a)、(b)はそれぞれ TS、TLを表す。

効果を取り除いたエネルギー分解能を求めることができた。
7.3.6 新手法④：② +③
エネルギー分解能の評価
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6.5.4節で求めた変換係数を使って再構成した入射エネルギー分布を図 7.24に示す。ガウス関数フィットから求め
たエネルギー分解能は、TS が �/E � 18.1%、TL が �/E � 17.7% である。新手法③に比べるとエネルギー分解
能が向上していることから、解析範囲を限定する手法はエネルギー分解能の向上に有効であるといえる。再構成エ
ネルギーの平均値は、TSは 341.5 GeV、TLは 363 GeVである。

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

17
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Figure 18: Combined acceptance maps for the studied processes with AFP near and far stations, respectively.
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(a) Single di�raction

(b) �+(1232) excitation

(c) # (1440) excitation

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

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

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

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

0 are expected to be detected
on the same side of the interaction point, while for single di�ractive dissociation they would be detected
at opposite sides of the interaction point. The production of excitation states of the proton in soft QCD
interactions has not been measured yet at the LHC but still composes the di�raction process with the lowest
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Single diffractive Δ+(1232)

Fusibility study using MC  
ATL-PHYS-PUB-2023-024



p-O measurement in 2025
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R =
σpO

A σpp
A:  average number of  
     nucleon collision

Nuclear Modification Factor

  
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

8.8 < y < 9.0 9.2 < y < 9.4 9.6 < y < 9.8

neutrons neutrons

π0 π0 π0

pT [GeV/c]
0.0 0.80.4 1.2

R

0.0

0.4

0.8

EPOS-LHCSIBYLL2.3c

QGSJET II-04

Nuclear modification factor 

for π0 production at pO 

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

p-nuclei collisions with LHCf 14

Effect of the Ultra Peripheral Collision (UPC)
Measurement expectations

5 Jul 2024

Central
Collision Peripheral

Collision

QCD UPC

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

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

In p-O collisions, UPC background is negligible and
does not contribute to the final error!
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QCD 
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UPC contribution is negligible   
for “inclusive” measurement 

UPCs are background  
Air :  Oxygen atom (neutral) 
LHC Beam :  Oxygen nucleus (+8e)  
σUPC ∝ Z2 
p-Pb :    QCD ~ UPC 
p-O :      QCD >> UPC 

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

LHCf-ATLAS Joint Analysis

5 Jul 2024

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

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

In p-O collisions, the UPC contribution is
negligible respect to diffraction contribution,
so that the LHCf-ATLAS joint analysis can be
successfully extended to investigate forward
production in p-ion collisions.
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activity in the central region.

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

In p-O collisions, the UPC contribution is
negligible respect to diffraction contribution,
so that the LHCf-ATLAS joint analysis can be
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production in p-ion collisions.
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Measurement expectations

Non-diffractive Diffractive / UPC
Need to be careful in the 
central-forward correlation 
analyses with ATLAS. 
In single diffractive study.  
Little central activity in both  
low-mass diffractive and UPC 
events.  
→ No way to separate  
   these events experimentally. 
The UPC contribution is still a 
controllable level.

Impact on LHCf-ATLAS joint analysis
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Proton Oxygen

Arm2（CR） （Air）

p-nuclei collisions with LHCf 17

The p-O run

5 Jul 2024

Measurement expectations

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

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

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

(s) (s)

2025

*) This schedule might be changed

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

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

23



Thank you very much !!
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Forward Neutron at pp, √s=13 TeV 

26

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

Neutrons in p-p at √s = 13 TeV
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Models do not 
reproduce the peak 
structure at η > 10.75 
and underestimate 
the total cross section 
in this region

For 8.65 < η < 10.75 
either EPOS-LHC or 
SIBYLL 2.3 has the 
best agreement with 
data, depending on 
the pseudorapidity 
region

O. Adriani et al., JHEP07 (2020) 016
Leading p, n

CR

‣ Inelasiticity measurement  
(k = 1- Eleading/ECR),  
→ important parameters for  
　understanding CR-air  
    shower development. 

‣ Update of the past result with 
extension of fiducial regions 

‣ Energy resolution : 40%
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Figure 3. Differential energy flow dEn/dη (left) and differential cross section dσn/dη (right)
of neutrons produced in p-p collisions at

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

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

dEn/dη [GeV]

(E > 500 GeV)

dσn/dη [mb]

(E > 500 GeV)

dEn/dη [GeV]

(E > 0 GeV)

dσn/dη [mb]

(E > 0 GeV)

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

−1.08 181.8+27.0
−25.2 8.38+1.24

−1.23

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

−1.03 210.1+29.0
−27.1 8.38+1.15

−1.13

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

−0.99 244.0+31.7
−30.4 8.40+1.05

−1.05

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

−0.64 224.7+26.1
−27.7 5.57+0.56

−0.65

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

−0.41 179.2+21.0
−21.0 3.85+0.38

−0.41

η > 10.75 43.0+4.8
−4.3 0.79+0.07

−0.07 43.0+4.8
−4.3 0.80+0.08

−0.07

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

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

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

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

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

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

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

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

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

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

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

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

– 13 –

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

Best agreement model
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Preparation status 
DAQ system already prepared in USA15 (ATLAS counting room) 
DAQ speed improvement : Max. rate 1.6 kHz (2022)→ 3.3 kHz 
   → increase #events of photons and neutrons 
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p-nuclei collisions with LHCf 18

LHCf: status of preparation

5 Jul 2024

Measurement expectations

• DAQ system already prepared in USA15
• Detector Arm2 tested in USA15
• Minor upgrade of the firmware of the silicon DAQ
• Test of optical fibers between USA15 and tunnel 

completed in June 2024

To Be Done:
• Preliminary test of the Arm2 detector +  DAQ with 

the detector located in the tunnel
• Finalization of the trigger schemes
• Test of the slow control system

Test of the Arm2 detector in USA15 on Feb 2024

p-O run current scheduled in June 2025

Test of the Arm2 detector in USA15 in Feb 2024 Schedule in the next one year.  
This winter  
• Test of DAQ with the full system   
• Test of LHCf + ATLAS common operation  
• Setup onsite quick analysis system.  
Operation in July 
• Final test of detector, DAQ etc just before the run. 
Beam test at SPS 
• Energy calibration using e- and p beams 
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Contents 
‣ Results from Run 2 data (pp, √s=13 TeV in 2015） 
- inelasticity measurement using forward neutron 
- η meson production cross-section  

‣ Status of analyses with Run 3 data (pp, √s=13.6 TeV in 2024) 
- Physics targets  
- Joint operation with ATLAS 

‣ Oxygen run in 2025 
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Estimators of Mass Composition

30

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 hs2

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 s2(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 s2(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>
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On-going Joint analyses with ATLAS 

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

3

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

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


500GeV < Etrue < 1500GeV

Etrue > 4500GeV

EPOS-LHC & QGSJET II-04:  

前方に高エネルギー粒子がある場合、
大角度の粒子の生成数が大きく減少

SIBYLL & PYTHIA :  

前方に高エネルギー粒子があっても、
大角度の粒子の生成数は比較的多い

エネルギーが大きくなるほど粒子の生成数は増える。

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

大角度の粒子の生成数
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Nch in ATLAS



6 Trigger modes
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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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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 
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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) 
        


