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Transition: Galactic → Extra Galactic
Transition region 
Galactic cosmic-rays: Highest energy 
Extra galactic cosmic-rays: Low energy tail 
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Important for both !! 
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•Spectrum  
•Mass Composition 



Estimators of Composition
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 Shower Maximum (XMax)

Muon (XµMax, Nµ)

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

Spectrum 
measured 

calorimetrically

“smooth” increase 
of mean mass

Decreasing 
fluctuations →

mixture masses

UHECR are 
nuclei(?)

Data Model territory
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Muon measurements in air showers
• Muons in air showers studied with ground arrays since 1970ies (Haverah Park…)

• Air shower simulations had to catch up with experiments in early days

• Hybrid experiments ideal: combined longitudinal and ground information
• 2000: First evidence for muon excess with hybrid detector by HiRes-MIA 

Phys.Rev.Lett. 84 (2000) 4276-4279

• 2015/16: Evidence for muon excess from Auger up to 3σ
Phys.Rev.D 91 (2015) 3, 032003
Phys.Rev.Lett. 117 (2016) 19, 192001
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FIG. 2. Average muon density at 600 m from the shower core.
Same as Fig. 1.

of Cerenkov light. These are related since atmospheri-
cally scattered Cerenkov light can masquerade as fluores-
cence light if not accounted for properly. For atmospheric
scattering, there was uncertainty in the aerosol concentra-
tion and vertical distribution. The uncertainty, equivalent
to 1 standard deviation about the mean, is expressed as a
range of possible horizontal extinction lengths for aerosol
scattering at 350 nm (taken as 11 to 17 km based on mea-
surements using xenon flashers) [13] and a range of scale
heights for the vertical distribution of aerosol density above
the mixing layer (taken as 0.6 to 1.8 km). For Cerenkov
light production, we have varied the angular scale for
the Cerenkov emission angle over a 1 standard deviation
equivalent. At ground level, we take the distribution as
an exponential function of the angle from the shower axis,
with a scale of 4.0± 6 0.3± [1]. Those uncertainties are
shown by the shaded area in Fig. 1.
The systematic error in the energy is 25% and comes

from fluorescence efficiency uncertainty [5], detector cali-
bration uncertainty [14], and the atmospheric corrections
[12]. The first two are intrinsically independent of the pri-
mary particle energy over this range. The fluorescence
efficiency has been measured with an error of 10%. The
percentage atmospheric corrections are also independent of
energy because the sample of showers is restricted to core
locations within 2 km of MIA center. Therefore there is
no significant atmospheric path length difference between
EAS and detector for different energies. An energy inde-
pendent systematic fractional error in energy has no effect
on the measured elongation rate and m content index. The
magnitude of the systematic error in energy due to atmo-
spheric attenuation can be estimated by varying the atmo-
spheric parameters over the range described above. It is
not greater than 10%. The detector calibration systematics
is less than 5%.
Also shown in Figs. 1 and 2 are Monte Carlo simula-

tion results. These full shower simulations have been per-

formed using the CORSIKA package [15], employing QGSJET
[16] and SIBYLL [17] hadronic interaction models. We
have generated 4000 showers covering the energy from
3 3 1016 to 5 3 1018 eV and at any zenith angle out to
60±. We then pass those showers through a realistic simu-
lation of the detector with an energy spectrum starting at
a minimum energy which is well below the HiRes!MIA
threshold. 8000 proton and 4000 iron showers are gener-
ated with this detector simulation. With a thorough simu-
lation of the fluorescence and Cerenkov light production,
atmospheric molecular and aerosol scattering related at-
tenuation, sky noise, geometric and electronic response of
the detector and triggering, the generated events are passed
through the same reconstruction and cuts as applied to the
data. The simulated events show that the distributions of
energy, impact parameter, Rp , and zenith angle are well
predicted by the simulation [11]. The number of simu-
lated iron showers is comparable with the experimental
triggered event number, while we have doubled the proton
events since they have more fluctuation in shower develop-
ment. Both experimental and simulated event distributions
show the same structure and tail behavior with similar sta-
tistics after reconstruction and cuts.
We find that a pure proton flux and the QGSJET model

gives an elongation rate of a0 ! 58.5 6 1.3 "g!cm2#!de-
cade and a m content index of b0 ! 0.83 6 0.01!decade
over the range from 1017 to 1018 eV. For a pure iron
composition and the QGSJET model we find corresponding
values of a0 ! 60.9 6 1.1 "g!cm2#!decade and the same
b0 ! 0.83 6 0.01 "g!cm2#!decade as for protons. Re-
sults from SIBYLL show similar elongation rates, but have
the Xmax approximately 25 g!cm2 deeper than QGSJET.
SIBYLL also predicts significantly fewer muons at 600 m
for both proton and iron showers. The effect of any trigger-
ing and reconstruction biases is very small for Xmax, as can
be seen in Fig. 1 by comparing these reconstructed data
(dots) with the “input” (lines) directly from CORSIKA. The
application of well chosen cuts has resulted in a bias-free
measurement of the elongation rate. However, for muon
density measurement, reconstruction effects change the in-
dex by 8%. We suspect that the presence of an asymmetry
in core distance error can result in a small overestimate of
the muon density. This effect may change with shower en-
ergy. We have looked into the possibility of a bias due to
the influence of the maximum muon hit cut. However, low
energy showers are detected with cores relatively close to
MIA while higher energy showers have more distant cores.
As a result, the number of muon counters hit is approxi-
mately independent of energy, resulting in minimal biasing.
We obtain an apparently larger elongation rate and a

smaller m content index than those from the simulation
based on a single chemical primary, either proton or iron.
Both discrepancies, in the same direction, lend support to
the hypothesis that the cosmic ray composition is chang-
ing towards a lighter mix of nuclei from 1017 to 1018 eV.
HiRes and MIA reach the same conclusion by using dif-
ferent experimental techniques and measuring different
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HiRes and MIA collabs. Phys.Rev.Lett. 84 (2000) 4276-4279

hlnR!i numerically based on our fitted model of the
intrinsic fluctuations:

hlnR!i!1019 eV" #
Z

!

0
lnR!N !R!"dR!

# 0.601$ 0.016%0.167
"0.201!sys"; !8"

where N !R!" is a Gaussian with mean hR!i and spread
"&R!' as obtained from the fit. The deviation of hlnR!i from
lnhR!i is only 2% so that the conversion does not lead to a
noticeable increase in the systematic uncertainty.
Several consistency checks were performed on the data

set. We found no indications for a seasonal variation, or for
a dependence on the zenith angle or the distance of the
shower axis to the fluorescence telescopes.

V. MODEL COMPARISON AND DISCUSSION

A simple comparison of our data with air showers
simulated at the mean zenith angle # # 67° with the
hadronic interaction models QGSJETII-04 and EPOS
LHC is shown in Fig. 4. The ratio hR!i=!E=1019 eV"
cancels most of the energy scaling, and emphasizes the
effect of the cosmic-ray mass A on the muon number. We
compute the ratio from Eq. (4) (line), and alternatively by a
binwise averaging of the original data (data points). The

two ways of computing the ratio are visually in good
agreement, despite minor bin-to-bin migration effects that
bias the binwise method. The fitting approach we used for
the data analysis avoids the migration bias by design.
Proton and iron showers are well separated, which

illustrates the power of hR!i as a composition estimator.
A caveat is the large systematic uncertainty on the absolute
scale of the measurement, which is mainly inherited from
the energy scale [38]. This limits its power as a mass
composition estimator, but we will see that our measure-
ment contributes valuable insights into the consistency of
hadronic interaction models around and above energies of
1019 eV, where other sensitive data are sparse.
A hint of a discrepancy between the models and the data

is the high abundance of muons in the data. The measured
muon number is higher than in pure iron showers, sug-
gesting contributions of even heavier elements. This
interpretation is not in agreement with studies based on
the depth of shower maximum [40], which show an average
logarithmic mass hlnAi between proton and iron in this
energy range. We note that our data points can be moved
between the proton and iron predictions by shifting them
within the systematic uncertainties, but wewill demonstrate
that this does not completely resolve the discrepancy. The
logarithmic gain dhlnR!i=d lnE of the data is also large
compared to proton or iron showers. This suggests a
transition from lighter to heavier elements that is also seen
in the evolution of the average depth of shower maximum.
We will now quantify the disagreement between model

predictions and our data with the help of the mass
composition inferred from the average depth hXmaxi of
the shower maximum. A valid hadronic interaction model
has to describe all air shower observables consistently. We
have recently published the mean logarithmic mass hlnAi
derived from the measured average depth of the shower
maximum hXmaxi [40]. We can therefore make predictions
for the mean logarithmic muon content hlnR!i based on
these hlnAi data, and compare them directly to our
measurement.
We consider QGSJET01, QGSJETII-03, QGSJETII-04,

and EPOS LHC for this comparison. The relation of hXmaxi
and hlnAi at a given energy E for these models is in good
agreement with the prediction from the generalized Heitler
model of hadronic air showers,

hXmaxi # hXmaxip % fEhlnAi; !9"

where hXmaxip is the average depth of the shower maxi-
mum for proton showers at the given energy and fE an
energy-dependent parameter [4,41]. The parameters
hXmaxip and fE were computed from air shower simula-
tions for each model.
We derive a similar expression from Eq. (1) by

substituting N!;p # !E=$c"% and computing the average
logarithm of the muon number

FIG. 4 (color online). Average muon content hR!i per shower
energy E as a function of the shower energy E in double
logarithmic scale. Our data is shown bin by bin (circles) together
with the fit discussed in the previous section (line). Square
brackets indicate the systematic uncertainty of the measurement;
the diagonal offsets represent the correlated effect of systematic
shifts in the energy scale. The grey band indicates the statistical
uncertainty of the fitted line. Shown for comparison are theo-
retical curves for proton and iron showers simulated at # # 67°
(dotted and dashed lines). Black triangles at the bottom show the
energy bin edges. The binning was adjusted by an algorithm to
obtain equal numbers of events per bin.

A. AAB et al. PHYSICAL REVIEW D 91, 032003 (2015)

032003-8

Pierre Auger collab. Phys.Rev.D 91 (2015) 3, 032003

•  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 
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   interaction

secondaries’  
  interactions 

Low energy  
interactions 
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空気シャワー発達とNμ
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Cosmic-rays (p, e, γ)

1st 衝突 バリオン π+,π+,π-,π- .. π0,π0….

1次宇宙線エネルギー

電磁シャワー

π± : π0 = 2 : 1Elasticity 

2nd 衝突

電磁シャワー

4th 衝突
π→ µ + ν

Nth 衝突 電磁シャワー

π→ µ + ν Nµ = EHAD / Ecritical
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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 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 ! 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 ! 1.00" 0.10 for the

mixed composition fit with EPOS-LHC, and RE ! 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 ! 1.33" 0.16 (statistical and
systematic uncertainties combined in quadrature), while for
QGSJet II-04, Rhad ! 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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• Vector meson productions  
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Composition estimated from muon
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z-scale and energy-scale calibration

H. Dembinski - Muon Puzzle and LHC 7

Abstract muon scale
independent of experiment,
dependent on air shower model

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

sim

sim sim

data

• Original data adjusted with energy-scale cross-calibration (this figure)
• Removes relative systematic shifts between experiments, consistent with uncertainties
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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
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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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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
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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 for cosmic-ray physics 

8

p, n 
π+,π- π0

Hadronic interaction 
CR - N or O 

Leading particle production  

Energy dependency (scaling) 

Multiplicity 

Motivation:
Precise understanding of hadronic interaction 
at high energy is key to improve the cosmic-ray 
observation using air-shower technique.  
  → CR composition (p, CNO, Fe) measurement  
  → Muon deficit problem 

Key items: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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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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Collision Energy Scaling (Feynman Scaling)

9

Collision energy scaling of particle production  
in forward region (XF >= 0.2) was proposed  
by Feynman. 
XF = pL / pbeam ~ E / Ebeam

Based on the phenomenological model (using reggion) 
Not theoretically supported  

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

!!!
s

p
! 2.76 TeV

are unavailable outside this range. The xF distributions at!!!
s

p
! 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

!!!
s

p
!

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

!!!
s

p
! 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

!!!
s

p
! 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 !0s at
!!!
s

p
! 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

!!!
s

p
! 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 (#y 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 p# p
collisions and "10 GeV in p# 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
"inel

d"
dxF

# $1 ! xF%#; $9%

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

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

!!!
s

p
! 7 TeV (filled black

circles) is # $ 3.7 at pT < 0.6 GeV and decreases to
# $ 3.0 at 0.6 < pT < 1.0 GeV. The reduction of # 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 p# p collisions at!!!
s

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

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

!!!
s

p
! 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
p# Pb collisions at

!!!!!!!!
sNN

p ! 5.02 TeV (filled blue

FIG. 20. The !0 yield at 0.0 < pT < 0.4 GeV as a function of
xF. Open red circles and filled black circles indicate LHCf data in
p# p collisions at

!!!
s

p
! 2.76 and 7 TeV, respectively.

FIG. 21. The !0 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 p# p collisions at

!!!
s

p
! 2.76 and 7 TeV,

respectively.

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

032007-20

Test of π0 production by LHCf 

scaling is working  
but the energy difference is small (x~3)
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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 



RHICf experiment
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Arm1 detector  
in RHIC tunnel

•p+p √s = 510 GeV  
(radially polarized beam) 

• Test of energy scaling with the wide pT range.  
• The operation was successfully completed  
in June 2017  

•RHICf covers η >6.1 
• Common operation with STAR 

Run 17 operation 

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

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

• TL (large tower): 40mm x 40mm 

• Tungsten absorber (44 X0, 1.6 Oint) 

• 16 GSO sampling layers

• 4 XY pairs of GSO-bar position 
layers 

September 10, 2020 7

40mm

20mm

•Sampling and Positioning Calorimeter  
•W (44 r.l  , 1.7λI ) and 16 GSO scintillator layers  
• Four positioning sensitive layers;  
    Arm1: XY-hodoscope of GSO bars (1mm step)  
    Arm2: XY-Silicon strip (160 µm step) 
• Each detector has two calorimeter towers,  
  which allow to reconstruct π0 

Detector Operation
= LHCf Arm1
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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 Preliminary

RHICf  
p-p √s=510GeV 

(2017)
1.4x1014 Submit soon 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



Photon measurement by RHICf
Inclusive production cross-section measurement of forward photons 
Good performance for photons  

• Energy resolution: 3-5%  (~40% for neutrons) 
• Position resolution: 0.1-0.2 mm (~1mm for neutrons) 

Simpler method than π0 and neutrons 
• PID selection and background estimation   
• High statistics data  

Photons are from π0  dand η decays  

Test of collision energy scaling (Feynman scaling law)  
Comparison with LHCf results (√s = 7, 13 TeV) 

• Test of scaling at zero degree with “π0” by LHCf (2.76 ⇔ 7 TeV) 
This work can test it in much wider energy range (0.5 ⇔ 13 TeV). 
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Run 17 results 

• S0 asymmetry 

• Transverse single-spin asymmetry for very forward 
neutral pion production in polarized p+p collisions at �s 
= 510 GeV 

• Phys. Rev. Lett. 124, 252501 (2020) 

• Research News 

• https://www.riken.jp/en/news_pubs/research_news/pr/2020
/20200623_1/index.html (RIKEN) 

• https://www.bnl.gov/newsroom/news.php?a=117099 (BNL)

• Asymmetry ~ 0 backward & forward pT < 0.07 GeV/c
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RHICf, PRL 124, 252501 (2020)
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Method
Data set 
All data obtained in 2017  
Three detector positions 
Shower and HighEM trigger samples  

Event selection  
PID selection (Photon like) 
Singe hit selection   
Fiducial area selection (right figures) 

Analysis method 
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Figure 8. (Left) Bunch ID distribution of TS-shower trigger events obtained in Fill 21148. (Right) Ratio of
estimated background in photon sample obtained by TS.

colliding bunch with the blue beam passing the IP toward the detector, which is shown as the bunch
ID 31-39 in figure 8, and almost all events resulted from the beam-gas collisions. In another set of
noncolliding bunches, ID 111-119, the yellow beam passed the IP outward from the detector, and
the background was negligibly small.

Considering the variation in beam intensities between the bunches, the beam-gas background in
the colliding bunches, #bkg, was estimated as

#bkg =

Õ
8=(col.) �8Õ

8=(non�col.) �8
#non�col., (4.1)

where #non�col. denotes the number of events associated with the noncolliding bunches with blue
beams, and �8 represents the beam intensity for the 8-th colliding or non-colliding bunch.

The energy distributions of the beam-gas background events were similar to those of the signals.
The right-hand side plot presented in figure 8 shows the ratio of the estimated background spectrum
for photons to the photon spectrum of the colliding bunch events (signal + background) as a function
of photon energy. The background fraction was approximately 1.6% and was less influenced by the
photon energy.

5 Performances during operation

5.1 Trigger performance

The e�ciencies of the shower and high-EM triggers were evaluated using the obtained data and
simulation. Subsequently, the triggers were generated from a combination of discriminator-hit
signals, as discussed in section 4, and the hit patterns of all the discriminator channels were
recorded along with the calorimeter data for each event. The threshold curve of each discriminator
channel was measured based on the data of the hit flag and the recorded energy deposition of the
corresponding scintillator layer. The results of the fourth and fifth scintillator layers, corresponding
to the high-threshold channels of 500 MeV and the typical channels with a nominal threshold of
45 MeV are presented in figure 9.

– 10 –

RBKG : Beam gas background 

•Collision btw. beam and radical gas  
•Estimated using non-colliding bunches 
•~ 2% 

#Event in each bunch ID

CPID purity : Hadron contamination

2021 JINST 16 P10027
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Figure 5. Energy (left) and position (right) resolutions for photons. Lines represent resolution estimated
from full-detector simulation; markers represent resolutions obtained using electron beams at CERN SPS [18]
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Figure 6. !90% distribution of events in TL with reconstructed energies within 80-100 GeV. Template
distributions normalized by the template-fit result for photons and neutrons are represented by red and blue
dashed lines, respectively. Total number of template distributions is shown with black line.

criterion was !90% < !90%,C⌘A , where !90%,C⌘A reflects an !90% threshold, thereby maintaining a
90% survival e�ciency of photons. The value of !90%,C⌘A depends on the reconstructed energy
and ranges from 15.5 -0 to 17.5 -0 for 30–200 GeV. Moreover, the ine�ciency of photons and
contamination of hadrons were estimated using a template-fit method of the !90% distribution onto
distributions of pure photon and neutron MC samples illustrated by the dashed red and blue lines,
respectively. The !90% distributions of data are well described by the template distributions, while a
small inconsistency, di�erence of mode values for photons, was found in low energies of < 50 GeV.
The inconsistency is considered as a systematic uncertainty.

– 7 –

•Contamination of hadrons (neutrons) 
in the PID selection   

•Estimated the purity using template fitting  
of PID estimator (L90%)

Blue beam (incoming) 
Non-colliding bunches 

Yellow beam (outgoing) 

Photons

Neutrons
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CMC : Efficiency and Multi-hit

•Corrections of   
•Trigger efficiency 
•Selection efficiency in PID, Single-hit 
•Contribution of photons in multi-hit events  

•Estimate using full detector simulation 

Ccτ : long-life particle contribution

•Photons from K0, Λ decays   
   K0 → 2π0 → 4γ 
　Λ  → n + π0 → n + 2γ 

•Subtract these contributions for easy  
comparison with models. 

•Estimated using MC
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Spin direction dependency 
Large AN in π0 induces  
the spin direction dependency.

18

Run 17 results 

• S0 asymmetry 

• Transverse single-spin asymmetry for very forward 
neutral pion production in polarized p+p collisions at �s 
= 510 GeV 

• Phys. Rev. Lett. 124, 252501 (2020) 

• Research News 

• https://www.riken.jp/en/news_pubs/research_news/pr/2020
/20200623_1/index.html (RIKEN) 

• https://www.bnl.gov/newsroom/news.php?a=117099 (BNL)

• Asymmetry ~ 0 backward & forward pT < 0.07 GeV/c
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Combining the sample after normalization  
by Integral luminosity 
the effect can be cancelled out. 

ΔΦ = 360° Φ = 80°-100°



Systematic uncertainties 
Energy Scale  

Stability, Non-linearity, Non-uniformity 
PID  

Difference of L90% distribution between data and MC 
Single hit selection ± 1%  

Estimated by LHCf using beam test data. 
Multi-hit events  

Model dependency (QGSJET2 and EPOSLHC)  
Beam gas ~±1.5% 

Consider photon energy dependency   
Beam Center 

Consider the uncertainty of BC determination. 
Cctau (long life particle contribution)  

Deviation among models  
Luminosity ~±5%　
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Figure 1: Systematic uncertainties of the photon production cross-section measurement
for the pseudorapidity region 8.0 < ⌘ < 8.5. The colored and dashed lines indicate the
estimated systematic uncertainties after normalization by the mean values of the exper-
imental data. The black line indicates the total systematic uncertainties calculated as
quadratic summations of all the uncertainties.

correction factors RBKG, CMC, and Cc⌧ described in Sec. 3.2. Fig. 1 shows177

the estimated systematic uncertainties for the pseudorapidity region 8.0 <178

⌘ < 8.5 as a typical example.179

• Energy scale180

There are three components considered as systematic uncertainty of181

the energy scale. The first is the stability of energy scale during the182

operation. It was monitored using the position of ⇡0 mass peak on the183

reconstructed-mass distribution, and it was stable within ±1% [13].184

The second is non-linearity. It was observed that the peak-mass value185

of the ⇡0 was shifted with increasing the ⇡0 energy corresponding186

to the total of the photon-pair’s energy [13]. Assuming as the shift187

is originated only from the non-linearity of the energy scale conserva-188

tively, the corrected photon energy E 0 was obtained as E 0 = (1.03 �189

0.25 (E/100GeV))E, where E is the original value of the reconstructed190

energy. The last is non-uniformity of the energy scale. It was evalu-191

ated from the consistency test of spectra obtained with dividing the �192

range. The impact of each energy scale uncertainty on the final result193

was estimated by repeating the analysis with changing the energy scale194

artificially. Because of the steep slope of the spectrum, large systematic195

uncertainties over 50% are induced in the highest energy bin.196

8

Estimated Uncertainties 



Results



Inclusive production cross-section
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Ratio (MC/Data)
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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 ! > 10.94, 
which covers the zero-degree collisions angle. The right figure presents those for 8.81 < ! < 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 e!ciency 
(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



Test of collision energy scaling
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Comparison with LHCf (√s = 7 and 13 TeV) photon results. 
Selected same XF-pT phase space coverage as those results  
Normalized by σinela.  (σinela = 48.3, 72.9, 79.5 mb for 0.5, 7, 13 TeV)

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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Ratio (7TeV or 13TeV/ 510GeV)
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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 together with LHCf Collaboration
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First confirmation of collision-energy scaling at zero degree photons.   



Summary
The measurement of inclusive production cross-section of very forward 
photons at pp collisions, √s=510 GeV was performed. 

The result was compared with model predictions  
EPOSLHC, DPMJETIII (2019): good in XF < 0.6 or 0.3 
QGSJET II-04, SIBYLL 2.3d: lower or higher yield in lower η regions. 
=> This feature is similar as LHCf results at 7 and 13 TeV 
     It suggest the common source in the wide energy regions   

Collision energy scaling was confirmed within the errors  
Wider energy region than LHCf π0 result (2.76 - 7 TeV) 
Improvement of error is required to test the weak XF dependency predicted by models  

Future prospects: 
Test of scaling with π0 and neutrons   
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Advantage of RHICf+STAR
Higher statistics than LHCf+ATLAS 
~100 M events are available (w/ TPC ~ 30%) 
⇔　7 M events of LHCf+ATLAS  (pp,√s=13TeV) 

Large π0 samples  

Experience of LHCf-ATLAS joint analysis 
Developed method can be applied to RHICf + STAR analyses too. 

Availability of ZDC, RPs 
ZDC was located behind of RHICf  
RP was installed in one of the 5 Fills 
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