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It is proposed that the 100-TeV threshold for the appearance of anomalies in cosmic-
ray interactions is associated with the critical energy of about 60 OeV/nucleon center-
of-mass energy for phase transition to quark matter in nucleus-nucleus interactions.
This proposal implies that the high-energy primary spectrum contains a significant
heavy nuclear component (e.g. , Fe).
PACS numbers: 94.40.ac, 12.35.Ht, 13.85.Tp, 21.65.+f

Whereas cosmic-ray-induced interactions be-
low 100 TeV can be satisfactorily described in
terms of standard ideas regarding hadronic inter-
actions, "anomalies" appear above a threshold of
about 100 TeV.' lt is clear that these anomalies
are not rare or exotic occurrences, but are fea-
tures of a large subset of the interactions; i.e.,
they manifest themselves at the 10~/& level or
above. It is also clear that these features are
not observed in low-energy accelerator data.
The highlights of the list' could be cast in the fol-
lowing form: (i) There is abundant deposition of
energy in the electromagnetic (neutral) compo-
nent. (ii) The final state contains a penetrating
component indicating the presence of secondaries
with large interaction length or small cross sec-
tion. Occasional observation of a parallel bundle
of penetrating particles (muons). (iii) Isolated
events are observed with large multiplicity and
anomalous charged-to-neutral composition of the
secondaries (Centauro). Indications of both (i)
and (ii) are observed in air-shower analysis, in
emulsions, and in the observation of showers in
the Tien-Shan- Pb calorimeter.
Mechanisms have been proposed for the various

anomalies in the above list. We feel that they
lack credibility in one important aspect: Every
item has a corresponding explanation;, no uniform
explanation for anomalies above 100 TeV exists.
We propose that these observations reveal the
presence of heavy nuclear primaries in the high-
energy spectrum (e.g. , Fe); when they interact
with nuclei in the atmosphere or in a calorimeter,
quark matter is formed. Its presence reveals it-
self in a multitude of ways which show an intrigu-
ing correlation with the list of anomalies pre-
viously itemized and also explains the 100-TeV
value for its threshold of observation.
The main point of this paper is not to explain

all of high-energy cosmic-ray physics, but to
point out that the very important question of com-

position could be settled in an unconventional way:
One observes signatures" of quark-matter for-
mation in isolated events or experiments, thus
establishing the presence of nuclear primaries.
Convincing arguments' have been made that in

nucleus-nucleus collisions in the center-of-mass
energy range of 60 GeV/nucleon the energy densi-
ty of quarks and gluons is about 2 GeV/fm', which
is in excess of the energy density of quarks inside
a nucleon (0.5 GeV/fm'). Therefore, quarks and
gluons cannot be identified any more with individ-
ual nucleons and we have a phase transition to
quark matter. This large density results from
heating of the projectile and target through indi-
vidual nucleon-nucleon interactions as well. as
the compression of the nuclei when traversing
one another. It should be realized that the situa-
tion is essentially different from a hadron-nu-
cleus interaction. After the projectile fragments
are excited by traversing the target, they re-
scatter from one another before emerging as
secondaries. This heating is responsible for the
exceeding of the critical temperature. The en-
ergy deposition in the projectile can clearly be
computed from known nucleon-nucleon data: One
simply asks how many secondaries are trapped
inside the nucleus and are produced with suffi-
cient transverse momentum (pr) to rescatter'
(i.e., heat the nucleus). This requirement of a
sufficient P r will lead to an enrichment of heavy
quarks (mainly strange and charm) in the plasma,
especially at high energies, because heavy quarks
are produced with increased transverse momen-
tum. This effect is already visible in the lower-
energy calculation of Anishetty, Koehler, and
McLerran' when trapped n/K abundances are
compared.
The ensuing scenario can now be easily recon-

structed. The threshold of 100 TeV signals the
crossing of the critical temperature. For Fe-air
collisions this threshold corresponds to a c.m.

I 1982 The American Physical Society 771

3Tuesday, May 9, 17



COMPREHENSIVE EXPLANATION OF UHECR ANOMALIES:
QUARK MATTER FORMATION BY HEAVY NUCLEAR PRIMARIES

Luis A. Anchordoqui

Work done in collaboration with Haim Goldberg and Tom Weiler
PRD 95 (2017) 063005

VOLUME 48$ NUMBER 11 PHYSICAL REVIEW LETTERS 15 MARCH 1982

Comprehensive Explanation of Cosmic-Ray "Anomalies": Quark Matter Formation
by Heavy Nuclear Primaries
F. Halzen and H. C. Liu&'&

Physics Department, University of Wisconsin Ma-dison, Madison, Wisconsin 53706
(Received 21 December 1981)

It is proposed that the 100-TeV threshold for the appearance of anomalies in cosmic-
ray interactions is associated with the critical energy of about 60 OeV/nucleon center-
of-mass energy for phase transition to quark matter in nucleus-nucleus interactions.
This proposal implies that the high-energy primary spectrum contains a significant
heavy nuclear component (e.g. , Fe).
PACS numbers: 94.40.ac, 12.35.Ht, 13.85.Tp, 21.65.+f

Whereas cosmic-ray-induced interactions be-
low 100 TeV can be satisfactorily described in
terms of standard ideas regarding hadronic inter-
actions, "anomalies" appear above a threshold of
about 100 TeV.' lt is clear that these anomalies
are not rare or exotic occurrences, but are fea-
tures of a large subset of the interactions; i.e.,
they manifest themselves at the 10~/& level or
above. It is also clear that these features are
not observed in low-energy accelerator data.
The highlights of the list' could be cast in the fol-
lowing form: (i) There is abundant deposition of
energy in the electromagnetic (neutral) compo-
nent. (ii) The final state contains a penetrating
component indicating the presence of secondaries
with large interaction length or small cross sec-
tion. Occasional observation of a parallel bundle
of penetrating particles (muons). (iii) Isolated
events are observed with large multiplicity and
anomalous charged-to-neutral composition of the
secondaries (Centauro). Indications of both (i)
and (ii) are observed in air-shower analysis, in
emulsions, and in the observation of showers in
the Tien-Shan- Pb calorimeter.
Mechanisms have been proposed for the various

anomalies in the above list. We feel that they
lack credibility in one important aspect: Every
item has a corresponding explanation;, no uniform
explanation for anomalies above 100 TeV exists.
We propose that these observations reveal the
presence of heavy nuclear primaries in the high-
energy spectrum (e.g. , Fe); when they interact
with nuclei in the atmosphere or in a calorimeter,
quark matter is formed. Its presence reveals it-
self in a multitude of ways which show an intrigu-
ing correlation with the list of anomalies pre-
viously itemized and also explains the 100-TeV
value for its threshold of observation.
The main point of this paper is not to explain

all of high-energy cosmic-ray physics, but to
point out that the very important question of com-

position could be settled in an unconventional way:
One observes signatures" of quark-matter for-
mation in isolated events or experiments, thus
establishing the presence of nuclear primaries.
Convincing arguments' have been made that in

nucleus-nucleus collisions in the center-of-mass
energy range of 60 GeV/nucleon the energy densi-
ty of quarks and gluons is about 2 GeV/fm', which
is in excess of the energy density of quarks inside
a nucleon (0.5 GeV/fm'). Therefore, quarks and
gluons cannot be identified any more with individ-
ual nucleons and we have a phase transition to
quark matter. This large density results from
heating of the projectile and target through indi-
vidual nucleon-nucleon interactions as well. as
the compression of the nuclei when traversing
one another. It should be realized that the situa-
tion is essentially different from a hadron-nu-
cleus interaction. After the projectile fragments
are excited by traversing the target, they re-
scatter from one another before emerging as
secondaries. This heating is responsible for the
exceeding of the critical temperature. The en-
ergy deposition in the projectile can clearly be
computed from known nucleon-nucleon data: One
simply asks how many secondaries are trapped
inside the nucleus and are produced with suffi-
cient transverse momentum (pr) to rescatter'
(i.e., heat the nucleus). This requirement of a
sufficient P r will lead to an enrichment of heavy
quarks (mainly strange and charm) in the plasma,
especially at high energies, because heavy quarks
are produced with increased transverse momen-
tum. This effect is already visible in the lower-
energy calculation of Anishetty, Koehler, and
McLerran' when trapped n/K abundances are
compared.
The ensuing scenario can now be easily recon-

structed. The threshold of 100 TeV signals the
crossing of the critical temperature. For Fe-air
collisions this threshold corresponds to a c.m.

I 1982 The American Physical Society 771

4Tuesday, May 9, 17



COMPREHENSIVE EXPLANATION OF UHECR ANOMALIES:
QUARK MATTER FORMATION BY HEAVY NUCLEAR PRIMARIES

Luis A. Anchordoqui

Work done in collaboration with Haim Goldberg and Tom Weiler
PRD 95 (2017) 063005

VOLUME 48$ NUMBER 11 PHYSICAL REVIEW LETTERS 15 MARCH 1982

Comprehensive Explanation of Cosmic-Ray "Anomalies": Quark Matter Formation
by Heavy Nuclear Primaries
F. Halzen and H. C. Liu&'&

Physics Department, University of Wisconsin Ma-dison, Madison, Wisconsin 53706
(Received 21 December 1981)

It is proposed that the 100-TeV threshold for the appearance of anomalies in cosmic-
ray interactions is associated with the critical energy of about 60 OeV/nucleon center-
of-mass energy for phase transition to quark matter in nucleus-nucleus interactions.
This proposal implies that the high-energy primary spectrum contains a significant
heavy nuclear component (e.g. , Fe).
PACS numbers: 94.40.ac, 12.35.Ht, 13.85.Tp, 21.65.+f

Whereas cosmic-ray-induced interactions be-
low 100 TeV can be satisfactorily described in
terms of standard ideas regarding hadronic inter-
actions, "anomalies" appear above a threshold of
about 100 TeV.' lt is clear that these anomalies
are not rare or exotic occurrences, but are fea-
tures of a large subset of the interactions; i.e.,
they manifest themselves at the 10~/& level or
above. It is also clear that these features are
not observed in low-energy accelerator data.
The highlights of the list' could be cast in the fol-
lowing form: (i) There is abundant deposition of
energy in the electromagnetic (neutral) compo-
nent. (ii) The final state contains a penetrating
component indicating the presence of secondaries
with large interaction length or small cross sec-
tion. Occasional observation of a parallel bundle
of penetrating particles (muons). (iii) Isolated
events are observed with large multiplicity and
anomalous charged-to-neutral composition of the
secondaries (Centauro). Indications of both (i)
and (ii) are observed in air-shower analysis, in
emulsions, and in the observation of showers in
the Tien-Shan- Pb calorimeter.
Mechanisms have been proposed for the various

anomalies in the above list. We feel that they
lack credibility in one important aspect: Every
item has a corresponding explanation;, no uniform
explanation for anomalies above 100 TeV exists.
We propose that these observations reveal the
presence of heavy nuclear primaries in the high-
energy spectrum (e.g. , Fe); when they interact
with nuclei in the atmosphere or in a calorimeter,
quark matter is formed. Its presence reveals it-
self in a multitude of ways which show an intrigu-
ing correlation with the list of anomalies pre-
viously itemized and also explains the 100-TeV
value for its threshold of observation.
The main point of this paper is not to explain

all of high-energy cosmic-ray physics, but to
point out that the very important question of com-

position could be settled in an unconventional way:
One observes signatures" of quark-matter for-
mation in isolated events or experiments, thus
establishing the presence of nuclear primaries.
Convincing arguments' have been made that in

nucleus-nucleus collisions in the center-of-mass
energy range of 60 GeV/nucleon the energy densi-
ty of quarks and gluons is about 2 GeV/fm', which
is in excess of the energy density of quarks inside
a nucleon (0.5 GeV/fm'). Therefore, quarks and
gluons cannot be identified any more with individ-
ual nucleons and we have a phase transition to
quark matter. This large density results from
heating of the projectile and target through indi-
vidual nucleon-nucleon interactions as well. as
the compression of the nuclei when traversing
one another. It should be realized that the situa-
tion is essentially different from a hadron-nu-
cleus interaction. After the projectile fragments
are excited by traversing the target, they re-
scatter from one another before emerging as
secondaries. This heating is responsible for the
exceeding of the critical temperature. The en-
ergy deposition in the projectile can clearly be
computed from known nucleon-nucleon data: One
simply asks how many secondaries are trapped
inside the nucleus and are produced with suffi-
cient transverse momentum (pr) to rescatter'
(i.e., heat the nucleus). This requirement of a
sufficient P r will lead to an enrichment of heavy
quarks (mainly strange and charm) in the plasma,
especially at high energies, because heavy quarks
are produced with increased transverse momen-
tum. This effect is already visible in the lower-
energy calculation of Anishetty, Koehler, and
McLerran' when trapped n/K abundances are
compared.
The ensuing scenario can now be easily recon-

structed. The threshold of 100 TeV signals the
crossing of the critical temperature. For Fe-air
collisions this threshold corresponds to a c.m.

I 1982 The American Physical Society 771

10�EeV
104.6

5Tuesday, May 9, 17



SHOWER PROPERTIES

Figure 1.3: Diagram of extensive air shower generated by a cosmic ray [6].

Where N
max

is the number of charged particles at the shower maximum, X
max

is the total

atmospheric depth at shower maximum, and X
0

and � are shower shaping parameters [6].

Measurement of the fluorescent photons emitted by nitrogen due to the EAS is a method by

which UHECRs are observed. Several experiments measure the secondary particle flux that

reaches the ground via Surface Detectors (SD), which record the Cerenkov and scintillation

light produced when the particle passes through purified water [7] [8] [9]. By using an array

of SDs, it is possible to use event intensity, timing, and lateral density distribution to de-

termine initial direction and energy, and composition of the primary cosmic ray. The other

common type of detector for cosmic ray experiments is known as a Fluorescence Detector

(FD), which focuses the UV light emitted from the shower core onto a grid of photo-multiplier

tubes (PMTs) either via curved mirrors or lenses, and observes the EAS as it propagates

through the atmosphere. From this signal, it is possible to use the event intensity, timing,

and longitudinal density distribution to determine the same (and more, such as X
max

) initial

cosmic ray properties.
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FIG. 4: Fitted fraction and quality for the scenario of a complex mixture of protons, helium nuclei, nitrogen nuclei, and iron
nuclei. The upper panels show the species fractions and the lower panel shows the p-values.
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Figure 14: Average of the logarithmic mass and its variance estimated from data using di↵erent interaction models.
The non-physical region of negative variance is indicated as the gray dashed region.
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➢ Fitted fraction and quality for mixed nuclear composition
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Figure 3. Top: simulated energy spectrum of UHECRs (multiplied by E3) at the top of the Earth’s
atmosphere, obtained with the best-fit parameters for the reference model using the procedure de-
scribed in section 3. Partial spectra are grouped as in figure 2. For comparison the fitted spectrum
is reported together with the spectrum in [4] (filled circles). Bottom: average and standard deviation
of the Xmax distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model
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range where the brown lines are solid is included in the fit.

The main systematic effects derive from the energy scale in the spectrum [4], and the Xmax

scale [5]. The uncertainty on the former is assumed constant ∆E/E = 14% in the whole
energy range considered, while that on composition ∆Xmax is asymmetric and slightly energy
dependent, ranging from about 6 to 9 g/cm2. As described in section 3 two approaches are
used to take into account the experimental systematics in the fit.
Including the systematics as nuisance parameters in the fit, we obtain the results in table
3. Here the average value and uncertainty interval of the model parameters include both
statistical and systematic uncertainties of the measurement. Also shown are shifts in the
energy scale and Xmax scale of the experiment as preferred by the fit. Both remain within
one standard deviation of the given uncertainties. The effect of fixed shifts within the exper-
imental systematics are reported in table 4.
From the results one can infer that the total deviance of the fit is not strongly sensitive to
shifts in the energy scale, though the injection mass fractions are. This is because an increase
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Table II: Evaluation of the main sources of systematic uncer-
tainties in Xµ

max.

Source Sys. uncertainty [g/cm2]
Reconstruction, 10

hadronic model and primary
Seasonal effect 12

Time variance model 5

Total 17

array, completely uncorrelated with the genuine
primary shower signal. Random accidental sig-
nals can have a damaging effect on the data qual-
ity, since they can trigger some stations of the ar-
ray, distorting the reconstruction of the showers.
In our analysis, the main impact comes from a
possible underestimation of the start time of the
traces due to an accidental signal prior to the true
one. Using an unbiased sample of random acci-
dental signals extracted from data events collected
in the SD stations, we have studied the influence
of accidental signals in the Monte Carlo recon-
structions. Regardless of the energy and primary
mass, we have found a systematic underestima-
tion by ⇠4.5 g/cm2 in the determination of Xµ

max.
We have corrected for this bias in our data.

Atmospheric profile. For the reconstruction of the
MPD profiles, the atmospheric conditions at the
Auger site, mainly height-dependent atmospheric
profiles, have to be well known. To quantify the
influence of the uncertainty in the reconstructed
atmospheric profiles on the value of Xµ

max, a di-
rect comparison of GDAS data3 with local atmo-
spheric measurements4 has been performed on an
event-by-event basis. We have obtained a distribu-
tion with a small shift of 2.0 g/cm2 in Xµ

max and a
rms of 8.6 g/cm2.

Selection efficiency. The selection efficiency for heavy
primaries is larger than for protons since the for-
mer have a muon-richer signal at the ground. The
analysis was conceived to keep this difference be-
low 10% for the whole energy range. This differ-
ence in efficiency, although small, may introduce
a systematic effect in the determination of Xµ

max.
We have determined it by running our analysis
over a 50/50 mixture of protons and iron, result-

3 GDAS is a publicly available data set containing all main state vari-
ables dependent on altitude with a validity of 3 hours for each data
set [34, 35].

4 Intermittent meteorological radio soundings with permanent
ground-based weather stations.
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Figure 8: hXµ
maxi as a function of energy. The predictions of

different hadronic models for protons and iron are shown.
Numbers indicate the number of events in each energy bin,
and brackets represent the systematic uncertainty.

ing in a negligible contribution to the systematic
uncertainty of  2 g/cm2.

Table II summarizes the sources contributing to the
systematic uncertainty. The overall systematic uncer-
tainty in hXµ

maxi amounts to ⇠17 g/cm2. This repre-
sents approximately 25% of the proton-iron separation.

VI. RESULTS

The data set used in this analysis comprises events
recorded between 1 January 2004 and 31 December
2012. We compute the MPD distributions on an event-
by-event basis. To guarantee an accurate reconstruction
of the longitudinal profile, we impose the selection cri-
teria described in Sec. V B. For the angular range and
energy threshold set in this analysis, our initial sample
contains 500 events. After our quality cuts, it is reduced
to 481 events.

The evolution of the measured hXµ
maxi as a function of

the energy is shown in Figure 8. The data are grouped
in five energy bins of width 0.1 in log10(E/eV), except
for the last bin, which contains all events with energy
above log10(E/eV) = 19.7 (E = 50 EeV). The sizes of
error bars represent the standard deviation of the mean.

VII. DISCUSSION

Under the assumption that air-shower simulations
are a fair representation of reality, we can compare
them to data in order to infer the mass composi-
tion of UHECRs. For interaction models (like those
used for Figure 8) that assume that no new physics
effects appear in hadronic interactions at the energy
scales probed by Auger, the evolution of the mean

DEPTH OF MUON MAXIMUM AND AVERAGE MUON CONTENT

Auger Collaboration PRD 90  (2014) 012012; PRL 117  (2016) 192001 
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erties of the air shower, we introduce an energy rescal-
ing parameter, RE , to allow for a possible shift in the
FD energy calibration, and a multiplicative rescaling of
the hadronic component of the shower by a factor R

had

.
RE rescales the total ground signal of the event approxi-
mately uniformly, while R

had

rescales only the contribu-
tion to the ground signal of inherently hadronic origin,
which consists mostly of muons. Because the EM com-
ponent of the shower is more strongly attenuated in the
atmosphere than the muonic component, and the path
length in the atmosphere varies as a function of zenith
angle, RE and R

had

can be separately determined by fit-
ting a su�ciently large sample of events covering a range
of zenith angles.

In this analysis we test the consistency of the observed
and predicted ground signal event by event, for a large
sample of events covering a wide range of X

max

and
zenith angles. By selecting simulated events which ac-
curately match the observed LP of each event, we largely
eliminate the noise from shower-to-shower fluctuations in
the ground signal due to fluctuations in X

max

, while at
the same time maximally exploiting the relative attenu-
ation of the EM and muonic components of the shower.

The LP and lateral distribution of the ground signal
of an illustrative event are shown in Fig. 1, along with a
matching proton and iron simulated event; the ground
signal size is measured in units of vertical equivalent
muons (VEM), the calibrated unit of SD signal size [13].
Figure 1 (bottom) illustrates a general feature of the
comparison between observed and simulated events: the
ground signal of the simulated events is systematically
smaller than the ground signal in the recorded events.
Elucidating the nature of the discrepancy is the motiva-
tion for the present study.

The data we use for this study are the 411 hybrid
events with 1018.8 < E < 1019.2 eV and zenith angle
0� � 60� recorded between 1 January 2004 and 31 De-
cember 2012, which satisfy the event quality selection
criteria in Refs. [14, 15]. We thus concentrate on a rel-
atively narrow energy range such that the mass compo-
sition changes rather little [8, 9], while having adequate
statistics. This energy range corresponds to an energy of
110 to 170 TeV in the center-of-mass reference frame of
the UHECR and air nucleon, far above the LHC energy
scale.

Figure 2 shows the ratio of S(1000), the ground signal
size at 1000 m from the shower core [2], for the events in
our sample relative to that predicted for simulated events
with matching zenith angle, depth-of-shower-maximum
(X

max

) and calorimetric FD energy, for QGSJet-II-04 [3]
and EPOS-LHC [5]. For each HEG, the analysis is done
using the composition mix which reproduces the observed
X

max

distribution [8, 9]; we also show the result for pure
protons for comparison. The discrepancy between a mea-
sured and simulated S(1000) evident in Fig. 2 is striking,
at all angles and for both HEGs, and for both the mixed
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FIG. 2. The average ratio of S(1000) for observed and simu-
lated events as a function of zenith angle, for mixed or pure
proton compositions.

composition and pure proton cases.
The zenith angle dependence of the discrepancy is the

key to allowing RE and R
had

to be separated. As seen in
Fig. 3, the ground signal from the hadronic component is
roughly independent of zenith angle, whereas that of the
EM component falls with sec(✓), so that to reproduce
the rise seen in Fig. 2, the hadronic component must
be increased with little or no modification of the EM
component. This will be quantified below.
The analysis relies on there being no significant zenith-

angle-dependent bias in the determination of the SD and
FD signals. The accuracy of the detector simulations as a
function of zenith angle in the 0��60� range of the study
here, and hence the absence of a zenith angle dependent
bias in the SD reconstruction, has been extensively val-
idated with muon test data [16]. The absence of zenith
angle dependence in the normalization of the FD signal
follows from the zenith angle independence of E

FD

/E
SD

of individual hybrid events.

PRODUCTION OF SIMULATED EVENTS

The first step of the analysis is to generate a set
of Monte Carlo (MC) events, to find simulated events
matching the LPs of the data events. The MC air-shower
simulations are performed using the SENECA simulation
code [17], with FLUKA [19] as the low-energy HEG. Sim-
ulation of the surface detector response is performed with
GEANT4 [20] within the software framework O↵line [21]
of the Auger Observatory. We produce showers match-
ing each data event, with both HEGs and for all four
primary cosmic-ray types (proton, helium, nitrogen, and
iron nuclei), as follows:
• Repeatedly generate showers with the measured ge-
ometry and calorimetric energy of the given data event,
reconstructing the LP and determining the X

max

value
until 12 showers having the same X

max

value as the real

Using timing information from SD far from shower core 
we reconstruct muon production depth distribution 

➢

➢ Average muon number at 1000 m from shower core
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TABLE I. RE and R
had

with statistical and systematic un-
certainties, for QGSJet-II-04 and EPOS-LHC.

Model RE R
had

QII-04 p 1.09± 0.08± 0.09 1.59± 0.17± 0.09
QII-04 Mixed 1.00± 0.08± 0.11 1.61± 0.18± 0.11
EPOS p 1.04± 0.08± 0.08 1.45± 0.16± 0.08
EPOS Mixed 1.00± 0.07± 0.08 1.33± 0.13± 0.09

RESULTS AND DISCUSSION

Table I gives the values of RE and R
had

which max-
imize the likelihood of the observed ground signals, for
the various combinations of HEGs and compositions con-
sidered. The systematic uncertainties in the reconstruc-
tion of X

max

, E
FD

and S(1000) are propagated through
the analysis by shifting the reconstructed central values
by their one-sigma systematic uncertainties. Figure 4
shows the one-sigma statistical uncertainty ellipses in the
RE�R

had

plane; the outer boundaries of propagating the
systematic errors are shown by the gray rectangles.

The values of R
had

needed in the models are com-
parable to the corresponding muon excess detected in
highly inclined air showers [7], as is expected because at
high zenith angle the nonharonic contribution to the sig-
nal (shown with red curves in Fig. 3) is much smaller
than the hadronic contribution. However the two anal-
yses are not equivalent because a muon excess in an
inclined air shower is indistinguishable from an energy
rescaling, whereas in the present analysis the system-
atic uncertainty of the overall energy calibration enters
only as a higher-order e↵ect. 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 statistical and systematic errors from Fig. 6
of Ref. [7] and Table I, in quadrature.

The signal deficit is smallest (the best-fit R
had

is the
closest to unity) with EPOS-LHC and mixed composi-
tion. This is because, for a given mass, the muon signal
is ⇡ 15% larger for EPOS-LHC than QGSJet-II-04 [27],
and in addition the mean primary mass is larger when
the X

max

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 X

max

than predicted by the cur-
rent 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 micro-black holes were being pro-
duced at a much-larger-than-expected rate [28, 29].
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QII-04 Mixed
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FIG. 4. Best-fit values of RE and R
had

for QGSJet-II-04 and
EPOS-LHC, for pure proton (solid circle/square) and mixed
composition (open circle/square). The ellipses and gray boxes
show the 1-� statistical and systematic uncertainties.

SUMMARY

We have introduced a new method to study hadronic
interactions at ultrahigh energies, which minimizes re-
liance on the absolute energy determination and improves
precision by exploiting the information in individual hy-
brid events. We applied it to hybrid showers of the Pierre
Auger Observatory with energies 6-16 EeV (E

CM

= 110
to 170 TeV) and zenith angle 0��60�, to quantify the dis-
parity between state-of-the-art hadronic interaction mod-
eling and observed UHECR atmospheric air showers. We
considered the simplest possible characterization of the
model discrepancies, namely an overall rescaling of the
hadronic shower, R

had

, and we allow for a possible over-
all 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 sta-
tistical 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 R

had

= 1.33±0.16 (statistical and
systematic uncertainties combined in quadrature), while
for QGSJet II-04, R

had

= 1.61±0.21. It is not yet known
whether this discrepancy can be explained by some in-
correctly 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 [27] or vector mesons [30]
(see Ref. [31] for a recent review of the many constraints
to be satisfied), while proposals for possible new physics

MUON EXCESS

➢ Introduce energy rescaling parameter to allow for possible shift in FD energy calibration 

☛ rescales only contribution to ground signal of inherently hadronic origin Rhad

☛ rescales total ground signal of event approximately uniformlyRE

and multiplicative rescaling of shower hadronic component   

Auger Collaboration PRL 117  (2016) 192001

➢

➢

➢ Hadronic component of showers contains about 30% to 60% more muons than expected 

 Significance of discrepancy between data and model prediction is somewhat above 2.1σ➢

which consists mostly of muons
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➢ Fermi-Dirac statistics applied to 

➢ Number density ratios favor formation of strange mesons                and 

rather than pions 
K+ = us̄ K0 = ds̄
qq̄

PION SUPPRESSION    FIREBALL MODEL: 

PLASMA OF MASSIVE QUARKS AND GLUONS

ns̄

nq̄
⇡ 1

2

⇣ms

T

⌘
K2(ms/T )e

µq/T ⇠ 3

µB ⌘ 3µq ⇠ 2 GeV

T ⇠ hpT i ⇠ 580 MeV ms ' 175 GeV

with high baryochemical potential ☛
u, d, s

➢ Multiplicity ratio of first interaction

➢ Multiplicity ratio of of secondary, tertiary, and subsequent generations of particles

⇡ : K : N = 0.15 : 0.45 : 0.40

⇡ : K : N = 0.75 : 0.15 : 0.10
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FIG. 1: Density distributions at ground level of µ± as a function
of the distance d to the shower axis. The error bars indicate the
RMS fluctuations.

IV. CONCLUSIONS

Teasing out the physics of ultrahigh-energy cosmic
rays has proven to be extraordinarily challenging. The
Pierre Auger Observatory employs several detection
methods to extract complementary information about
the extensive air showers produced by ultrahigh-energy
cosmic rays [12]. Two types of instruments are em-
ployed: Cherenkov particle detectors on the ground
sample air shower fronts as they arrive at the Earth’s
surface, whereas fluorescence telescopes measure the
light produced by air-shower particles exciting atmo-
spheric nitrogen. These two detector systems provide

complementary information, as the surface detector (SD)
measures the lateral distribution and time structure of
shower particles arriving at the ground, and the fluores-
cence detector (FD) measures the longitudinal develop-
ment of the shower in the atmosphere. A subset of hybrid
showers is observed simultaneously by the SD and FD.
These are very precisely measured and provide an in-
valuable tool for energy calibration, minimizing system-
atic uncertainties and studying composition by simulta-
neously using SD and FD information. Very recently, the
Pierre Auger Collaboration exploited the information in
individual hybrid events initiated by cosmic rays with
109.8 . E/GeV . 1010.2 to study hadronic interactions at
ultrahigh energies [5]. The analysis indicates that the ob-
served hadronic signal of these showers is significantly
larger (30 to 60%) than predicted by the leading LHC-
tuned models, with a corresponding excess of muons.
The significance of the discrepancy between data (411
hybrid events) and model prediction is above about 2.1�.
A deployment of a 4 m2 scintillator on top of each SD
is foreseen as a part of the AugerPrime upgrade of the
Observatory to measure the muon and electromagnetic
contributions to the ground signal separately [60]. This
will provide additional information to reduce system-
atic uncertainties and perhaps increase the significance
of the muon excess.

Even though the excess is not statistically significant
yet, it is interesting to entertain the possibility that it
corresponds to a real signal of QCD dynamics flagging
the onset of deconfinement. In this paper, we have pro-
posed a model that can explain the observed excess in
the muon signal. We have assumed that ultrarelativistic
nuclei (E & 109.8 GeV) that collide in the upper atmo-
sphere could create a deconfined thermal fireball which
undergoes a sudden hadronization. At production, the
fireball has a very high matter density and consists of
gluons and two flavors of light quarks (u, d). Because the
fireball is formed in the baryon-rich projectile fragmen-
tation region, the high baryochemical potential damps
the production of uū and dd̄ pairs, resulting in gluon
fragmentation mainly into ss̄. The strange quarks then
become much more abundant and upon hadronization
the relative density of strange hadrons is significantly
enhanced over that resulting from a hadron gas. We
have shown that the augmented production of strange
hadrons by the fireball, over that resulting from a hadron
gas alone, provides a mechanism to increase the muon
content in atmospheric cascades by about 40%, in agree-
ment with the data of the Auger facility.

Contrary to previous proposals [13–15] to explain the
muon excess in Auger data our model relies on the as-
sumption that ultrahigh-energy cosmic rays are heavy
(or medium mass) nuclei. As noted elsewhere [71],
upper limits on the cosmic di↵use neutrino flux pro-
vide a constraint on the proton fraction in ultrahigh-
energy cosmic rays, and therefore can be used to set
indirect constraints on the model proposed herein. In
particular, the nearly guaranteed flux of cosmogenic

MUON LATERAL DISTRIBUTION
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STRANGE FIREBALL, MUON EXCESS, AND ALL THAT...

If fireball modifies         ☛ peripheral collisions would tend to increase dispersion of  

We would not expect fireball to be created when nuclei just slide along each other 

Mix of peripheral and fireball collisions would produce large fluctuations in #   at ground levelµ

Critical energy for decay of charged pions and kaons is roughly the same 

Augmented production of strange hadrons by fireball (over that resulting from hadron gas alone) 

TAKE HOME MESSAGE

in agreement with Auger data 

➢

➢

➢

➢

and so muon shower maximum would have small fluctuations
elongation rate of muon channel would be almost unaltered 

➢

where no fireballs are being produced in this energy range
mimicking what is expected for light composition in canonical framework 

X
max

X
max

provides mechanism to increase muon content in atmospheric cascades by about 40%

➢ Only new physics model of muon excess using heavy nuclei as primaries

predicts cosmogenic neutrino flux out of current experimental reach
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PROBING QCD APPROACH TO THERMAL EQUILIBRIUM 
WITH UHECRs

LOOKING AHEAD

Soriano, LAA,  Hackebill, Paul, Weiler, ICRC 2017

➢ Establish more precise theoretical frameworks for:
* collision and creation of plasma
* evolution of number densities of different species
* fireball explosion

➢ Simulations

* bring CORSIKA to the game
* modify first interaction according to fireball model 
* explore effect of model parameters on EAS observables

➢ More data are needed to crosscheck anomalies
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