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Abstract: Several air shower observatories have established thaiutmber of muons produced in UHE air
showers is significantly larger than that predicted by madéke argue that the only solution to this muon deficit,
compatible with the observeux distributions, is to reduce the transfer of energy from thérbnic shower into
the EM shower, by reducing the production or decayrs. We present four different models of new physics,
each with a theoretical rationale, which can accomplis1 Bne has a pure proton composition and three have
mixed composition. Two entail new particle physics and seppri® production or decay above LHC energies.
The other two are less radical but nonetheless requirefisigni modifications to existing hadron production
models — in one the changes are only above LHC energies ahe iother the changes extend to much lower
energies. We show that the models have distinctively diffepredictions for theorrelation between the number
of muons at ground and,,« in hybrid events, so that with future hybrid data it shoulgbssible to discriminate
between models of new physics and disentangle the partigigigs from composition.
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1 Intr tion
oductio Table 1: A summary of the dependence Nf, and Xmex

Measurements of the density of muons at ground in ultrasg yarious properties of the hadronic interactions are in-
high energy (UHE) air-showers performed by hybrid Ob'creased, with all others held fixed.

servatories, first at CASA-MIA]1] and more recently at
the Pierre Auger Observatory![2, [3,4, 5], have revealed Property Increased Change i\, | Change inXimax

that there is a significant deficit of muons in Monte Carlo| Cross-section — Decreased
(MC) simulations of air showers. The number of muons in"Ejasticity _ Increased
the data is greater than that predicted using even iron in “Multiplicity Increased Decreased
tiated air-showers. Explaining this is made more challeng Primary Mass increased Decreased
ing by the measurements of the distribution of the depth o 70 Eng. Frac Decreased —

shower maximumXmax. Measurements performed at Tele-

scope Array and the Pierre Auger Observatory both show

that, depending on the hadronic model used to interpret the

Xinax Qa}'fa(, the mean mass at 10 EeV is light to Intermedl’tions for Ny, and Xmax behave under modifications to var-

ate [617(8L9]. . . . .__ious hadronic interaction properties, we identify potainti
In the present study, we investigate potential resolutiong, , jifications which could resolve the muon deficit.

to this discrepancy. We begin by exploring how generic' 1o mear, is primarily sensitive to the multiplicity,

properties of hadronic interactions are constrained bg-ind me 70 energy fraction (the fraction of incident energy car-

pendent measurements of the density of muons at 1000 1x; ; o ; .
from the shower coréy,,. and We then present four ried by s in hadronic interactions), and the primary mass.
s Xevex-

schematic models of hadronic interactions which represen
different methods to simultaneously fit measurements o

both the meamax andNy. Each model can be tuned to re- and has been studied quantitativeély|[11, 12]. Table 1 sum-

produce the ODSErV&nax dlstrlpunon anq mea‘?‘u- For- marizes the qualitative impact that changing each property
tunately, air shower observatories can differentiate tloe f has onN,, andXax.

models by S“!dy'.”g the correlation between K‘Aﬁx and To explore how changes in these properties affect the
the Ny, of hybrid air showers. Measurements of this naturey,o 5 N, and Xqex, We modify the secondary particles
should be feasible at both the Pierre Auger Observatorys the hadronic interaction model in the MC simulations.
and Telescope Array, especially with upgrades to the muogyqifications are made in a similar manner to thafin [11].
sensitivity. The simulations are performed using the SENECA [13] air
shower simulation with EPOS 1.99 [14] as the underlying
: : : hadronic event generator (HEG), although any other HEG
2 Constraintson Hadronic Interactions could be used as the starting point. The primary energy in
N, andXmax are sensitive to several properties of hadronicall simulations in this paper is $#deV. The modifications
interactions. Some properties, such as the primary cosmidiscussed in this section are performed at energies above
ray mass composition and multiplicity of secondary parti-10' eV, and become stronger with increasing energy.
cles, impact both these observables, while other progertie For the multiplicity modification, non-leading sec-
impact only one or the other. By studying how MC predic-ondary particles are split into multiple particles, conser

he meanXnux is primarily sensitive to the cross-section,
lasticity, multiplicity, and primary mass. This depencen
ppears in the hadronic extension of the Heitler madel [10],
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Figurel: The meanXyax and density of muons at 1000 _ o
m, relative to that predicted by QGSJET-11-03 for proton Figure2: The distribution ofXmax for the four models
showers, as a function of modifications to hadronic interacdescribed in the text.

tions. The behavior qualitatively follows that describad i

Table[1. The magnitude of the modifications are describedrgy of the LHC. This justifies taking considerable free-
in the text. The primary masses shown are helium, Carbo@om in exp|0ring potentiaL new physics scenarios. We in-
and iron. The data for the Pierre Auger Observatory pointestigate new physics scenarios to uncover signatures of
is from [6] for the mearXmax at 10° eV and [2[3] for the  new physics and to explore a broad range of mechanisms
mean muon density at 3deV. The gray box shows the which have the potential to solve the muon deficit.
meanXax for QGSJET-11-03 using proton showers, which . .
is compatible with HIRES datal[9]. 31 Chiral Symmetry Restoration

In the Chiral Symmetry Restoration (CSR) modell[15],

we imagine that at the energy densities achieved in the
ing energy, with the probability of splitting being a tun- hadronic interactions in UHE air showers chiral symmetry
able parameter which we vary in Fig. 1 to produce a 100%s restored, and the production of pions becomes greatly
to 700% increase. For the elasticity modification, interacsuppressed. In the CSR model, the primary cosmic rays
tions which have an elasticity above a threshold have are protons in order to achieve the highest energy density.
chance of being re-simulated with a probability that is aThe energy density of an interaction is determined by the
tunable parameter, which we vary to reduce the numbeimpact parameter. We use the elasticity of the interaction
of elastic events by 50% to 80%. Finally, for tm@ en- as a tracer of the impact parameter; when the elasticity of
ergy fraction modification, forward pions are convertedthe interaction is below a certain threshold, the intecacti
into baryons, and all pions are converted into kaons with &nters the CSR phase.
common probability as a tunable parameter which we vary More modifications are necessary to realize an accept-
from 8% to 60%. able pure-proton scenario than simply a reduction of the

Fig.[ shows how the meaXhax andN, change under production of pions; the averagémax predicted by EPOS
the above modifications. As expected, increasing the mulising proton primaries is deeper than observations by both
tiplicity or primary mass decreases thgax and increases the Auger Observatory and Telescope Array. In the CSR
N,. However, due to the measur¥glay, these mechanisms phase, the multiplicity is increased and elasticity dezeda
cannot solve the muon deficKmax becomes too shallow The cross section is rapidly increased at high energies to
beforeN, is sufficiently increased. reduce theRMS of the predictedXmax distribution. The
These studies of basic modifications to the hadronicunable parameters of the CSR model include the strength

event generators demonstrate thattenergy fractionis  of the pion production suppression, the elasticity thresh-
the hadronic interaction property of most interest. It is th old for entering the CSR phase, the elasticity of CSR in-
only modification which can increase the mégnwithout  teractions, and the increase in the proton-Air cross-secti
encountering any restrictions from th.x observations. Through suitable adjustment of the energy dependence of
Primary mass and multiplicity can play at most a partialthe parameters, an acceptable mag and RMS(Xmax)
role in the resolution of the deficit. can be found for all energies. The CSR model thus pro-

vides an example of a proton-only model which can fit
3 Description of New Moddls many air shower observablés [15].
We have developed four schematic models which rely pri3-2 Pion decay suppression
marily upon modifying the fraction of energy which is Pion decays in air shower MCs are treated as if they take
transfered to decaying’s in order to fit both the mead,  place in a vacuum. However, in the rest frame of high en-
andXmax Observed at the Auger Observatory. The modelsergy pions, the atmosphere is in fact a very dense medium.
are implemented by modifying the secondary particles ofVe postulate that pion decay could be suppressed through
EPOS 1.99. The energies of the initial interactions of aninteractions with the dense air medium|[16]. In the pion
ultra-high energy air-shower are well above those achievedecay suppression (PDS) model, pion decay is suppressed
at accelerators. The center of mass energy of a 10 Ee¥t high energies. The impact this has on air shower devel-
proton incident upon a nucleon in the atmosphere is 13Dpment is similar in effect to simply decreasing pion pro-
TeV, and many secondary interactions are above the eduction; since the®s do not decay, they do not feed the
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Figure4: The averag&max and density of muons at 1000
Figure3: The density of muons at 1000 m, relative to m relative to QGSJET-1I-03 proton showers in the four
QGSJET-II-03 proton showers, as a function of zenith anmodels compared to Auger Observatory measurements.
gle for the four models described in the text. The Auger Observatory data is the same as that ifFig. 1.

electromagnetic shower. There is only one tunable paraméeedom in the models to tune them to produce nearly iden-
ter of the model, which is the energy above which pion detical predictions foiXmax andN,.

cay is suppressed for a reference air density. The primary

mass composition is assumed to be mixed in order to pro-

vide freedom in the mea¥yax. 4 TheNy - Xmnax Plane
. . . As demonstrated in Sec. 3, we can construct models which
3.3 Pion production suppression fit the muon ground density anky data using various

The popular HEGs, such as QGSJET-III[17], SIBYLL][18], deviations from standard HEGs. Fortunately, the four mod-
and EPOS, predict a wide range af energy fractions. els can be discriminated by observing correlations between
For example, QGSJET-II-03 predicts that 25% of all thethe depth of shower maximum and the number of muons
energy in secondary particles are carriedi¢ andns, at ground for an ensemble of showers.

while for EPOS 1.99 and SIBYLL 2.1 this is closer to 20%. To discriminate between the models, the distribution of
This difference in the models persists at all energies. It ishowers in theN,-Xmnax plane must be observed. Any ob-
thus possible that the fraction of energy carried by pions irservable which is related to the total number of muons in
hadronic interactions may be less than any of the modelthe showers is suitable, but we continue to use the density
currently predict. of muons at 1000 m. The correlationf, andXyay is pri-

We consider two variants of a pion production suppresmarily sensitive to two basic properties of hadronic intera
sion model: i) (PPS) at all energies, pions in the forwardtions: the mass composition, and the energy threshold for
direction, chosen to be above a pseudorapidity of 5 at LHGhe suppression of pion decay and production.
energy, are converted to baryons, and all pions, regardless The number of muons produced in air showers is de-
of pseudorapidity, are converted to kaons, with a sharetkermined, in part, by the number of generations between
probability that is a tunable parameter, and ii) (PPS-HE}he energy at which pion production begins and the en-
the same modification is made but only for interactionsergy at which pions decay. In the current HEGs, iron and
with incident energy above 10eV. The high-energy vari- other heavy primaries have fewer generations and thus pro-
ant is introduced to explore the impact of performing theduce more muons, since, in each generation, energy is lost
pion production suppression in different energy regimeso the electromagnetic sub shower][20] 10]. This causes a
of shower development and would be similar to modificalarge negative correlation betwebly andXmax when the
tions to the string percolation probabilitiés [19], orifdvy ~ composition is mixed, and a slight correlation in the case
flavor production is enhanced in kinematic regimes whereof a proton-only compositiori_[21]. However, when pion
quark masses may be insignificant. As in the pion decayproduction is suppressed above an energy threshold, then
suppression model, the primary mass composition is adoth proton and iron will have the same number of gener-

sumed to be mixed. ations between the energy of pion production and decay,
) and thus produce a similar number of muons. This causes
3.4 Comparison between models and data the strength of the correlation to decrease as the degree of
Figs.[2E4 show that each of these models can be tunethe pion production/decay suppression is increased.
through their various parameters to fit both gy data The four models span a wide range of primary compo-

and the density of muons at 1000 m. The méncon-  sitions and mechanisms for suppressing pion production
strains primarily the strength of the pion production/deca or decay and, thus, have different correlation strengths be
suppression in the models. The megry constrains the  tweenN, andXmax. The averag®, as a function oXmay,
mass composition in the PDS, PPS, and PPS-HE modekt a fixed shower zenith angle of 38 shown in Figl b for
and the cross section and elasticity in the CSR model. Aeach of the four schematic models. The negative correla-
comparison of theXyax distributions is shown in Fid.]2, tion betweerlN, andXmax is strongest when the modifica-
and a comparison of the muon density at 1000 m as a fun¢ion is made at all energies, and weaker when the modifica-
tion of zenith angle is shown in Fif] 3. There is sufficienttion is applied only at high energy. The PPS and PPS-HE
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Figure5: The density of muons at 1000 m as a function
of Xmax for the four template models. The black error barsFigure6: The dependence of the density of muons at 1000
represent the expected variance when the relation is me#, relative to protons, on pion production at high energy.
sured for 800 hybrid events, which is a number achievable

at the Pierre Auger Observatory and Telescope Array. . . .
! ug vatory P y air showers, and can be observed in hybrid events at the

Pierre Auger Observatory and possibly Telescope Array.

models show a negative correlation while the CSR model
shows almost no correlation. Finally, the PDS model actuRefer ences
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