

  symmetry-12-01694




symmetry-12-01694







Symmetry 2020, 12(10), 1694; doi:10.3390/sym12101694




Article



Cosmic-Ray Studies with Experimental Apparatus at LHC



Emma González Hernández 1, Juan Carlos Arteaga 2, Arturo Fernández Tellez 1 and Mario Rodríguez-Cahuantzi 1,*[image: Orcid]





1



Facultad de Ciencias Físico Matemáticas, Benemérita Universidad Autónoma de Puebla, Av. San Claudio y 18 Sur, Edif. EMA3-231, Ciudad Universitaria, 72570 Puebla, Mexico






2



Instituto de Física y Matemáticas, Universidad Michoacana, 58040 Morelia, Mexico









*



Correspondence: mario.rodriguez@correo.buap.mx







Received: 11 September 2020 / Accepted: 2 October 2020 / Published: 15 October 2020



Abstract

:

The study of cosmic rays with underground accelerator experiments started with the LEP detectors at CERN. ALEPH, DELPHI and L3 studied some properties of atmospheric muons such as their multiplicity and momentum. In recent years, an extension and improvement of such studies has been carried out by ALICE and CMS experiments. Along with the LHC high luminosity program some experimental setups have been proposed to increase the potential discovery of LHC. An example is the MAssive Timing Hodoscope for Ultra-Stable neutraL pArticles detector (MATHUSLA) designed for searching of Ultra Stable Neutral Particles, predicted by extensions of the Standard Model such as supersymmetric models, which is planned to be a surface detector placed 100 meters above ATLAS or CMS experiments. Hence, MATHUSLA can be suitable as a cosmic ray detector. In this manuscript the main results regarding cosmic ray studies with LHC experimental underground apparatus are summarized. The potential of future MATHUSLA proposal is also discussed.
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1. Introduction


Cosmic rays that reach Earth’s atmosphere are made up of protons and heavy atomic nuclei. They arrive with energies between   10 8   eV and   10 20   eV [1,2,3]. It has been observed that cosmic rays are produced within our galaxy for energies less than    10 18   eV   and beyond for energies greater than    10 18   eV  . However, the nature of cosmic rays at very high energies is not completely known, since its propagation through the outer space is influenced by galactic magnetic fields and thus the direction from which they arrive at the Earth is not the same as that of their source [3,4].



The composition, propagation and acceleration mechanisms of cosmic rays are not fully understood [3,5,6]. Thus, through the study of cosmic rays it is possible to deepen the knowledge of the collisions of the most energetic natural phenomena of the cosmos [7,8,9] with the Earth’s atmosphere at the TeV energy scale [10,11,12]. For this reason cosmic rays are subject of an intense research around the world with different experimental techniques which allows to perform precise measurements on the primary cosmic ray composition, energy spectrum and arrival direction. Additional studies of neutrinos [13,14] and gamma-rays [7,15] are also desirable.



The characterization of primary cosmic rays depends on its energy: low energy primary cosmic rays can be studied with balloons or experimental setups placed in orbit equipped with excellent performance tracking and calorimeter systems, see, for example, CREAM [16,17] and AMS-02 [18,19] experimental programs.



For cosmic rays with energies larger than   10 14   eV, the Earth’s atmosphere acts as a calorimeter [1,3,20,21]. The produced particles in the Extensive Air Showers (EAS) are detected at different altitude levels [21]. After the primary collision occurs, secondary particles are produced by a chain of secondary particle-physics reactions which dissipate the energy of the primary particle. Particle production continues until it reaches a maximum at a given energy threshold. After this point it decreases almost exponentially due to absorption processes in the atmosphere.



Hadron Interaction Models


The EAS has an electromagnetic (photons produced by the decay of   π 0   and  η  mesons), hadronic (nucleons) and leptonic components (  μ ±   and    ν μ  ,   ν ¯  μ    produced by the decay of   π ±   and   K ±   light mesons) [21,22]. Once the EAS starts its development, several hadron interactions occur from which there is a transfer of energy that feeds the electromagnetic and leptonic components of the EAS. Only about 10% of the charged particles in an EAS at high-energies and ground level are muons [23].



The hadronic interaction models are a key tool in Monte Carlo simulations which aims to describe the development of EAS. They have been updated accordingly to the evolution of collider experiments that produce results used for tuning such models. Current hadronic models, used for EAS simulations and some of them tuned with LHC data at seven TeV are: QGSJETII-03, QGSJETII-04, EPOS LHC, Sibyll 2.c (from CORSIKA V7.6300) and DPMJETIII.17-1 (references to each model can be found at [24]).



It has been discussed in [24] that approximately 70% of the uncertainties in the simulation of the depth of the shower maximum of EAS,   〈  X  m a x   〉  , comes from the first proton/nucleus–air interaction. The rest 30% is affected by the pion-air interactions. Moreover, 90% of the muon production is due to pion interactions and 10% comes from the first interaction which can not be tested in a proper way for nuclear effects (nucleus–air interaction) with current hadronic interaction models. These nuclear effects tends to be the main source of a shift in   X  m a x    [24]. To reduce the known uncertainties in the description of the development of EAS using hadronic interactions models an improvement of both, pion-nucleus interactions and muon depth production, are desirable [24]. Thus, future models should take into account LHC data to make a significant improvement in the description of EAS. Another phenomena like heavy flavor production [25], creation of strong electromagnetic fields [26] and photo-production of vector mesons [27] can influence the measurements carried out by ground(under) apparatus. Therefore, it is important to perform as much as possible studies of the different components of the EAS to improve our understanding of the forward particle production at very high energies and consequently of the characteristics of the primary cosmic ray flux.



The number of muons (  N μ  ) produced through the development of the EAS is an observable sensitive to the characteristics of the primary cosmic ray. It is well known that   N μ   has a linear dependence with the energy of the primary cosmic ray and with a power law with respect to its mass [28]. In this sense, several studies on the muon component of EAS have been carried out with experimental arrangements on the surface (Pierre Auger observatory [29], among others [30,31,32]) and underground (LEP [33] and LHC experiments at CERN [34,35]). The Pierre Auger Observatory reported a muon excess with respect to the theoretical expectations from hadronic interaction models for EAS with zenith angles larger than 67   ∘   at energies for the primary cosmic rays of   10 19   eV [10]. Recently a direct measurement of the muon content in EAS for energies between   2 ×  10 17    and   2 ×  10 18    eV was reported by Pierre Auger Observatory [36]. In this work the reconstructed muon density from data is larger than the predicted by theoretical models. Both results are intriguing and therefore have motivated several theoretical works that seek to give an interpretation of the Pierre Auger muon excess results. For example, it has been proposed a model based on the production of deconfined thermal fireballs which undergoes a sudden hadronization assuming a heavy component for the primary cosmic ray at ultra high energies [37]. Another scenario considers effects of string percolation in hadronic interactions [38]. This model has successfully described the data from RHIC for   A − A   collisions with energies up to 200 GeV and LHC for   p − p   collisions at 7 TeV. Furthermore, models constructed under the assumption that the explanation of the muon excess reported by the Pierre Auger Observatory come from a reduction of the production or decay of   π 0   due to a reduction of the transfer of energy from the hadronic part of the shower into the electromagnetic component of the EAS [39]. This is achieved through scenarios which considers physical phenomena like chiral symmetry restoration, pion decay suppression and pion production suppression [39]. In all these novel proposals, the physics observable of interest is the multiplicity of muons (  N μ  ) contained in the leptonic component of the EAS.





2. Cosmic Ray Studies with LHC Experiments: ALICE and CMS


Taking advantage of the tracking capabilities of the particle detectors designed for collider experiments at CERN it is possible to study the muon component, of the EAS, that reaches the underground apparatus. The experiments at LEP-CERN were the pioneers in the study of the muon component of EAS using dedicated collider underground detectors. The ALEPH [40] and DELPHI [41] collaborations reported the observation of high multiplicity atmospheric muon events that could not be explained using the hadronic interaction models available at that time. The main conclusion of LEP experiments about these phenomena was that events with intermediate multiplicity of muons (   N μ  ≤ 50  ) are reproducible using the standard particle production mechanisms, but the high multiplicity muon events (   N μ  > 100  ) occur with a frequency at least two orders of magnitude higher than the predictions of standard hadronic interaction models [33]; even with the assumption of a heavy component in the primary cosmic ray.



In recent years, LHC underground experimental apparatus, ALICE [35] and CMS [34], have studied muon bundles events and single cosmic charge ratio,   R μ  , respectively.   R μ   can be used to improve the understanding of the mechanism of multiple production of pions and kaons in the atmosphere as the EAS develops. It is also useful to improve the description of forward events with hadronic interactions models and thus constraining theoretical predictions at ultra-high energies.   R μ   provides information about the forward production of the number of   π +   and   K +   over   π −   and   K −   respectively. A nice review about the importance of   R μ   measurement can be found in [42,43,44].



Prior to the LHC commissioning in 2009, the CMS Collaboration collected around 295 millions of cosmic ray events. With this sample they measured   R μ   in a wide range of momenta. The result reported by CMS in [45],    R μ  = 1.2766 ± 0.0032  ( s t a t . )  ± 0.0032   (syst.), is in excellent agreement with previous measurements. Up to now, the CMS results are the most precise measurement of   R μ   for a momentum less than 100 GeV/c.



In the future, it will worth to perform a study of the cosmic charge ratio with respect to the muon multiplicity. This would enable us to discriminate muons coming from a heavy component of the primary cosmic ray. At very high energies, the heavy flavour component of the the primary cosmic ray and the EAS may be significant. Moreover, while for single muon events    R μ  = 1.28   means a larger abundance of a light cosmic ray component over heavier elements, it may be that for multi-muon events this effect is diminished [46].



Study of Muon-Bundles with ALICE


ALICE is one of the main detectors at LHC. It is devoted to the study of the matter created in lead-lead collisions [35]. Located 52 meters underground, this experiment has been used as a cosmic ray detector to study muons with an energy threshold of 16 GeV. The tracking system of ALICE allows the reconstruction of charge and momentum of the muons that cross its central region. With this information, the ALICE cosmic ray group studied the rate of events with more than 100 atmospheric muons reconstructed by the ALICE’s Time Projection Chamber (TPC). They found that the rate of such events can be described using the QGSJET-II-04 [47] model (tuned with TOTEM-LHC data [48]) assuming a heavy component (Fe) of the primary cosmic ray with energies greater than than   10 16   eV [49]. Furthermore, the muon multiplicity distribution reconstructed with the ALICE cosmic data is similar to the one reported by ALEPH and DELPHI experiments [33], see Figure 1, where five events with more than 100 atmospheric muons are seen. This is the first time that the rate of high muon multiplicity (HMM) events was described using the available hadronic interaction models. As can be seen in Table 1, the uncertainty of ALICE data is large. For this reason, it will be important to confirm the ALICE result with new data to make an additional comparison with revised hadronic interaction models [42].



A comparison of the ALICE data with the hadronic interaction models, QGSJET-II-03/04 [47] available in CORSIKA [50] was also carried out by ALICE. Figure 2 shows that the ALICE data points are between proton and Fe. At low multiplicities, ALICE’s data points are close to the proton estimation. As the multiplicity of muons increases, the experimental data points get closer to the Fe Monte Carlo points.



Some theoretical proposals suggest that the events reported by ALICE are produced by strangelets, hypothetical nuclear matter composed of doublets or triplets of strange quarks, with possible extra-galactic origin [51]. In this scenario, the muon bundles detected by ALICE are understood to be created by a mixture of strange quark matter. This matter loses mass when penetrates in the atmosphere. In Figure 3, the Monte Carlo prediction for SQM is shown. Such model describes the rate of the high muon multiplicity events seen by ALICE by allowing for a relatively small admixture of strangelets of the same total energy [51].



Other proposal is that the HMM events observed by ALICE are indicative of the creation of the quark gluon plasma due to the interaction of primary cosmic rays with the Earth’s atmosphere, where the primary cosmic ray is made of a heavy nuclei with a very high energy that it is not possible to access in colliding experiments in laboratories [52].





3. Future Experimental Arrangement: MATHUSLA Proposal


The LHC experiments, and the accelerator itself, are currently planning major upgrades for their operation during the scheduled high luminosity run of the LHC. Taking advantage of the long technical stop of the LHC for such upgrade, a surface array detector is being proposed to be installed at the surface above the ATLAS [53] and/or CMS [34] experiment(s) (see Figure 4). This new detector, known as MATHUSLA [54], is being designed for the search of neutral long-lived particles (LLPs) that might be produced, with a displaced vertex, in p-p collisions during the LHC high luminosity run. The observation of LLPs would imply the discovery of physical phenomena beyond the Standard Model, specially of those models based in supersymmetry (SUSY) [55]. The MATHUSLA detector will have a sensitive detection area of   100 × 100    m  2    at ground level at an altitude where the atmospheric depth is   ∼ 1000  g /   c m  2   . The design of MATHUSLA is modular. It will consist of 100 individual 9 m × 9 m modules placed in a rectangular surface above the ATLAS or CMS location at LHC Points 1 or 5, respectively. Each individual MATHUSLA module will have 9 detector planes constructed with plastic scintillator pieces and wavelength shifter bars and SiPM photo sensors: 2 at the bottom, 5 at the top separated by 1 meter each other and 5 meters from 2 tracking layers (see Figure 5). An additional RPC top tracking layer is under consideration. Thus MATHUSLA is expected to have an excellent efficiency for the detection of cosmic ray events with energies between   10 15   and   10 17   eV.



Up to date, the MATHUSLA project is under discussion of LHCC committee. It is expected that MATHUSLA collaboration will release a technical design report by the end of 2021. For the coming years the construction and commissioning of a prototype is planned. This prototype will be located somewhere at LHC Point 5 near the interaction point of CMS detector. The MATHUSLA group will explore different technologies for data acquisition and detector development. Furthermore, they are planning to perform several simulation studies of LLPs decay and cosmic ray events. The MATHUSLA group is open to new members. An update of the MATHUSLA project can be found in [56].



As a cosmic ray detector, MATHUSLA will sample, at observation level, the front of the air showers that the cosmic rays produce in the atmosphere. Measurements are expected to be performed event-by-event with the MATHUSLA tracking system alone or in combination with the CMS/ATLAS underground detector in what will be called the standalone (STD) and combined (CB) modes, respectively. Some shower observables in each case are listed below:




	1

	
STD: It will provide data about the arrival times, individual trajectories and spatial distributions of the charged particles produced along the EAS front at observation level. With this information, MATHUSLA will be able to reconstruct the location of the shower core, the direction of the shower axis, the slope of the radial distribution of particle densities (also known as shower age, s) and the shower size of the EAS. The shower size reveals the energy of the primary cosmic ray, while the shower age is sensitive to the mass of the primary cosmic ray.




	2

	
CB: If MATHUSLA triggers the underground CMS/ATLAS detector in order to measure simultaneously the passage of shower events, then additional EAS information on high energy muons (   E μ  t h   ≳ 50   GeV  − 70   GeV    for vertical incidence) will be available. Using the capabilities of CMS/ATLAS shower observables like the local number of muons per   m 2  , the   p μ   distributions and the    μ +  /  μ −    ratio per shower event will be also measured. The combined data from the surface and underground detectors about EAS events could improve our analyses of composition of cosmic rays. Besides, coincident measurements of MATHUSLA with the CMS/ATLAS will allow to study the phenomenon of muon bundles in connection with extensive air showers.









3.1. Stand Alone Mode


In STD mode, it is expected that the MATHUSLA tracking system will provide information about the arrival times, the number of charged particles,   N  c h   , and their spatial distributions at observation level as well as their individual trajectories. These measurements will allow the reconstruction of the shower size, the arrival direction of the primary cosmic ray, the lateral shower age, s, and the shower core of the EAS event. The charged component here is considered as the sum of   e ±   and   μ ±   shower particles. For vertical EAS,   N  c h    is dominated by the electron component, while for inclined showers,   N  c h    contains mostly muons. The charged hadron component is not considered, as it is not dominant.



In general, for EAS detectors that make use of the sampling technique, the core of the shower is obtained by looking for the region of larger particle density, while the arrival direction of the shower can be determined from the arrival time information of the particles in the shower front. In this case, at first order of approximation, the EAS front is fitted to a plane and the direction of the shower is obtained from the normal vector to the surface. A rough estimation indicates that a plane shower front which travels to the velocity of light, c, takes a time of around   Δ t = d c o s θ / c   to cross the detector, where d is the diameter of the array and  θ  is the arrival zenith angle of the EAS [57].



The total number of produced particles (N) in the EAS is estimated by fitting the measured density map of particles to a proper function   ρ ( r )   which depends on the radial distance, r, to the core. This fitted density function is then integrated over r, thus giving an estimation of the total number of shower particles [57],


  N = 2 π  ∫  0  ∞  r ρ  ( r )  d r .  



(1)







The steepness of the density map gives a measurement of the degree of development in the atmosphere of the EAS. The former is parameterized in the density function used for the fit of N through a quantity denoted by s and called the shower age and it is obtained from the best fit to the measured density profile. An example of a lateral density profile is the NKG function [58] derived for the context of electromagnetic EAS:


  ρ  ( r )  = N   C ( s )   r 0 2      r  r 0     s − 2     1 +  r  r 0     s − 4.5   ,  



(2)




where   C ( s )   is a normalization factor and   r 0   is the Moliere radius, which measures the degree of spread of low energy electrons in the EAS.



Once the observables of the EAS are obtained, the main properties of the primary cosmic ray may be estimated. For example, the arrival direction of the primary particle will correspond to the direction of the axis of the shower, while the cosmic ray energy can be estimated using the total number of charged particles using proper calibrated formulas derived from Monte Carlo simulations. To investigate the nature of cosmic rays, the lateral shower age might be explored, as it depends on the composition of the primary particle [59,60]. However, complementary measurements with other observables like the muon content of EAS might be necessary.




3.2. Combined Mode


Working in tandem with the underground ATLAS or CMS detector, simultaneous measurements of the EAS might be performed during the LHC run time. For these events the underground detector would provide local data of high energy muons (   E μ  t h   ≳   50 GeV−70 GeV for vertical incidence) at the shower. Using the capabilities of the underground detectors shower observables like the number of muons per   m 2  , energy-momentum distributions, zenith angle distributions and very precise charge identification (  μ +  ,   μ −  ) might be also measured. Additionally, coincident measurements of MATHUSLA with the CMS/ATLAS will allow to study the phenomenon of muon bundles in connection with EAS.




3.3. Comparison with Other EAS Detectors


In the energy range around PeV’s, there are now other detectors taking measurements of cosmic rays at different locations and altitudes, with different areas and techniques. In Table 2, a compilation of some past/present/future EAS PeV detectors is presented and compared with MATHUSLA.



Compared with these air shower detection systems, MATHUSLA will have several advantages. For example:




	
Full coverage with robust tracking: That is an advantage from the usage of different layers of fine segmented RPCs, which no other EAS ground-based detector posses. Full coverage was achieved by the ARGO-YBJ detector [61], but since it counted with a single layer of RPCs, it did not count with the tracking capabilities that are expected for MATHUSLA. Other detectors like KASCADE [62] counted with muon tracking (150    m  2  ) and calorimeter (16 × 20    m  2  ) systems but the coverage was reduced to less than   1 %  . Besides their area, compared with MATHUSLA, was reduced in size.



	
Highly granular measurements of the shower’s temporal and spatial structure: From the list of PeV EAS detectors provided, only ARGO-YBJ [61] and the muon tracking and calorimeter systems of KASCADE [62] were able to perform fine measurements of the temporal/spatial structure of the showers for the charged component of EAS in the former case, and the muon and hadron components in the latter.



	
Tandem measurements with a fine muon underground detector: Underground muon tracking detectors have been used before in other air shower facilities, for example, at the KASCADE observatory [62], however they were lacking the capabilities of the ATLAS/CMS detectors, which are also able to measure the charge and spectrum of individual muons. The capabilities of MATHUSLA might be further expanded when working in coincidence mode with the CMS or ATLAS detector. That will complement the EAS measurements of MATHUSLA with detailed information of the muon content at high energies, which will be useful for the study of the spectrum and composition of cosmic rays, and the understanding of high-energy hadronic interactions in the forward region, where there are significant uncertainty calculations. In addition studies of muon bundles might be devised in connection with air showers.








MATHUSLA working as a cosmic ray hodoscope will have several advantages over other air shower arrays regarding the measurements of EAS properties. Its special design, which considers several detector planes with RPCs of big size, will allow on the one side to enhance its angular resolution for air showers. For a surface EAS detector system, the angular precision is determined from the area of the array, the corresponding spacing, d [68]. It depends roughly of   1 / d  . Hence, it is expected a better angular resolution for MATHUSLA than for other EAS detector systems. This resolution could be even further improved using also the information of the tracking system of MATHUSLA.



On the other hand, the fine segmentation and full coverage of MATHUSLA will allow to study in detail the shape of the lateral density distribution of EAS at the shower front as carried out at the ARGO-YBJ experiment [60]. That will increase the precision of MATHUSLA in the location of shower cores and it will allow a better determination of both the total number of charged particles (  N  c h   ) and the lateral shower age s of the events, as there will be more points available for the fit of the density maps at ground level from which   N  c h    and s are obtained. Increasing the resolution of the location of the shower core will improve the determination of the arrival direction of the EAS and of   N  c h    and s. A better calculation of   N  c h    will permit a better estimation of the primary energy of the event. However, the disadvantage of MATHUSLA will be that the energy and composition studies based on   N  c h    and s will rely on simulations from hadronic interaction models. Here, calorimetric measurements of the total energy of the EAS in the atmosphere using cherenkov and fluorescence telescopes [64,66] or radio techniques give more reliable results. KASCADE had an additional advantage over MATHUSLA regarding the energy calibration, and it is that it used two different shower observables for the shower size,   N  c h    and   N μ   (number of muons), which reduce the composition uncertainties in the energy estimation of the primary particle.



Cherenkov and fluorescence telescopes, however, have a small duty cycle, as they can monitor the sky only during moon-less nights. The advantage of the surface EAS detector systems as MATHUSLA is that they can monitor the sky day and night, independently of the weather conditions, increasing the statistics in comparison with arrays where Cherenkov/fluorescence telescopes are used.



A further advantage is that there will be several fine time/spatial measurements at MATHUSLA that will also allow to study the physics of air showers and use them to test the hadronic interaction models commonly used to calibrate the cosmic ray measurements in EAS experiments. In Table 3, we summarize some advantages of MATHUSLA and compare them with those of other air shower arrays.



It is important to note that experimental arrays, such as LHAASO detectors [67], have been designed to study with high accuracy gamma and cosmic ray events in a wider energy range, from   10 11   eV to   10 17   eV. LHAASO will be an excellent instrument to study the cosmic ray anisotropy around the knee and it is expected to be sensitive to the masses of the primary cosmic ray. LHAASO will be a hybrid detector that combines plastic scintillator detectors and under/ground water Cherenkov tanks. Thus, LHAASO will be able to detect and to study with high efficiency EAS with energies between   10 11   eV and   10 17   eV, a wider range than MATHUSLA with an extension 76% larger than MATHUSLA.



From the above, MATHUSLA is not expected to be competitive with experiments such as LHAASO. MATHUSLA will be a new category of detector, with performance that might be located between that for EAS detectors with Cherenkov telescopes and surface arrays with particle detectors on the basis of the precision that it might be achieved in aspects such as the reconstruction of the energy of the EAS. However, its performance will go beyond the above instruments with regard to the spatial-temporal sampling of the shower front, which might improve also the reconstruction of the arrival direction and core position of EAS in comparison with that from the above detector systems. Therefore, MATHUSLA will provide a brand new way of observing the cosmic ray sky and study the EAS phenomena at PeV energies.





4. Conclusions


Underground experiments at CERN have provided results in field of cosmic ray physics. LEP results on the multi-muon analysis helped to test hadronic interaction models which could not describe the LEP data. Moreover, ALICE and CMS experiments at LHC used their cosmic data to perform analysis on multi-muon events and single cosmic charge ratio respectively. The CMS measurement is in perfect agreement with the previous results given by underground experiments. Future measurements of the dependence of this ratio on the muon multiplicity will help to achieve a deeper understanding of the hadronic interactions at very high energies.



The ALICE Collaboration at CERN started a dedicated cosmic ray physics program to study muon bundles with an underground apparatus. During the Run I data taking period of the LHC, ALICE collected 30.8 effective days of cosmic ray data. With this sample, they were able to measure the multiplicity of atmospheric muons produced in EAS detecting the same type of high muon multiplicity events as ALEPH and DELPHI experiments. Particularly ALICE observed 5 HMM events (   N μ  > 100  ). In the ALICE cosmic ray physics paper [49] is shown that the frequency of such kind of events can be reproduced in terms of the QGSJET II-04 model. Moreover, the ALICE cosmic ray group found that these events are produced in EAS from primary cosmic rays whose composition is dominated by a heavy component (Fe) with energies larger than   10 16   eV. They also determined the cores of the observed showers were located very close to the ALICE detector and that they had zenith angles less than   50 °  . This result places significant constraints on alternative, more exotic production mechanisms within its uncertainties (systematic + statistical) of about 49%. This measurement may be improved with the new data collected by ALICE between 2015 and 2018 equivalent to about 60 effective days of cosmic data.



In the near future horizon, a detector with the characteristics of MATHUSLA can provide valuable information to extend EAS studies. The size of MATHUSLA might not allow to separate all the different mass groups of cosmic rays as in [69] around the knee due to the available statistics, but it could help to separate the light and heavy mass groups of primary cosmic rays allowing to check the observations of KASCADE.



MATHUSLA will be a new class of EAS detector for the study of cosmic rays at PeV energies. It could provide quality data on air showers induced by cosmic rays with better resolution than other past and present experiments. In particular, on the shower arrival direction, EAS core position, the density and time distributions as well as the total number of charged particles in shower events with energies around the knee, in standalone mode, without assuming an   e / μ   discrimination system. In combined detection mode, it will take simultaneously data together with the CMS or ATLAS detectors. The underground detectors will provide complementary measurements of the EAS, particularly, about the muon content at energies above   50   GeV    to   70   GeV    for vertical incidence. In STD mode, MATHUSLA could be used to measure the all-particle energy spectrum, study the cosmic ray anisotropies, study the muon content of inclined events, tests hadronic interaction models and possibly to perform composition studies of cosmic rays using the age parameter for the charged component of EAS. In CB mode, it will extend the number of test of hadronic interactions and it will permit to study other EAS phenomena as muon bundles in connection with air shower events. If   e / μ   is implemented in MATHUSLA, the studies on the energy spectrum and composition of cosmic rays will be strongly improved. However, even without an   e / μ   discrimination a wide cosmic ray physics case could be expected. At the date, the MATHUSLA project is under consideration of the LHC scientific committee. It is open to new members.
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Figure 1. Atmospheric muon multiplicity distribution reported by the ALICE Collaboration. Figure taken from [49]. 
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Figure 2. Atmospheric muon multiplicity distribution reported by ALICE. Figure taken from [49]. 
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Figure 3. The SQM model adjustment to ALICE data is shown (black line) figure taken from [51]. 
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Figure 4. MATHUSLA expected location above CMS [56]. 
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Figure 5. Concept of MATHUSLA detector [56]. 
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Table 1. Summary of ALICE results on frequency of high muon multiplicity events.
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CORSIKA 6990

	
CORSIKA 7350

	




	
HMM Events

	
QGSJET II-03

	
QGSJET II-04

	
Data




	

	
Proton

	
Iron

	
Proton

	
Iron

	






	
Period [days per event]

	
15.5

	
8.6

	
11.6

	
6.0

	
6.2




	
Rate [  ×  10  − 6     Hz]

	
0.8

	
1.3

	
1.0

	
1.9

	
1.9




	
Uncertainty (%) (syst + stat)

	
13

	
16

	
8

	
20

	
49
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Table 2. Experiments whose data could be competitive with results of MATHUSLA. Sci. means scintillators, FD means fluorescence detectors, WCD, water cherenkov detectors, ICD, ice cherenkov detectors, TD, particle tracking detector, CD, calorimeter, IACT, Imaging Air Cherenkov telescope, RPC, Resistive Plate Chambers, and AC, Air Cherenkov. From the list on the table ARGO-YBJ and KASCADE are no longer active. LHASSO is under construction.






Table 2. Experiments whose data could be competitive with results of MATHUSLA. Sci. means scintillators, FD means fluorescence detectors, WCD, water cherenkov detectors, ICD, ice cherenkov detectors, TD, particle tracking detector, CD, calorimeter, IACT, Imaging Air Cherenkov telescope, RPC, Resistive Plate Chambers, and AC, Air Cherenkov. From the list on the table ARGO-YBJ and KASCADE are no longer active. LHASSO is under construction.





	
Experiment

	
Energy Range

	
Altitude

	
Size

	
Technique




	
(PeV)

	
(m a. s. l)

	
(    10 4    m 2    )






	
MATHUSLA

	
(1, 32)

	
380–436

	
1

	
RPC, TD




	
ARGO-YBJ [61]

	
(0.1, 3)

	
4300

	
0.7

	
RPC, TD




	
KASCADE [62]

	
(1,   10 2  )

	
110

	
4

	
Sci, TD, CD




	
HAWC-Outrigger [63]

	
(  10  − 4   ,   O ( 1 )  )

	
4100

	
11

	
WCD




	
Taiga [64]

	
   > 0.1   

	
675

	
25

	
IACTs




	
IceTop [65]

	
(1,   10 3  )

	
2835

	
100

	
ICD




	
LHAASO [66,67]

	
(  10  − 4   ,   10 2  )

	
4410

	
100

	
WCD, AC, Sci.




	
TALE (TA) [66]

	
(30,   10 4  )

	
1550

	
   10 3   

	
FD, Sci.
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Table 3. Comparative table of characteristic EAS measurements for experiments whose data could be competitive with results of MATHUSLA. Full coverage here is referred as the ratio of the sum of physical areas of all the detectors in each array with respect to the covered area of the array. From the list on the table ARGO-YBJ and KASCADE are no longer active.
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	Observatory
	Full
	Spatial
	Angular
	Energy
	CR Composition





	Observatory
	Coverage
	Resolution
	Resolution
	Precision
	Capabilities



	MATHUSLA
	   100 %   
	Very good
	Very good
	Good
	Limited by statistics



	ARGO-YBJ [61]
	   93 %   
	Very good
	Good
	Good
	Good



	KASCADE [62]
	<2%
	Good
	Good
	Good
	Very good



	HAWC-Outrigger [63]
	0.8–62%
	Good
	Good
	Good
	In investigation



	IceTop [65]
	   0.044 %   
	Good
	Good
	Good
	In investigation



	TALE (TA) [66,67]
	   O ( 1 % )   
	Good
	Good
	Very good
	In investigation
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