arXiv:hep-ex/0002052 18 Feb 2000

COSMIC RAY MUON PHYSICS

S. CECCHINI^{1,2} and M. SIOLI^{1,3}

1. INFN, Sezione di Bologna, 40126 Bologna, Italy 2. Istituto TESRE/CNR, 40129 Bologna, Italy 3. Dipartimento di Fisica dell’Università di Bologna, 40126 Bologna, Italy

E-mail: cecchini@bo.infn.it, sioli@bo.infn.it

Abstract

We present a review of atmospheric and underground muon flux measurements. The relevance of these data for the atmospheric neutrino flux computation is emphasized. Possible sources of systematic errors in the measurements are discussed, focusing on the sea level muon data. Underground muon data are also reported.

1 Introduction

At sea level, together with neutrinos, muons are the most abundant particles originated by the interactions of primary cosmic rays at the top of the atmosphere. Due to their relative stability and small cross sections, these particle are able to arrive deep underground and/or deep underwater. As a consequence, their study covers many aspects of cosmic ray physics.

Recently, atmospheric muon flux measurements received attention the context of the atmospheric neutrino anomaly [1, 2]. Because of the close relation between muon and neutrino production, it follows that the evaluation of the atmospheric muon flux can provide an important cross check on the atmospheric neutrino flux. Moreover, measurements of muon flux at all geomagnetic latitudes are crucial for the normalizazion of the calculated neutrino flux.

Measurements performed at different altitudes (sea level, at mountain level or in balloon born experiments) offer various advantages. First of all, a different set of measurements at different altitude values can provide informations about the longitudinal development of the muon component in cosmic ray showers. Moreover, the interpretation of data collected at the top of the atmosphere are not affected by the uncertainties inherent in particle production and propagation, since the muons (and the corresponding neutrinos) generated in the first stages of the cascade. Finally, the knowledge of high altitude muon data is crucial for sea level sub-GeV neutrinos: the corresponding sub-GeV muons originated in the same decay processes cannot reach the sea level, considering that the average muon energy loss in the atmosphere is of the order of 2 GeV; we are thus forced to take data at high altitudes.

On the other hand, measurements performed at ground level offer the advantage of a high stability, large collecting factor and a long exposure time due to the relatively favourable experimental conditions. They however suffer of an intrinsic difficulty in interpretation, since the muons that arrive at sea level are the last stage of a multi-step cascade process. This is true, in particular, for the measurements at high zenith angles, near the horizon, where the intermediate and high energy regions of the spectrum can be analysed (p_μ= 10-100 GeV/c). Nevertheless, for this reason, sea level data offer the possibility to perform a robust check of the reliability of existing Monte Carlo codes.

Finally, underground measurements offer the possibility to extend the energy range of the muon spectrum beyond 1 TeV. Such measurements are of an indirect type, but their link with the direct low-energy observations gives the possibility to complete the picture of muon spectra measurements and to cross-check the validity of the global set of data.

Most of the experiments devoted to the measurement of the muon momentum spectra and intensity have been carried in the ’70s. The problem is that the results are often in disagreements with one another; the discrepancies are significantly larger than the experimental errors reported. Recently new instruments, mainly designed for balloon experiments, have been developed; they are able to give detailed information on the muon flux at different altitudes in the atmosphere [3]. Also new measurements deep underground [4, 5, 6, 7, 8] or by EAS arrays [9] have added new information at very high energies.

In this paper we summarize the observations of the muon flux at sea level and deep underground and discuss some of the systematics connected with such measurements. For more complete discussion one can refer to the recent papers [10, 11] and to books [12, 13].

2 Atmospheric muon production and propagation

Secondary muons are mainly produced in the decays of secondary mesons, mostly π^± and K^±. The most important decay channels, and their respective decay probabilities, are:

a) π^± → μ^±ν_μ ∼ 100%

b) K^± → μ^±ν_μ ∼ 63.5% in which the produced muons take on the average 79% and 52% of the energy of the π^± and K^±, respectively.

The contribution of K decays to muon production is a function of the energy and ranges from ∼ 5% at low energies to an asymptotic value of ∼ 27% for E^>_∼ 1 TeV. At very high energies a small contribution arises from charmed particles. The analytical form of the muon production spectrum at a given height in the atmosphere can be derived by folding the two-body decay kinematics of the parent mesons with their production spectrum. The latter is generally expressed in terms of the so called “spectrum weighted” moments Z_{pπ}� =

∫_1 0 x^γ dN_{pπ}� dx dx (1) where dN_{pπ}�/dx is the pion production spectrum (x = E_π/E_p and γ is the differential primary spectral index). A similar expression can be obtained for kaons. In general, the development of the meson and muon components in the atmosphere depends on the energy range we are considering. The competition between interaction and decay of the particles plays a crucial role and the relative importance of the two processes depends on the energy. We can distinguish three different energy regions in the muon spectrum:

a) E_μ ≫ ϵ_{π,K} , where ϵ_π = 115 GeV and ϵ_K = 850 GeV are the critical energy beyond which meson reinteractions cannot be neglected. This is the typical muon energy range studied by underground detectors or by ground based experiments looking at high inclined directions. In this case, the meson production spectrum have the same power law dependence of the primary cosmic rays, but the rate of their decay has an extra E^{−1} dependence with respect to the primary and meson spectrum (a consequence of the Lorentz time dilatation). The muon (and hence neutrino) flux takes the form: dN/dE_μ = E^{−(γ+1)}_μ , and a zenith dependence dN/dcosθ ∝ (cosθ)^{−1}. It should be noted that, in this energy region, the enhancement of the K^± contribution to the secondary lepton production is particularly important in the neutrino flux calculation, as a consequence of the two-body decay kinematics [14]. This last remark does not hold for muons, for which the limited knowledge of meson production in this energy range is not so crucial as for neutrinos.

b) ϵ_μ^<_∼ E_μ^<_∼ ϵ_{π,K} , where ϵ_μ ≃ 1 GeV. In this energy range, almost all the mesons decay, and the muon flux has a power law dependence with the same spectral index of the parent mesons (and hence of the primary cosmic ray, in the assumption of complete Feynman scaling validity) and is almost independent on the zenith angle. A compact form which expresses the low and high energy regions is [12]: dN_μ dE_μ (E_μ, θ) ≃ 0.14 E^{−2.7}_μ 1 1 +^{1.1Eμcosθ}_{ϵπ} + 0.054 1 +^{1.1Eμcosθ}_{ϵK} (2) c) E_μ^<_∼ ϵ_μ . In this case, muon decays and the energy losses in the atmosphere cannot be neglected. Moreover, geomagnetic latitude and solar modulation now play an important role being the primary cosmic ray energy E_p < 20 GeV.

We stress again the relevance of muon flux measurements for the knowledge of the neutrino flux. In principle, sea level neutrino flux computation can be derived directly from muon flux measurements high in the atmosphere (X < 37 g/cm^2) [15]. This approach gives good results, but only a complete Monte Carlo simulation can take into account second order effects. The main ingredients in Monte Carlo calculations (and the main sources of systematics) of atmospheric lepton production are the input primary cosmic ray spectrum and a detailed description of secondary multiparticle production in the atmosphere. The primary cosmic ray composition plays an important role only in the very high energy range; the composition is dominated by protons and α particles at energies below 100 GeV.

Among various Monte Carlo codes now available, we recall [1] and [16] which are the ones used to interpret the atmospheric neutrino anomaly, and the new code based on the FLUKA interaction model [17] which takes into account 3-dimentional effects of secondary propagation in the atmosphere.

The comparison between the Monte Carlo evaluation of the muon flux at different altitudes and at sea level with the existing muon flux measurements constitutes one of the most powerful benchmark to assess the validity of the simulations.

3 Atmospheric muon flux measurements

Measurements of the absolute intensity, energy spectrum and positive-to-negative ratio of muons have been carried out many times in the past. Most of these observations were made at sea level and few at different mountain altitudes with counter telescopes separated by absorbers (Pb, Fe) and magnetic spectrometers. More recently, with the development of superconducting magnet, it has been possible to operate spectrometers also on board of balloons [18, 19, 20, 21, 22] which led to accurate measurements at different levels in the atmosphere.

Here we will consider mainly ground-based measurements and those made with detectors on balloons near the ground level or very close to it. The relevant quantities that can be directly measured and will be discussed here, are:

- absolute muon intensity - muon momentum spectrum - charge ratio

3.1 Absolute intensity measurements

The vertical muon intensity at sea level is a quantity which varies with the geomagnetic latitude, altitude, solar activity and atmospheric conditions.

The geomagnetic field tends to prevent low energy cosmic rays from penetrating through the magnetosphere down to the Earth’s atmosphere. At any point on the Earth one can define a threshold or cut-off rigidity, Pc, for cosmic rays arriving at a particular zenith and azimuth angle [23].

Primary nuclei having lower rigidity are excluded by the action of the geomagnetic field and do not contribute to production of secondaries in the atmosphere. The cut-off values range from less than 1 GV near the geomagnetic poles to about 16 GV for vertical particles near the equator [24]. It results that geomagnetic effects are important for sea level muons up to about ∼ 5 GeV (Fig. 1). The effect is larger at higher altitudes; Conversi [25] found that the vertical flux of muons with momentum around 0.33 GeV/c at latitude 60 deg was 1.8 times higher with respect to the flux at the equator.

Figure 1: The latitude effect on the integral muon intensity at sea level. It is shown the ratio between the intensity measured at Kiel I_K (Pc = 2.3 GV), and the intensity measured near the equator I_{eq} (Pc = 14.1 GV), with the same instrument^{26}.

Moreover, as cosmic ray primaries are predominantly positively charged particles, the flux and spectra in the East and West directions differ up to energies of about 100 GeV; the intensity from the West is stronger than that from the East. This effect increases with altitude.

In addition, the primary cosmic ray spectrum at the top of the atmosphere changes with the 11 year solar cycle as the configuration of the Interplanetary Magnetic Field (IMF) varies. It results that the cosmic ray flux is significantly “modulated” up to energies of about 20 GeV (Fig. 2).

Figure 2: Approximate solutions (the so called force-field solution)^{27,28} that fit the observations of the primary proton spectrum at the top of the atmosphere at different years. Also shown is the assumed Interstellar Spectrum. Notice the extension of the solar modulation effect.

In order to estimate how these changes in the primary spectrum influence the counting rate of a muon detector it is necessary to know the ”differential response curve” [12]. Its shape varies significantly with the depth of observations, see Fig. 3. Their detailed calculations depend on the properties of nuclear cascades in the atmosphere; more precise descriptions can be found in [30, 31] At the standard momentum of 1 GeV/c and at high latitudes the modulation is 7% and 4.5% for the differential and the integral fluxes, respectively [32].

So in making a comparison of muon observations at low energies (less than 20 GeV) it is very important to know the year and the location the measurements were made. Figure 4 shows the neutron monitor counting rate

Figure 3: Differential response functions for muons detected at different depths, after Mathews^{29}

recorded by a middle latitude station since 1953. No continuous recording of the same kind exists for muon monitors. By the comparison of the peak to peak variations during the interval 1965-1972 one can estimate that the total muon flux changes are usually a facto 3 to 5 smaller than the observed neutron flux variations [32, 33]

Finally, changes in pressure and, particularly, temperature above the instrument up to the point of muon production by pions and kaons, produce variations of different amplitude in different energy range. The most conspicuous for muons at higher energies is the seasonal variation [34, 35, 36] for which the results reported in the following have not been corrected for.

Classical definition of the hard component [37] is related to penetration characteristics, it is to say the capability of crossing 167 g/cm^2, equivalent to roughly 15 cm of Pb. As a matter of fact this component is made of of muon

Figure 4: Observed time variation in the monthly counting rate of the Climax Neutron Monitor (Pc = 3.03 GV) normalized to 1965. The 11 year variation associated with solar sunspot cycle is easily recognizable. Pronounced minima occur during sunspot maxima. A complete record of the muon intensity variations during the same period is not available.

with momenta p_μ > 0.32 GeV/c and less than 1% are protons, neutrons, electrons and pions.

Let us distinguish between vertical and horizontal integral muon fluxes. These latter are made in order to extend the range of the former beyond several tens of GeV/c, but usually they do not give absolute values of the vertical muon intensity. For this reason we will not discuss them here.

The first measurement of the integral vertical intensity was made by Greisen [38] at latitude 50^o and altitude 259 m a.s.l. (corresponding to 1007 g/cm^2) who found the value: 0.83 × 10^{−2} ± 1% cm^{−2}s^{−1}sr^{−1}. Rossi [37] noticed that this value needed to be corrected in order to account for showering and scattering of particles inside the apparatus. Successive measurements led to higher values. The observations made at different latitudes and during different years are presented in Fig. 5. Most measurements were made at high latitudes [39, 40, 41, 42, 43, 44], and only the few at low latitudes [45, 46]; were corrected for the geomagnetic effect. No corrections have been made for the solar modulation effects; the measurements are essentially grouped in the period 1967-1977, with one in 1998 [44]. The agreement between the measurements is fairly good (all the data within 10%) and one has to take into account that the largest contribution to the deviations are the systematic errors due to incorrect knowledge of the acceptance, efficiency of the counters and correction for the multiple scattering.

Figure 5: Integral momentum spectrum of low energy muons at sea level. Data are taken from Kiel^{26,32}, Flint et al.^{39}, Karmakar et al.^{45}, Baschiera et al.^{41}, De et al.^{46}, MASS^{44}, Ng et al.^{40}, Ashton et al.^{42}, Barbuti et al. 43. For energies E_μ > 1 TeV direct measurments of the muon flux were made at highly inclined directions using large magnetic spectrometers [47, 48, 49], large emulsion chambers [50] and EAS arrays [9]. For the discussion of the results we refer to the recent paper [11].

3.2 Momentum spectra

These spectra have been measured many times for moments up to ∼ 100 TeV/c. Magnetic spectrometers are mainly used at low and intermediate energies, while observations at high energies are made close to the horizontal directions at ground level or deep underground. The latter are indirect measurements, since the ground level spectra have to be extracted from underground data. We will consider here only ground level and underground observations.

3.2.1 Ground level measurements

Direct measurements of momentum spectra for p_μ < 1 TeV/c are important for the comparison of nuclear cascade models with available data. Furthermore by extending the model results to higher energies one can hope to be able to evaluate prompt muon production and/or charm production. In the momentum region 10 GeV/c - 1 TeV/c: a) the production spectrum of the charged pions cannot be represented by a power law but has a maximum at an energy that depends on both the altitude and the latitude b) the energy loss and the decay of muons must be properly considered. In order to join low to high momentum spectra it is important to have single experiments that cover the widest energy range.

To better see the differences between the sea-level spectra we plot in Fig. 6 the percentage deviations of the data from the best fit spectrum obtained by [51]. Notice that even if individual errors are small (however increasing with momentum due to decreasing number of detectable particles and to the maximum detectable momentum), deviations up to ± 20% are observed probably because of systematic effects.

3.2.2 Underground measurements

From underground muon intensity measurements, informations about sealevel muon spectra can be obtained using different procedures (see for ex-

Figure 6: Relative deviation of the differential muon spectra with respect to the Kiel fit^{51}. The data are taken from Allkofer et al.^{51}, MASS^{44}, Ayre et al.^{52}, Bateman et al.^{53}, Barber et al.^{54}.

ample [5, 6]). Here and in the following, we assume a standard procedure applied form large area underground experiment [8, 7]. The vertical muon intensity, for a given direction θ, ϕ and a corresponding rock slant depth h can be expressed as: I^V_μ (h, θ, ϕ) = ( 1 ΔT ) ∑ i N_im_i ∑ j ΔΩ_jA_jϵ_j/cosθ_j (3) where ΔT is the total livetime of the experiment, N_i is the number of detected events with multiplicity m_i in the angular bin ΔΩ_j, A_j and ϵ_j are, respectively, the geometrical and intrinsic acceptance of the detector. The relation between the measured I^V_μ (h) and the sea-level muon spectrum can be expressed as:

I^V_μ (h) = ∫ ∞ 0 dN_μ dE_μdΩ P (E_μ, h)dE_μ, (4) where P (E, h) is the muon survival probability function determined via Monte Carlo. Assuming for the sea-level muon spectrum an expression of the form (2), leaving as free parameters the muon spectral index and a normalization constant, it is possible it is possible to unfold sea level muon spectrum from the measured absolute muon intensity.

In Fig. 7 are reported the results of the fit of MACRO data [8] together with LVD [7], MSU [6] and Baksan [5] data. Data are presented multiplied by factor p^3 to better observe the variation of the spectrum in the whole energy region and to strengthen a possible flattening in the tail of the spectrum due to charm production. The statistics is still too poor to allow any definite assessment on the existence of this effect at energies > 10 TeV/c.

In indirect measurements, accurate estimates of the systematic errors are needed. The main sources of systematics in (4) are the knowledge of the rock density overburden and the treatment of hard processes in the energy loss of muons in the rock. In the MACRO fit, for example, their overall contribution has been estimated to be ∼ 5% and 3% in the determination of the normalization constant and muon spectral index respectively.

3.3 Charge ratio

In the primary cosmic rays there is an excess of positively charged particles (protons) with respect to the total number of nucleons. This excess is transmitted via nuclear interactions to pions and further to muons. By assuming that the primary composition is constant in the energy range considered, this ratio will remain constant with the exception of high energies, where the contribution from kaons starts to become sizeable. The muon charge ratio is expected to increase also with zenith angle as the depth is increasing and likewise the energy of the primaries that produce muons of a given momentum at ground. This quantity is important to study nucleon-nucleon interactions, composition and kaon contribution. Magnetic spectrographs are used for determining this ratio. Because of systematic effects in the momentum measurement the values are usually much spread out. Moreover limited statistics at high energy makes it difficult to appreciate the energy dependence. We report in Fig. 8 only the recent data from Mass [44] at lower momenta,

Figure 7: Vertical differential momentum of muons at sea level. Direct data extend up to 1 TeV and are taken from [allkofer, depascale, barber, bateman, ayre]. Indirect data obtained from underground observations for E >1 TeV/c are taken from Baksan^5, LVD^7, MSU^6, and MACRO fit^8, with the two parallel lines indicating the range allowed by the errors of the fit parameters.

and the two compilations made by [55]. It is clear more measurements with longer exposures are still needed.

4 Conclusions

Since atmospheric muons and neutrinos are generated in the same processes, the accuracy of the neutrino flux calculation can be improved by forcing the poorly known input parameters of the cascade model to fit the data on the muon flux.

Figure 8: Ratio μ^+/μ^− at sea level. The data have been taken from MASS^{44}, Rastin^{55}.

However, the data are still not sufficient for this purpose, since several sea level measurements of the vertical muon flux are in poor agreement with one another, even though each experiment has typically very good statistics.

Disagreement between the results of different experiments are present even if the quoted errors are relatively small in the majority of the experiments. It indicates the existence of significant systematic errors in some experiments by as much as 30-35% at momenta from 10 to 1000 GeV/c.

5 References

References

[1] V. Agrawal et al., Phys. Rev. D53 (1996) 1314.

[2] M. Circella et al., Proc. 25th Int. Cosmic Ray Conf.,( Durban, 1997), 2, 117.

[3] M. Circella, Tesi di Dottorato, Universita’ di Bari, Italy, 1997, in Italian. [4] R.I. Enikeev et al., Sov. J. Nucl. Phys. 48 (1988) 1044. [5] V.N. Bakatanov et al., Sov. J. Nucl. Phys. 55 (1992) 1169. [6] G.T. Zatsepin et al., Izv. Ross. Akad. Nauk, Sez. Fiz. 58 (1994) 119. [7] M. Aglietta et al., hep-ph/9806001 [8] M. Ambrosio et al., Phys. Rev D52 (1995) 3793.

[9] M. Aglietta et al., Proc. 24th Int. Cosmic Ray Conf., (Roma, 1995), 1 638. [10] J. Knapp, Rapporteur paper, Proc. 25th Int. Cosmic Ray Conf., (Durban, 1997) 8 83.

[11] E.V. Bugaev et al., hep-ph/9803488 v2.

[12] T.K. Gaisser, Cosmic Rays and Particle Physics, Cambridge University Press, Cambridge, 1990.

[13] S. Hayakawa, Cosmic Ray Physics, Interscience, Wiley & Sons, NY, 1969. [14] T.K. Gaisser et al., Proc. 23rd Int. Cosmic Ray Conf.,(Calgary, 1993), 4, 495.

[15] D.H. Perkins, Astropart. Phys., 2 (1994) 249. [16] M. Honda et al., Phys. Rev. D52 (1995) 4985. [17] G. Battistoni et al., Nucl. Phys. B70 (1999) 358.

[18] S. W. Barwick et al., Phys. Rev. Lett. 75 (1995) 390; E. Schneider et al., Proc. 24th Int. Cosmic Ray Conf., Roma, Italy, 1995, Vol. 1, p. 690.

[19] M. Bocciolini M. et al., Nucl. Instrum. Meth. A370 (1996) 403. [20] M. Hof et al., Nucl. Instrum. Meth. A345 (1994) 561; Krizmanic J.F. et al., in Proc. 24th Int. Cosmic Ray Conf., (Roma 1995), 1, 593.

[21] H. Matsunaga et al. Proc. 25th Int. Cosmic Ray Conf.,(Durban, 1997), 4, 225.

[22] R.L. Golden R.L. et al., Nucl. Instrum. Meth. A306 (1991) 366. [23] B. Rossi and S. Olbert, Introduction to the Physics of Space, McGraw-Hill, NY 1970.

[24] D.F. Smart and M.A. Shea, Adv. Space Res., 14:10 (1994) 787. [25] M. Conversi, Phys. Rev. D70 (1950) 749. [26] O.C. Allkofer et al., Lett. Nuovo Cim, 12 (1975) 107. [27] L.J. Gleeson and W.I. Axford, Astrophys. J., 154(1968) 1011. [28] L.A. Fisk and W.I. Axford, J. Geophys. Res., 74 (1969) 4973. [29] T. Mathews, Phil. Mag. 8 (1963) 387. [30] T.K. Gaisser, J. Geophys. Res. 79 (1974) 2281. [31] K. Murakami et al., Il Nuovo Cim. 2C (1979) 635. [32] O.C. Allkofer and Jokisch H., Il Nuovo Cim., 15A (1973) 371. [33] L.I. Dorman, Progress in elementary particles and Cosmic Rays, Vol. VII, J.G. Wilson & S.A. Wouthuysen eds., North-Holland, Amsterdam, 1963.

[34] L.I. Dorman, Cosmic Ray Variation, State Publ. House for Tech. and Theor.

literature Moscow; translation by US Air Force Tech. Doc. Liason Office (1958).

[35] P.H. Barrett et al, Rev. Mod. Phys. 24 (1952) 133. [36] M. Ambrosio et al., Astropart. Phys., 7 (1997) 109. [37] B. Rossi, Rev Mod Phys 20 (1948) 537. [38] K.I. Greisen, Phys. Rev. 61 (1942) 212. [39] R.W. Flint et al., Phys. Rev. D8 (1973) 1300. [40] L.K. Ng et al., Il Nuovo Cim. 22B (1974) 328.

[41] B. Baschiera et al., Il Nuovo Cim. 2C (1979) 473. [42] F. Ashton et al., Il Nuovo Cim. 9B (1972) 344.

[43] A.I. Barbouti and B.C. Rastin, J. Phys. G.: Nucl. Phys. 9 (1983) 1577. [44] M.P. De Pascale et al, J. Geophys. Res. 98 (1993) 3501. [45] N.L. Karmakar et al., Il Nuovo Cim. 17B (1973) 173. [46] A.K. De et al., Phys. Rev. D5 (1972) 1068. [47] Y. Muraki et al., Phys. Rev. D28 (1983) 20. [48] S. Matsuno et al, Phys. Rev. D29 (1984) 1. [49] Jokisch et al, Phys. Rev. D19 (1979) 1368.

[50] M.A. Ivanova et al., Proc. 16th Int. Cosmic Ray Conf. ,(Kyoto, 1979), 10, 35. [51] O.C. Allkofer et al., Phys. Lett. 36B (1971) 425. [52] C.A. Ayre et al., J. Phys. G.: Nucl. Phys. 1 (1975) 584. [53] B.J. Bateman et al., Phys. Lett. 36B (1971) 144. [54] S.R. Barber et al., Nucl. Phys. B4 (1968) 539. [55] B.C. Rastin, J. Phys. G.: Nucl. Phys. 10 (1984) 1629.