arXiv:1205.0198v2 [hep-ph] 31 May 2012

Isospin Violating Dark Matter Search by Nuclear Emulsion Detector

Keiko I. Nagao

KEK Theory Center, IPNS, KEK, 1-1 Oho, Tsukuba, 305-0801, Japan

Tatsuhiro Naka

Institute for Advanced Reseach, Nagoya University, Nagoya 464-8602, Japan

Abstract

Dark matter signal and its annual modulation of event number are observed by some direct searches. However, the parameter spaces have been excluded by other experiments. The isospin-violating dark matter is a hopeful candidate to solve the discrepancy. We study the possibility that a future project of dark matter search using nuclear emulsion can reach the favored region by the isospin-violating dark matter. Since the detector has the directional sensitivity, it is expected to examine the region including the modulation property.

Keywords: dark matter, direct detection, nuclear emulsion, isospin-violating dark matter

1. Introduction

Dark Matter is a notable subject in both particle physics and astrophysics. A number of observations and experiments have been performed in order to survey its nature. Wilkinson Microwave Anisotropy Probe (WMAP) [1] has revealed that dark matter consists about 23% of the energy density of the

Email addresses: knagao@post.kek.jp (Keiko I. Nagao),

naka@flab.phys.nagoya-u.ac.jp (Tatsuhiro Naka)

Preprint submitted to Elsevier June 1, 2012

Universe. On the other hand, the direct and indirect detection of dark matter also put constraints on the interaction of dark matter [2]. In the paper, we focus on the direct detection experiments. DAMA [3, 4], CoGenT [5] and CRESSTII [6] presented data which can be interpreted as dark matter signal. The positive data suggests light dark matter mass ∼ O(10)GeV. However, the parameter space have been excluded by CDMS-II [7], XENON10 [8] and XENON100 [9]. There are many attempts to explain the discrepancy, for example, dark matter nature such as the inelastic dark matter [10, 11, 12], atomic uncertainties such as scintillation efficiency factor [13], quenching factor [14] and channeling fraction [15, 16, 17, 18], and astrophysical uncertainties [19].

Isospin-Violating Dark Matter (IVDM) can solve the contradiction supposing specific dark matter nature. The coupling between dark matter and proton in nuclei f_p and that between dark matter and neutron f_n are usually supposed to be same, i.e. f_n/f_p = 1. If one take the ratio not equal to one but f_n/f_p ≈ −0.7, part of DAMA and CoGent signal region is allowed by other experiments [20]. Many studies on IVDM have been done including from aspects of indirect detection and collider constraints [20, 21, 22, 23, 24, 25, 26, 27, 28]. The origins of isospin violation are also proposed from the particle physics point of view [29, 30, 31, 32, 33, 34, 35, 36, 37].

A nuclear emulsion is a type of photographic film; it can detect the tracks of charged particles emitted by the dark matter-nucleus scattering. Therefore it has the directional sensitivity in dark matter search. The mechanism is as follows. Silver halide crystals densely dispersed in gelatin are penetrated by charged particles, and they become visible silver grains via development treatment. The detector is used in experiment such as neutrino oscillation using a lot of nuclear emulsion films ∼30000 kg [38, 39, 40]. Spatial resolution of the nuclear emulsion is defined by crystal size and number density per volume. The nuclear emulsion detector has a advantage in the directional dark matter search since its spatial resolution is extremely higher than other detectors which has directional sensitivity [41, 42, 43, 44]. Large mass as a solid detector, which enables to achieve high sensitivity, is another merit of the nuclear emulsion. Status of the experiment is in research and development (R&D) now.

Since the nuclear detector has the directional sensitivity, it can test the annual modulation of dark matter including directional information. Therefore, testing favored region by DAMA, CoGenT and CRESST is one of the attractive possibility of the detector. We study the sensitivity of the nuclear emulsion detector for IVDM, and discuss the possibility that it test the favored region of IVDM.

This article is organized as follows. In Sec.2, we introduce the concept and expected sensitivity of the direct detection experiment with nuclear emulsion. In Sec.3, we introduce the IVDM and show the sensitivity of the emulsion detector for it. We conclude in Sec.4.

2. Direct Detection with Nuclear Emulsion

In dark matter detection with nuclear emulsion, the recoiled particle by dark matter-nucleus scattering is detected as track in nuclear emulsion. Hence the recoil energy of dark matter corresponds to the length of track. O(10)GeV mass dark matter, whose typical energy is O(10)keV, leaves submicron track on nuclear emulsion layers. Detection of submicron track length had been difficult with ordinary nuclear emulsion whose spatial resolution is about 1 μm. However, it is finally achieved due to recent progress of nuclear emulsion technology, which enable to make fine-grained nuclear emulsion [45]. Therefore currently it is possible to detect tracks of dark matter with O(10)GeV mass. This idea is very unique among the directional dark matter search using solid detector.

Current components of the detector is summarized in Table1. Target nuclei are silver (Ag) and bromine (Br) as heavy targets. On the other hand, as light targets, carbon (C), nitrogen (N) and oxygen (O) are included in the emulsion layers. Current limit of detectable range is about 100 nm, which corresponds to the recoil energy 160 keV for heavy targets and 33 keV for light targets^1. The thresholds are expected to be improved by R&D henceforth.

The event rate of the direct search experiment R is defined the integral of the recoil energy E_R and the dark matter velocity in the frame of the Earth v, as R = N_T n_χ ∫ E_{R,min} dE_R ∫_{vmax}

v_{min} d^3v f(v)v dσ_A dE_R (1) where N_T is the number of target nuclei, n_χ is the number density of dark matter, f(v) is the distribution function of dark matter velocities, and σ_A

1See Appendix A for detailed correspondence between track range and the recoil energy.

Weight(%) A_i(abundance) Ag 39.65 107(51.84) 109(48.16) Br 29.01 79(50.69) 81(49.31) O 11.76 16 C 11.72 12(98.9) 13(1.1) N 4.57 14 H 2.27 1 S 0.05 32(95.02) 34(4.2) I 0.96 127

Table 1: Contents of nuclear emulsion layers. In the second and the third column, mass number of isotope A_i (its natural abundance ratio) is shown. We omit isotopes whose abundance ratio is less than 1%.

is the cross section of the dark matter-nucleus elastic scattering [46]. We assume a Maxwell-Boltzmann distribution: f(v) = 1 (πv^2_0 )^{3/2} e^{−(v+vE )2/v20} , (2) and use v_0 = 220 km/sec as the velocity of the Solar-system relative to the galactic halo, and v_E = 230 km/sec as the Earth’s velocity relative to the dark matter distribution. The annual modulation effect is omitted. In addition, local dark matter density ρ_0 = 0.3 GeV/cm^3 and Helm form factor [47] are used as fundamental parameters. Perfect detection efficiency and zero backgrounds are assumed.

We show the 90% C.L. sensitivity of the nuclear emulsion detector for dark matter and nucleon cross section of spin-independent interaction with 1000 kg·year exposure in Fig.1. Signal regions by DAMA [17], CoGenT [5] and CRESSTII [6], and constraints by CDMSII [7] and XENON100 [9] are also presented for references. Thick solid line with “100nm” label (thick dashed one with “150nm”) corresponds the sensitivity of nuclear emulsion detector for cases the detectable range threshold is 100nm (150nm), namely, the energy threshold ∼ 33 keV (∼ 44 keV). Current limit of the detectable range is 100nm, therefore the blue line with “150nm” label is fairly conservative. For comparison, the sensitivity of nuclear emulsion detector adopting only Ag and Br for targets, is represented as thick dot-dashed line while thick solid and dashed ones correspond to the case adopting Ag, Br, C, N, and O as target nuclei. We note that good sensitivity in light dark matter mass re-

Figure 1: Expected sensitivity of the nuclear emulsion detector and current results of direct searches. Regions filled with magenta (black in monochrome printing), light gray and white are positive signal by DAMA, CoGenT and CRESST, respectively. Thin dashed (dotted) line represents null constraint by CDMSII (XENON100). Thick solid and thick dashed lines correspond to the expected sensitivity of the nuclear emulsion detector with the detectable range thresholds 100nm and 150nm, respectively. We also show the sensitivity of the nuclear emulsion adopting target nuclei only heavy atoms (Ag and Br) as thick dot-dashed line.

gion ∼ 10 GeV can be achieved only when the effect of the dark matter-light nuclei (C, N, and O) scattering is included.

In realistic experiment, nuclear emulsion detector will be mounted on equatorial telescope and put toward to expected direction of incoming dark matter (i.e., direction of Cygnus in the celestial sphere) in underground facility because the detector does not have time resolution. The detector should be constructed in underground and in clean room to suppress background signals. Readout of signal tracks will be done by optical microscope and Xray microscope. First, candidate tracks are searched automatically by optical microscopy [48], and finally they are confirmed by X-ray microscope which has higher resolution than optical one. These new technologies have already confirmed in [49]. Ultimately, angular resolution is expected to be about 15-20 degree for X-ray microscope observation.

3. Iso-Spin Violating Dark Matter in Emulsion Dark Matter Search

First we shortly review the IVDM for the simplest case that the target contains only one type of atom which one isotope dominates. The differential cross section of spin-independent scattering in Eq.(1) can be represented as dσ_A/dE_R = σ_Am_A/(2v^2μ^2_A) where m_A is the nucleus mass and μ_A is the reduced mass defined with dark matter mass m_χ as μ_A = m_Am_χ/(m_A + m_χ). The dark matter-nucleus scattering cross section can be described as

σ_A = μ^2_A Λ^4

[f_pZF^p_A(E_R) + f_n(A − Z)F^n_A (E_R)]^2 (3)

where Λ, Z and F^{p(n)}_A (E_R) are the scale which parametrizes the scattering, the atomic number of A, and the proton (neutron) form factor for nucleus A, respectively. (A − Z) corresponds to the neutron number of nucleus A. Since the difference between F^p_A(E_R) and F^n_A (E_R) is negligible compared to that of couplings, we set both of the form factors are same as F_A(E_R) afterward. Usually the dark matter-proton coupling is assumed to be same as the dark matter-neutron coupling, i.e. f_n = f_p. In that case, Eq.(3) is simplified as σ_A ∝ μ^2_Af^2_n A^2, which implies the well-known property that the spin-independent scattering cross section is propotional to the squared mass number. If there are more than one isotope, Eq.(3) becomes

σ_A = ∑ i η_i μ^2_{Ai} Λ^4

F_A(E_R)^2 [f_pZ + f_n(A_i − Z)]^2 (4)

where η_i is the abundance ratio of isotope A_i. We introduce the dark matterproton scattering cross section σ_p = f^2_p μ^2_pF_A(E_R)^2/Λ^4, then Eq.(4) can be written as σ_A = σ_p ∑ i η_iμ^2_{Ai} /μ^2_p [Z + f_n/f_p(A_i − Z)]^2. Hence the constraints for σ_p varies with f_n/f_p. We introduce the dark matter-nuclei scattering cross section for f_n/f_p = 1 case as σ_N , which is nothing but the cross section measured by experiments shown in Fig.1. Taking negative f_n/f_p, the constraints for σ_p are suppressed compared to that for σ_N . Especially for f_n/f_p = −0.7, the null constraints of XENON10, 100 and CDMSII are woundy suppressed while the suppression for positive constraints is mild. As a consequence, part of positive signal region is allowed by null results for m_χ ∼ 8GeV and σ_p ∼ 2 × 10^{−2}pb [20].

We extend Eq.(4) for the case that the target consists of several spices of atom, which is labeled by j. Therefore A^j_i is the isotope i of atom j. Since not only σ_A but also other parameters in the event rate R depend on atom, we will start the discussion from the event rate again. The number of target nuclei N_T in unit of /kg^2 is expressed as N_0 × 10^3/Ã where N_0 is the Avogadro number and A is the Molar mass in g/mol unit, that is nothing but the mass number. The event rate of this case is R = σ_p ∑ j ξ_j ( ∑ i N_0 × 10^3 A^j_i η_i m^2_{Aji} μ^2_p

[Z_j + f_n/f_p(A^j_i − Z_j )]^2n_χ

× ∫ E_{R,min} dE_R ∫_{vmax}

v_{min}

d^3v f(v)vF_Aj_i (E_R)^2 ) (5) where ξ_j is the weight ratio of atom A^j . When we can suppose that the form factor F_Aj_i (E_R) varies mildly for different A^j_i , and the thresholds of the recoil energy E_{R,min} are common for all target atoms, Eq.(5) is written as R = σ_p ∑ j [ ξ_j ( ∑ i N_0 × 10^3 A^j_i η_i m^2_{Aji} μ^2_p

[Z_j + f_n/f_p(A^j_i − Z_j)]^2 )

× ( n_χ ∫ E_{R,min} dE_R ∫_{vmax}

v_{min}

d^3v f(v)vF_Aj_i (E_R)^2 )] , (6)

and the second parenthesis is independent of i and j. The ratio of σ_N and σ_p is described as σ_p σ_N = ∑ j ξ_j (∑ i η_im_Aj_i A^j_i ) ∑ j ξ_j (∑ i η_im_Aj_i /A^j_i [ Z_j + f_n/f_p(A^j_i − Z_j )

]_2). (7)

Now we are ready to estimate the expected constraint by the nuclear emulsion detector for the IVDM. Target atoms and its isotopes in nuclear

2In the context of direct detection, the event rate is conventionally represented in unit of /kg/day. We adopt the notation and use /kg unit for N_T .

Figure 2: Expected sensitivity of the nuclear emulsion detector to the IVDM for f_n/f_p = −0.7. Legend is same as Fig. 1.

emulsion layers are listed in Table1. Ag and Br are dominant components, however, they are so heavy that they do not have sensitivity for light mass region as we comment in Section 2. Instead, light atoms C, N and O are sensitive to light dark matter. In the calculation, we assume that the target atoms are only C, N and O and convert the constraints in Fig.1 to case of IVDM. Since C, N, and O have almost same atomic number A and the energy threshold E_{R,min} (See Appendix B for the energy thresholds of each atom), the supposition that mild variation of the form factor and the common threshold for target atoms, are justified. The result is shown in Fig.2. For reference, we also show the constraints for the IVDM by other experiments: signal regions of DAMA/LIBRA 3-σ result [17] with no-ion channeling effect, CoGenT 90% C.L. [5], CRESST 2σ region [6], and null constrains of XENON100 90%C.L. [9] and CDMSII 90% C.L. [7]. We do not include uncertainties such as scintillation efficiency factor, quenching effect, and astrophysical ones. Thick solid line (thick dashed line) represents the expected sensitivity of the nuclear emulsion detector with the range threshold 100nm (150nm). Since the choice of f_n/f_p is destructive, the cross section for f_n/f_p = −0.7 is suppressed compared to the isospin-conserving case. Especially if the number of neutrons in nucleus is much larger than that of protons, the suppression is amplified. Suppression for the nuclear emulsion is small because the number of neutron in target atoms (C, N, and O) is almost same as that of proton. Therefore the sensitivity of the nuclear emulsion detector for isospin-violating dark matter is enough to test the region favored by the IVDM.

In order to examine the region favored by IVDM, the sensitivity for light dark matter is required. For nuclear emulsion, such a small recoil energy corresponds to short length tracks near detector threshold. Therefore, rejection of the backgrounds with very short length will be important. In Appendix B, we discuss the realization of good back ground rejection in detail.

4. Summary and Discussion

We have examined the expected sensitivity of the future detector using the nuclear emulsion. Especially we study the sensitivity for the IVDM. The region favored by IVDM, i.e. signal region by DAMA and CoGenT where is not excluded by XENON10, 100 and CDMSII, will be reached by the nuclear emulsion detector if it achieves good detection efficiency and back ground rejection. In that case, it can test the signal region of other experiments including the signal direction since the detector has the directional detectability.

Acknowledgment

This work is supported by the Grant-in-Aid for Nagoya University Global COE Program, “Quest for Fundamental Principles in the Universe: from Particles to the Solar System and the Cosmos”, the Grant-in-Aid for Scientific Research on Innovative Areas (No.2310400) and Grant-in-Aid for Research Activity Start-up (23840018) from the Ministry of Education, Culture, Sports, Science and Technology of Japan (MEXT). KN thanks M. Nojiri and M. Yamanaka for useful discussions.

Appendix A: Track Length and Recoil Energy

For the nuclear emulsion, energy threshold corresponds to detectable range threshold of the nuclear emulsion. Light atoms such as C, N and

Figure 3: Correspondence between ion track range in emulsion and the recoil energy.

O, have advantage to detect small recoil energy, i.e. light dark matter. On the other hand, heavy ones including Ag and Br are not sensitive to light dark matter. We converted recoil energy into track range by SRIM simulation [50]. The relationship between signal track range in matter and energy for each atom in nuclear emulsion is shown in Fig4. The energy thresholds C, N and O are almost same as 33 GeV which we adopt in the numerical calculations.

Appendix B: Concept of Background Rejection

In the paper, the light dark matter mass region is focused. For realistic investigation, the rejection of back ground signals which can leave short track signal as well as the light dark matter on the nuclear emulsion should be discussed. Basic concept of the back ground rejection is to create the nuclear emulsion which has no sensitivity for back ground signals by means of sensitivity control of nuclear emulsion itself and development treatment. We shortly summarize the strategy of the background rejection though it may be too technical.

• First we discuss how to deal with the background signals caused by radioactive sources from outside of the detector. Size of signals can be adopted for background rejection because the range of energy deposit per unit path length dE/dx is different between dark matter signals and radioactive backgrounds. For example, expected total energy deposition for heavy targets and light targets by dark matter scattering are about 1000-2000 keV/μm and 100-300 keV/μm, respectively. On the other hand, the energy deposit for electron and proton background are about 10 keV/μm and 50 keV/μm, respectively. Therefore, sensitivity optimization of the nuclear emulsion itself, and development treatment are essential to produce nuclear emulsion which is sensitive to only the signals with high dE/dx.

• Serious backgrounds are caused by internal sources in nuclear emulsion itself. Especially, β or γ-rays from^{238}Th chain, β-rays from^{40}K and^{14}C are expected. The dominant backgrounds among them are^{40}K and^{14}C. 40K can be mixed in nuclear emulsion when it is produced from KBr. By adopting NaBr instead of KBr to produce the nuclear emulsion, background from^{40}K can be avoided. Finally serious backgrounds are 14C. In order to examine positive signal regions of other experiments, the rejection power >∼ 10^9 is required.

• Neutron from rock in underground is also possible background source.

Especially, the recoiled protons induced by neutron with more than 7 keV kinetic energy can be background. Neutron flux of this energy region is expected to be 10^{−6} /cm^2/sec [51]. Supposing non-shielding and perfect detection efficiency, the event rate of proton recoil will be about 2.6×10^3 /kg/year. In order to achieve zero background in 10 kg·year exposure, rejection powers of 10^{5−6} are required. The rejection will be realized by neutron shield and sensitivity control.

• Finally, remained backgrounds can be discriminated by directionality because background tracks have angular distribution with isotropic.

References

[1] E. Komatsu et al. [WMAP Collaboration], Astrophys. J. Suppl. 192, 18 (2011) [arXiv:1001.4538 [astro-ph.CO]].

[2] For a review, see G. Bertone, D. Hooper and J. Silk, Phys. Rept. 405 (2005) 279, hep-ph/0404175. For a short review of recent progress, see M. Drees and G. Gerbier, arXiv:1204.2373 [hep-ph]

[3] R. Bernabei et al. [DAMA Collaboration], Phys. Lett. B 480, 23 (2000).

[4] R. Bernabei et al. [DAMA Collaboration], Eur. Phys. J. C 56, 333 (2008) [arXiv:0804.2741 [astro-ph]].

[5] C. E. Aalseth et al. [CoGeNT collaboration], Phys. Rev. Lett. 107, 141301 (2011)

[6] G. Angloher et al., arXiv:1109.0702 [astro-ph.CO].

[7] Z. Ahmed et al. [CDMS-II Collaboration], Phys. Rev. Lett. 106, 131302 (2011) [arXiv:1011.2482 [astro-ph.CO]].

[8] J. Angle et al. [XENON10 Collaboration], Phys. Rev. Lett. 107, 051301 (2011) [arXiv:1104.3088 [astro-ph.CO]].

[9] E. Aprile et al. [XENON100 Collaboration], Phys. Rev. Lett. 107, 131302 (2011) [arXiv:1104.2549 [astro-ph.CO]].

[10] D. Tucker-Smith and N. Weiner, Phys. Rev. D 64, 043502 (2001) [arXiv:hep-ph/0101138]; Phys. Rev. D 72, 063509 (2005) [hep-ph/0402065].

[11] J. Kopp, T. Schwetz and J. Zupan, JCAP 1002, 014 (2010) [arXiv:0912.4264 [hep-ph]].

[12] S. Chang, J. Liu, A. Pierce, N. Weiner and I. Yavin, JCAP 1008, 018 (2010) [arXiv:1004.0697 [hep-ph]].

[13] C. Savage, G. Gelmini, P. Gondolo and K. Freese, Phys. Rev. D 83, 055002 (2011) [arXiv:1006.0972 [astro-ph.CO]].

[14] D. Hooper, J. I. Collar, J. Hall, D. McKinsey and C. Kelso, Phys. Rev.

D 82, 123509 (2010) [arXiv:1007.1005 [hep-ph]].

[15] E. M. Drobyshevski, Mod. Phys. Lett. A 23, 3077 (2008) [arXiv:0706.3095 [physics.ins-det]].

[16] R. Bernabei, P. Belli, F. Montecchia, F. Nozzoli, F. Cappella, A. Incicchitti, D. Prosperi and R. Cerulli et al., Eur. Phys. J. C 53, 205 (2008) [arXiv:0710.0288 [astro-ph]].

[17] C. Savage, G. Gelmini, P. Gondolo and K. Freese, JCAP 0904, 010 (2009) [arXiv:0808.3607 [astro-ph]].

[18] N. Bozorgnia, G. B. Gelmini and P. Gondolo, JCAP 1011, 019 (2010) [arXiv:1006.3110 [astro-ph.CO]]; JCAP 1011, 028 (2010) [arXiv:1008.3676 [astro-ph.CO]].

[19] M. T. Frandsen, F. Kahlhoefer, C. McCabe, S. Sarkar and K. Schmidt- Hoberg, JCAP 1201, 024 (2012) [arXiv:1111.0292 [hep-ph]].

[20] J. L. Feng, J. Kumar, D. Marfatia and D. Sanford, Phys. Lett. B 703, 124 (2011) [arXiv:1102.4331 [hep-ph]].

[21] M. T. Frandsen, F. Kahlhoefer, J. March-Russell, C. McCabe, M. Mc- Cullough and K. Schmidt-Hoberg, Phys. Rev. D 84, 041301 (2011) [arXiv:1105.3734 [hep-ph]].

[22] T. Schwetz and J. Zupan, JCAP 1108, 008 (2011) [arXiv:1106.6241 [hep-ph]].

[23] M. Farina, D. Pappadopulo, A. Strumia and T. Volansky, JCAP 1111, 010 (2011) [arXiv:1107.0715 [hep-ph]].

[24] C. McCabe, Phys. Rev. D 84, 043525 (2011) [arXiv:1107.0741 [hepph]].

[25] C. Kelso, D. Hooper and M. R. Buckley, Phys. Rev. D 85, 043515 (2012) [arXiv:1110.5338 [astro-ph.CO]].

[26] S. L. Chen and Y. Zhang, Phys. Rev. D 84, 031301 (2011) [arXiv:1106.4044 [hep-ph]].

[27] Y. Gao, J. Kumar and D. Marfatia, Phys. Lett. B 704, 534 (2011) [arXiv:1108.0518 [hep-ph]].

[28] J. Kumar, D. Sanford and L. E. Strigari, arXiv:1112.4849 [astroph.CO].

[29] M. Y. .Khlopov, arXiv:0806.3581 [astro-ph].

[30] Z. Kang, J. Li, T. Li, T. Liu and J. Yang, arXiv:1102.5644 [hep-ph].

[31] E. Del Nobile, C. Kouvaris and F. Sannino, Phys. Rev. D 84, 027301 (2011) [arXiv:1105.5431 [hep-ph]].

[32] M. T. Frandsen, F. Kahlhoefer, S. Sarkar and K. Schmidt-Hoberg, JHEP 1109, 128 (2011) [arXiv:1107.2118 [hep-ph]].

[33] X. Gao, Z. Kang and T. Li, arXiv:1107.3529 [hep-ph].

[34] J. M. Cline and A. R. Frey, Phys. Rev. D 84, 075003 (2011) [arXiv:1108.1391 [hep-ph]].

[35] H. Kawase, JHEP 1112, 094 (2011) [arXiv:1110.3861 [hep-ph]].

[36] E. Del Nobile, C. Kouvaris, F. Sannino and J. Virkajarvi, arXiv:1111.1902 [hep-ph].

[37] X. -G. He, B. Ren and J. Tandean,

[38] E. Eskut et al. [CHORUS Collaboration], Nucl. Phys. B 793, 326 (2008) [arXiv:0710.3361 [hep-ex]].

[39] K. Kodama et al. [DONuT Collaboration], Phys. Rev. D 78, 052002 (2008) [arXiv:0711.0728 [hep-ex]].

[40] N. Agafonova et al. [OPERA Collaboration], Phys. Lett. B 691, 138 (2010) [arXiv:1006.1623 [hep-ex]].

[41] C. Grignon, G. Bernard, J. Billard, G. Bosson, O. Bourrion, O. Guillaudin, C. Koumeir and F. Mayet et al., JINST 4, P11003 (2009) [arXiv:0909.0654 [astro-ph.IM]].

[42] K. Miuchi, H. Nishimura, K. Hattori, N. Higashi, C. Ida, S. Iwaki, S. Kabuki and H. Kubo et al., Phys. Lett. B 686, 11 (2010) [arXiv:1002.1794 [astro-ph.CO]].

[43] S. Ahlen, J. B. R. Battat, T. Caldwell, C. Deaconu, D. Dujmic, W. Fedus, P. Fisher and F. Golub et al., Phys. Lett. B 695, 124 (2011) [arXiv:1006.2928 [hep-ex]].

[44] S. E. Vahsen, H. Feng, M. Garcia-Sciveres, I. Jaegle, J. Kadyk, Y. Nguyen, M. Rosen and S. Ross et al., arXiv:1110.3401 [astro-ph.IM].

[45] M. Natsume et al., Nucl. Instrum. Meth. A 575, 439 (2007). [46] For a review, see J. D. Lewin and P. F. Smith, Astropart. Phys. 6, 87 (1996).

[47] R. H. Helm, Phys. Rev. 104, 1466 (1956).

[48] M. Kimura and T. Naka, Nucl. Instrum. Meth. A , http://dx.doi.org/10.1016/ j.nima.2012.04.010.

[49] T. Naka et al. EAS Publication Series, 53 (2012) 51-58 [50] The software is distributed in http://www.srim.org/. For a testbook, J. F. Ziegler, J. P. Biersack, M. D. Ziegler, “The Stopping and Range of Ions in Matter”, Lulu Press (2012).

[51] P. Belli et al., Riv. Nuovo Cim. 101A (1989) 959.