arXiv:hep-ph/0005030 v2 20 Sep 2000

NEUTRINOS AS SOURCE OF ULTRA HIGH ENERGY COSMIC RAYS IN EXTRA DIMENSIONS

Ashok Goyal^∗, Abhinav Gupta^†, Namit Mahajan^‡ Department of Physics and Astrophysics, University of Delhi, Delhi-110 007, India.

Abstract If the neutrinos are to be identified with the primary source of ultra-high energy cosmic rays(UHECR), their interaction on relic neutrinos is of great importance in understanding their long intergalactic journey. In theories with large compact dimensions, the exchange of a tower of massive spin-2 gravitons (Kaluza-Klein excitations) gives extra contribution to νν̄ −→ ff̄ and γγ processes along with the opening of a new channel for the neutrinos to annihilate with the relic cosmic neutrino background νν̄ −→ Gkk to produce bulk gravitons in the extra dimensions. This will affect their attenuation. We compute the contribution of these Kaluza-Klein excitations to the above processes and find that for parameters of the theory constrained by supernova cooling, the contribution does indeed become the dominant contribution above √ s ≃ 300 GeV.

∗E–mail : agoyal@ducos.ernet.in †E–mail : abh@ducos.ernet.in, abhinav@physics.du.ac.in ‡E–mail : nm@ducos.ernet.in, nmahajan@physics.du.ac.in

Ultra high energy (UHE) cosmic rays [1] present a challange in cosmology and astroparticle physics. Energies beyond the Greisen-Zatsepin-Kuzmin (GZK) cut off ∼ 5 × 10^{19} eV excludes protons as primary candidates [2] for high energy events due to the fact that above the resonance threshold for Δ^∗ production, the protons would lose roughly 20 % of their energy by scattering on the 2.73 K cosmic background photons through p + γ_{2.73K} −→ Δ^∗ −→ N + π during 6 Mpc (mean free path) of their journey. Thus apart from the difficulty in accelerating particles to such extremely high energies [3], these protons would lose significant fraction of their energy if they came from 100 Mpc or further away. Gamma rays and neutrinos could be other primary candidates which will not be hampered by the GZK cut off. The high energy photon annihilation cross-section on cosmic background photons [4] will however, preclude them from being the candidates particularly if they have to travel a distance of the order of 100 Mpc of the intergalactic space, their mean free path being of the order of 10-40 Mpc only. Weiler [5] proposed that if neutrinos have to be the source of UHE cosmic rays, they have to have their energies corresponding to the Z-resonance in order to be able to effeciently annihilate relic neutrinos i.e. E_ν ≃^{MZ2}_{2Mν} ≃ 10^{23} eV for neutrino mass consistent with the Super-Kamiokanda data which is clearly above the GZK cut off [6]. The difficulty in realizing this scenario is to identify the source of ultra high energy neutrinos with their energy close to the Z-resonance. Decay of a super heavy relic particle into neutrinos with mass M_χ ≥ 10^{13} GeV has been proposed [6] to be the source of these highly energetic neutrinos that can explain cosmic ray events beyond the GZK cut off. Such neutrinos however, have to be produced in a spherical shell at the red shift z = (^{Mχ}_{2Eres} − 1) = (^{MχMν}_{MZ 2} − 1) so that their energy near earth is close to the Z-resonance energy for the νν̄ annihilation cross-section on the relic neutrinos to be large.If such fine tuning of mass of the relic super heavy particle or their abundance at the red shift z = (^{Mχ}_{2Eres} − 1) is not available, we will require large neutrino hadron cross-sections of hadronic strength for the neutrinos to be able to initiate showers high in the atmosphere. Current estimates of the ultra high neutrino scattering in the Standard Model for E_ν ∼ 10^{21} eV are estimated [7] to lie in the range 10^{−4} − 10^{−5} mb. Specifically,

σ_{νN}^{SM} (E_ν) ≃ (2 − 3)×10^{−5}( E_ν 10^{19}eV

)^{0.4} mb (1)

The anomalously large high energy neutrino interaction requires new physics and an appealing possibility considered in the literature is the theory with n extra dimensions with large compactification radii and TeV scale quantum gravity [8]. In such theories, exchange of a tower of massive spin-2 bulk gravitons (Kaluza- Klein(KK) excitations) opens up the exciting possibility of extra contribution to any two particle scattering. In this context, the contribution of gravitational scattering to νN cross-section consistent with the requirement of unitarity has been estimated [9]. For example, for a neutrino of energy E_ν scattering on a proton at rest

σ_{νN}^g(E_ν) ≃ 4πs M_s^4 ≃ 0.1( 1T eV M_S )^4( E_ν 10^{19}eV

) mb (2)

The most stringent lower limits on the string scale M_S are obtained from astrophysical considerations [10] by studying the energy loss rates through the emission of bulk gravitons in SN 1987 A and lead to typically M_S ≥ 30 Tev, 4 TeV and 1 TeV for the number of extra dimensions equal to 2, 3 and 4 respectively. Thus n = 4 is required if neutrinos are to be the primary candidates for UHE cosmic ray events.

The new physics would open up new channels for these high energy neutrinos to annihilate with the relic neutrino background to produce bulk gravitons in the extra dimensions through νν̄ −→ G_{KK} (3) and may therefore get effeciently attenuated during their intergalactic journey. In these theories, there also exists extra contributions to high energy neutrino scattering on relic background neutrinos through the exchange of KK excitations to produce the cascade of high energy particles through

νν̄ −→ ff̄ (4) and νν̄ −→ γγ (5) processes. In the Standard Model the process (4) takes place through the exchange of Z, while the process (5) can take place only through the loop diagrams and is expected to be highly suppressed [11]. In theories with extra dimensions, there is direct coupling between Standard Model particles and spin-2 gravitons, thus providing a unique channel.

Using the Feynman Rules given in [12], it is straight forward to calculate the above processes. The spin averaged neutrino annihilation cross-section to produce a KK graviton can be easily found to be

σ(νν̄ −→ G_{KK} (s, m_n)) = π κ^2 √ s 32 δ (m_n − √ s) (6) where m_n is the mass of the nth KK state, being given by m^2_n =^{4π2n2}_{R2} where κ^2 R^n = 16π (4π)^{n2} Γ(^n_2 ) M^{−(n+2)}_s . Summing over all the KK states using the density of the number of states given in equations (B2) and (B3) in [12], the total cross-section comes out to be

σ(νν̄ −→ G_{KK} ) = π^2 s ( s M^2_s

)^{n2 +1} (7)

where n is the number of extra dimensions.

The matrix elements for the scattering processes (4) and (5) are given in [12] (see equations (61), (62), (71) and (72)). Squaring the matrix elements and summing over the virtual KK state exchange propagator using equations (B4)-(B8) of [12], the total scattering cross-section can be calculated in a straight forward manner and we get σ^g(νν̄ −→ ff̄) = π 60s ( s M_s^2

)^{n+2}F^2 (8) and σ^g(νν̄ −→ γγ) = π 20s ( s M_s^2

)^{n+2}F^2 (9)

where F^2 = π^2 + 4I^2(^{Ms√}_s ) and I is given in [12] (see equation (B8)). In these calculations it was assumed that the massless four dimensional graviton and its massive KK excitations couple with the same strength and the sum over all KK states to a given scattering amplitude in general is obtained by introducing a cut-off. However, it has recently been pointed out [13] that due to brane fluctuations, effective coupling of the nth KK mode to four dimensional fields is suppressed exponentially and is given as

κ_n = κ exp ( −c m^2_n M^2_s ) (10)

where c parametrises the effects of finite brane tension and is of order one or larger. This suppression then provides a dynamical cut-off in the sum over KK states. With this modified coupling, neutrino-nucleon cross-section due to the exchange of KK gravitons has been recalculated [14] and has been found to be considerably smaller to account for UHE cosmic ray observations. If that is so, neutrinos remain deeply penetrating and can be the source of UHE cosmic rays only if their energies correspond to the Z resonance [5], [6]. For a neutrino of energy E_ν annihilating a relic neutrino of mass m_ν , we get

σ^g(νν̄ −→ G_{KK} ) ≃ 4 × 10^{−33− 3n2} 2^{n2} ( m_ν 1eV ) n_2 ( E ν 10^{21}eV )^n_2 ( 1T eV M_s )n_{+2} cm^2 (11)

and

σ^g(νν̄ −→ ff̄) ≃ 4 × 10^{−38−3n}2^n ( m_ν 1eV )n_{+1} ( E ν 10^{21}eV )n_{+1} ( 1T eV M_s )_2n_{+4}

F^2 cm^2 (12) and σ^g(νν̄ −→ γγ) = 3σ^g(νν̄ −→ ff̄ ) (13) to be compared with the Standard Model calculation

σ^{SM} (νν̄ −→ ff̄ ) = G^2_F 3π M^2_Z s (s − M^2_Z )^2 + M^2_Z Γ^2_z

(C^2_V + C^2_A) (14)

where C_V^f = T_3^f − 2Q^f sin^2θ_w and C_V^f = T_3^f . The Standard Model cross-section at s = M^2_Z comes out to be ≃ 1.59×10^{−32} cm^2. The process νν̄ −→ γγ has been recently calculated in the Standard Model [15] and is given by

σ^{SM} (νν̄ −→ γγ) = G^2_F α^2 640π^3 s^3 M^4_W

A^2 ≃ 5.6 × 10^{−42} ( m_ν 1eV )_3 ( E ν 10^{21}eV

)_3

cm^2 (15)

where A is taken to be ≃14.4. The above expression is valid for √ s upto roughly 2M_W after which the cross-section reaches a plateau till about 1 TeV and then starts falling [15].

The effect of brane fluctuations through modification of the coupling can be easily incorporated in the calculations. σ(νν̄ −→ G_K K) gets multiplied by a suppression factor exp(^{−2cs}_{M 2s} ) and in the scattering cross-sections (8) and (9), F^2 is replaced by |D|^2 where D = [ −ιπ exp ( − 2cs M^2_s ) − J ( 2cs M^2_s )] (16)

with J ( 2cs M^2_s ) = P ∫_∞ 0 dy y^{n2 −1} 1 − y exp ( −2cy M^2_s ) (17)

where P denotes the Principal Value of the integral and for even values of n it reduces to

J ( 2cs M^2_s ) = (−1)^{n−1} Ei ( 2cs M^2_s ) + n 2 −1∑ k=1 (k − 1)! exp ( 2cs M^2_s ) ( M^2_s 2cs )k (18)

where Ei(x) is the Exponential-integral function [16].

The suppression in the cross-sections due to brane fluctuations at the available values of √ s even for the smallest allowed value of M_s = 1 TeV for n = 4 is not more than 10 % and is not significant as can be seen from the expression of D. In Figures 1-3, we have plotted the cross-sections for the cases n = 2 and 4 with

M_s = 1, 10 and 30 TeV. In Fig.4, we plot the cross-sectons for the parameters of the theory that are constrained from astrophysical considerations obtained by demanding that the supernova cooling through graviton production does not exceed 10^{53} ergs. We have also plotted the Standard Model cross-sections for νν̄ −→ ff̄ and νν̄ −→ γγ for comparison. We see that the contribution of spin-2 graviton exchange for n=2 and M_s = 1 TeV rises very fast with energy and far exceeds the Standard Model contribution. Such a large cross-section would result in the attenuation of high energy neutrinos if they are produced through the decayof a super heavy relic particle of mass M_χ exceeding 10^{14} GeV. The probability of these high energy neutrinos to interact depends upon the cross-section and on the lepton-asymmetry parameter η =^{ην,relic}_{ηγ,0} whose value is constrained by nucleosynthesis and by large scale structure considerations. The mean free path of neutrinos is dominated by σ(νν̄ −→ G_{KK}) and is given by λ =^1_{σ(νν̄−→GKK)ην,relic} . If there is no lepton-asymmetry, η ≃ 0.14 and could be as large as 4 for some cosmological parameters [17]. For √ s = 500 GeV,the neutrino mean free path for n = 2 and M_s = 1 TeV is λ_{νν̄→GKK} ≃ 0.57×10^7(^{0.14}_η ) Mpc to be compared with the corresponding contribution in the Standard Model from the Z-exchange namely λ_{νν̄ →Z}∗ ≃ 1.33×10^{10}(^{0.14}_η ) Mpc. For the astrophysically prefered value (n = 4, M_s = 1 TeV), the mean free path is λ_{νν̄→GKK} ≃ 2.27 × 10^7(^{0.14}_η ) Mpc. At resonance, √ s = M_Z, the Z-exchange gives by far the largest cross-section with mean free path λ_{νν̄→Z}∗_{res} ≃ 0.345×10^6(^{0.14}_η ) Mpc to be compared with λ_{νν̄ →GKK} ≃ 6.8×10^8(^{0.14}_η ) Mpc for the astrophysically allowed parameters. However, neutrinos produced by the decay of super heavy relic particles with √ s ≥ 500 GeV would mainly annihilate to produce bulk gravitons with a crosssection more than three orders of magnitude greater then the Standard Model cross-section through Z^∗ exchange. It should however be noted that these new neutrino interactions with CMB photons and massless relic neutrinos would not have enough center of mass energy to compete with the Standard Model interactions to significantly influence the neutrino propagation. For massive neutrinos on the other hand, the relic neutrino background provides large center of mass energy for these interactions to play an important role in neutrino propagation through their intergalactic journey [18]. For example, from Fig.4, we observe that for Super-Kamiokande motivated neutrino mass ≃ 0.07 eV, νν̄ annihilation cross-section for bulk graviton production for neutrinos of energy ≃ 10^{15} GeV, ( √ s ≃ 265 GeV) is comparable to the Standard Model cross-section. It is thus clear that in a scenario in which the neutrinos are produced through the decay of super-heavy relic particles of mass M_X > 10^{13} GeV, the νν̄ annihilation cross-section on the relic neutrinos in the Standard Model is large enough at √ s near the Z-resonance energy to qualify for the source of UHE cosmic rays beyond the GZK cut-off even for Super-Kamiokande constrained neutrino mass range. At these energies the new interactions remain much smaller than the Standard Model ones. This of course, requires that the X particles have life time long compared to the age of the universe, τ_X ≥ 10^5 t_o. On the other hand, if neutrinos were produced at large z i.e. at large cosmological distances, which would be the case for super-heavy particles with life time much smaller than the age of the universe, large center of mass energy (enhanced by a factor of (1+z)) will be available to the neutrinos for new interactions to play an important and for values of √ s > 265 GeV even dominant role. The cascade of charged particles and γ rays produced through the exchange of a tower of massive KK excitations in theories with n extra dimensions with large compactification scale will give significant contribution to the GeV gamma ray background today.

Acknowledgements

One of us, A. Goyal, would like to thank the organisers of WHEPP-6, held in the Institute of Mathematical Sciences, Chennai, India from Jan. 3-15, 2000 where the problem was discussed in the working group. A. G thanks CSIR, India while N. M. thanks the University Grants Commission, India, for financial support.

References

[1] M. Takeda et al, Phys. Rev. Lett. 81, 1163 (1998); S. Yoshida et al, Astropart.

Phys. 3, 105 (1995); N. Hayashida et al, Phys. Rev. Lett. 73, 3491 (1994); M. A. Lawrence, R. J Reid and A. A. Watson, J. Phys. G, 617, 733 (1991); Fly’s Eye Collaboration D. J. Bird et al, Phys. Rev. Lett. 71, 3401(1993); Astrophys. J. 424, 491 (1994).

[2] K. Greisen, Phys. Rev Lett. 66, 748 (1966); G. T Zatsepin and V. A. Kuzmin, Pisma Zh. Eksp. Teor. Fiz. 4,114 (1966).

[3] See for example P. L. Biermann, J. Phys. G 23, 1 (1997) and references cited therein.

[4] V. S. Berezinskii et al, Astrophysics of Cosmic Rays (North-Holland, Amsterdam, 1990); M. S. Langair, High Energy Astrophysics, 2nd Ed. (Cambridge University Press, Cambridge, England, 1994).

[5] T. Weiler, Astropart. Phys. 11, 303 (1999). [6] G. Gelmini and A. Kusenko, hep-ph/9908276.

[7] R. Gandhi, C. Quigg, M. H. Reno and I. Sarcevic, Astropart. Phys. 5, 81 (1996); Phys. Rev. D 58 093009 (1998).

[8] N. ArkaniHamed, S. Dimopoulos and G. Dvali, Phys. Lett. B 429, 263 (1998);

Phys. Rev. D 59, 086004 (1999); I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B 436, 257 (1998).

[9] S. Nussinov and R. Shrock, Phys. Rev. D 59, 105002 (1999); P. Jain, D. W. Makay, S. Panda and J. P. Ralstan, hep-ph/0001031.

[10] S. Callen and M. Pereslstein, Phys. Rev. Lett. 83, 268 (1999); V. Barger, T. Han, C. Kao and R. J. Zhang, Phys. Lett. 461, 34 (1999).

[11] M. Gell-Mann, Phys. Rev. Lett. 6, 70 (1961); C. N. Yang, Phys. Rev. 77, 242 (1950); V. K. Cung and M. Yoshimura, Nuovo Cimento 29A, 557 (1975).

[12] T. Han, J. D. Lykken and R. J. Zhang, Phys. Rev. D 59, 10506 (1999);

G. F.Giudice, R. Rattazi and J. D. Wells, hep-ph/9811291.

[13] M. Bando, T. Kugo, T. Noguchi and K. Yoshioka, Phys. Rev. Lett. 83, 3601 (1999).

[14] M.KachelrieB and M. Plumacher, astro-ph/0005309.

[15] A. Abbadabadi, A. Devoto, D. A. Dicus and W. W. Repko, Phys. Rev D 59, 0130012 (1998).

[16] I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series and Products (Academic Press, 1994).

[17] See for example J. Adams and S. Sarkar, ICTP Workshop on Physics of the relic neutrinos, Trieste, Italy, 1996; J. Lesgourgnes and S. Pastov, hepph/9904411.

[18] See also the discussion in C. Tyler, A. V. Olinto and G. Sigl, hep-ph/0002257 where in they have proposed that from the measurements of horizontal air showers one can put bounds on the UHE neutrino flux striking the earth which in turn can be used for putting bounds on UHE neutrino interactions with matter beyond the Standard Model. Thus the modification in neutrino propagation in theories with large extra dimensions can in principle be tested.

Figure 1: Total νν̄ annihilation cross-section as a function of √ s. Curves a, b, c, d and f stand for σ^{SM} (νν̄ −→ ff̄ ), σ^g (νν̄ −→ ff̄ , n = 2), σ(νν̄ −→ G_{KK} , n = 2), σ^g(νν̄ −→ ff̄ , n = 4), σ(νν̄ −→ G_{KK}, n = 4) respectively for M_s = 1 TeV.

Figure 2: Total νν̄ annihilation cross-section as a function of √ s. The curves are as in Fig.1 and M_s = 10 TeV.

Figure 3: Total νν̄ annihilation cross-section as a function of √ s. The curves are as in Fig.1 and M_s = 30 TeV.

Figure 4: Total νν̄ annihilation cross-section as a function of √ s for the astrophysically costrained values of the parameters namely, M_s = 30 TeV for n = 2 and M_s = 1 TeV for n =4. Curves a, b, c, d and f are as in Fig.1. Curve g stands for σ^{SM} (νν̄ −→ γγ)