arXiv:astro-ph/0312030 v2 14 Apr 2004

IRB-ZEF/52-2003

CERN Axion Solar Telescope as a probe of large extra dimensions

R. Horvat, M. Krčmar, and B. Lakić Rudjer Bošković Institute, P.O.Box 180, 10002 Zagreb, Croatia (Dated: April 14, 2004)

We explore the potential of the CERN Axion Solar Telescope (CAST) for testing the presence of large extra dimensions. The CAST experiment has originally been proposed to search for solar axions with a sensitivity supposed to provide a limit on the axion-photon coupling gaγγ <∼ 5×10^{−11} GeV^{−1} or even lower. The expected bound on the coupling constant is by a factor of ten more stringent than the current experimental results. This bound extends for the first time beyond the limit dictated by astrophysical considerations. As a tuning experiment planning to explore the axion mass region up to about 1 eV, CAST would also be sensitive to the existence of Kaluza-Klein massive states. Therefore, the detection of X-rays at least at two pressures may be the signature of large extra dimensions. From this requirement we find that CAST may test (two) large extra dimensions with a (common) compactification radius R down to around 250 nm if mPQ < 1/(2R), and down to around 370 nm if 1/(2R) < mPQ , where mPQ is the Peccei-Quinn mass.

PACS numbers: 11.10.Kk, 14.80.Mz, 96.60.Vg

I. INTRODUCTION

A few years ago an approach was put forward [1] in which heavy mass scales in four dimensions could be replaced by lighter mass scales in higher dimensions. Such a class of theories is nowadays conventionally considered in the context of the brane paradigm. In one class of models extra dimensions are felt only by gravity (as well as other fields transforming as singlet under the Standard- Model gauge group); in the other class they are felt also by gauge fields. In the former case, the Standard-Model fields are confined to a (3+1)-dimensional subspace of a higher-dimensional space some dimensions of which are compactified with a relatively large radius. The absence of any observed deviation from ordinary Newtonian gravity in Cavendish-type laboratory experiments implies that the largest compactification radius is smaller than around 0.2 mm [2].

The main goal in both classes of models is to provide a unified theory in which the electroweak scale M_W ∼ 10^2 GeV and the high energy scales (Planck [1], string [3], and GUT scales [4]) can coexist. The same scenario has also been successfully applied to neutrino as well as to axion phenomenology. Namely, a higherdimensional seesaw mechanism may provide light neutrino masses without heavy mass scales [5]. Similarly, axion invisibility can be achieved in extra dimensions even with a low fundamental Peccei-Quinn (PQ) scale [6].

The CERN Axion Solar Telescope (CAST) is designed to search for solar axions of a broad energy spectrum which peaks at about 4 keV, through their conversion into real photons inside the transverse magnetic field [7, 8]. This telescope may improve the current laboratory bounds on the axion-photon coupling, g_{aγγ} <∼ 6 × 10^{−10} GeV^{−1} for m <∼ 0.03 eV and g_{aγγ} <∼ 6.8 − 10.9 × 10^{−10} GeV^{−1} for m ∼ 0.05 − 0.27 eV [9], by a factor of ten or even more. It also has the potential to extend for the first time the axion searches beyond the limit g_{aγγ} <∼ 10^{−10} GeV^{−1} arising from astrophysical constraints on anomalous energy loss by stars [10]. Although the CAST telescope could in principle be sensitive to axion masses in the range of a few keV, the coherence-loss constraints [11, 12] reduce the sensitivity down to around 1 eV.

The first goal of the present note is to interpret prospects of CAST in the light of the theory with large extra spatial dimensions. We focus on the case when the limit on the size of two large extra compact dimensions is set by direct tests of gravity [2]. Our second goal is to explore the potential of CAST for testing the presence of large extra dimensions.

II. QCD AXIONS AND CAST

Axions are pseudoscalars arising in models which resolve the strong CP problem in quantum chromodynamics (QCD) by the PQ mechanism [13]. Owing to their potential abundance in the early universe, they are also well-motivated candidates for the dark matter of the universe. In both classes of (conventional) invisible axion models referred to as KSVZ or hadronic axion models [14] (where axions do not couple to electrons at tree level) and DFSZ or grand unified theory (GUT) models [15], the axion-photon coupling strength is given by the relation g_{aγγ} = α 2πf_{PQ}

(E/N − 1.93 ± 0.08) . (1)

Here E/N is a model-dependent numerical parameter for hadronic axions, while for DFSZ axions E/N = 8/3. Furthermore, the mass of the (QCD) axion m_{PQ} is related to the PQ symmetry breaking scale f_{PQ} by

m_{PQ} = 6 eV

10^6 f_{PQ} /1 GeV

. (2)

In order to avoid ambiguities owing to the modeldependence of the parameter E/N for hadronic axions, it proved more convenient to make constraints on the axion-photon coupling than on the PQ energy scale or on the axion mass.

In contrast, cosmological considerations and astrophysical arguments (i.e., axion emission due to nucleonnucleon bremsstrahlung from the supernova SN 1987A) bound the axion mass into two possible ranges [16]. The first window is 10^{−5} eV <∼ m_{PQ} <∼ 10^{−2} eV, in which case the axion could constitute the cold dark matter of the universe. The second one, being around ten to twenty electronvolts, appears to be of interest for hot dark matter. However, such astrophysical constraints on m_{PQ} , although the most stringent, suffer from statistical weakness (with only 19 neutrinos being observed) as well as from all uncertainties related to the axion emission from a hot/dense medium. It is therefore of crucial importance to probe the axion properties in a model-independent way [17, 18].

Currently, laboratory searches for solar axions [9, 12, 19, 20] are being extended by the CAST experiment at CERN. This telescope uses a decommissioned LHC prototype magnet with a field of 9 T and a length L of 10 m. The magnet contains two straight beam pipes with an effective cross sectional area S = 2 × 14 cm^2, and is mounted on a moving platform with low-background Xray detectors on either end allowing it to track the Sun about 3 hours per day.

Hadronic axions could be produced abundantly in the core of the Sun by the Primakoff conversion of the blackbody photons in the Coulomb fields of nuclei and electrons in the solar plasma. The outgoing axion flux is robust and does not depend on subtle details of the solar model. It is approximately given by [21] dΦ(E) dE = 4.20 × 10^{10}cm^{−2} s^{−1} keV^{−1} ( g_{aγγ} 10^{−10} GeV^{−1}

)_2

× E p^2 e^{E/1.1} − 0.7 (1 + 0.02m) . (3)

Here dΦ(E)/dE is the axion flux at the Earth, differential with respect to axion energy (E), and expressed as a function of axion mass (m). The quantities E, p = √ E^2 − m^2, and m are to be taken in keV. The probability for an axion-to-photon conversion in the presence of a transverse magnetic field (B) and a refractive medium (i) is given by [11] P^i_{a→γ} (m) = ( Bg_{aγγ} 2 )_2 1 q^2_i + μ^2_i /4 × [ 1 + e^{−μiL} − 2e^{−μiL/2}cos(q_iL) ] , (4)

where q_i = |(m^2_{γ i} − m^2)/2E| is the momentum difference between photons in the medium and axions, and μ_i denotes the inverse absorption length for X-rays. The effective mass (plasma frequency) for an X-ray in He can be described in terms of the operating pressure P_i (at 300 K) as m_{γ i}/1 eV ≈ √ (P_i/1 atm)/15 . The coherence condition q_i L < π [12] requires m <∼ 0.02 eV for a photon energy of 4.2 keV (the average axion energy) and a coherence length of 10 m in vacuum. To search for axions more massive, coherence can be restored by filling the magnetic conversion region with buffer gas. Integrating over all axion energies, the expected number of photons N_{γ i}(m), being detected during the times of solar alignment with the magnet (t_i), is finally

N_{γ i}(m) = ∫_∞ 0 dΦ(E) dE P^i_{a→γ} (m) S t_i dE , (5) assuming 100% detection efficiency for the conversion X-rays. At a fixed pressure P_i, the response of CAST will be a sharply peaked function of the actual axion mass m, with the fractional resolution Δm/m_{γ i} ≈ 5.2 × 10^{−4}(m_{γ i}/1 eV)^{−2}. A general analysis of the experimental prospects [7] explores the full two-dimensional (m, g_{aγγ} ) space for QCD axions rather than the narrow band defined by conventional axion models (although it remains the best-motivated region), as it is shown in Fig. 2. The experiment is being operated in a scanning mode in which the gas pressure is varied in appropriate steps (1 yr with vacuum, an additional 1 yr with a He gas pressure increased from 0-1 atm in 100 increments, and an additional 1 yr with 1-10 atm in 365 increments) to cover a range of possible axion masses up to 0.82 eV.

III. CAST AND LARGE EXTRA DIMENSIONS

Large extra dimensions aim to stabilize the mass hierarchy (i.e., the hierarchy between the Planck scale and the electroweak scale) by producing the hugeness of the Planck mass M_{Pl} via the relation

M^2_{Pl} = M^{n+2}_D V_n , (6)

where V_n ≡ R^n is the full volume of the compactified space, and the fundamental scale is set at M_D ∼ TeV. As already stressed, a singlet higher-dimensional axion field is also free to propagate into the bulk and therefore a similar volume-suppressed formula can be used to lower the fundamental Peccei-Quinn symmetry-breaking scale f̄_{PQ} [1, 6, 22]

f^2_{PQ} = f̄^2_{PQ} M^δ_S V_δ , (7)

where M_S is the string scale, M_S ∼ M_D. Since the phenomenologically allowed region for f_{PQ} (also generating the coupling between the axion and matter) is such that f_{PQ} ≪ M_{Pl}, the axion must be restricted to a subspace of the full higher-dimensional bulk (δ < n), if f̄_{PQ} is to reside in the TeV-range [6]. Still, δ = n is possible for f̄_{PQ} ≪ TeV [21, 23].

In Ref. [6] the full generalization of the higherdimensional PQ mechanism was given, including a thorough discussion of how extra space dimensions may contribute to the invisibility of the PQ axion. All new phenomena contributing to the invisibility of the axion and found there rely on a nontrivial axion mass matrix. Such a matrix is induced by a mixing between the four-dimensional axion and the infinite tower of KK excitations. The most interesting phenomenological consequence implied by such a mixing is a decoupling of the mass eigenstate of the axion from the PQ scale (for m_{PQ} > (1/2)R^{−1}). Since this feature is crucial for our considerations here, we discuss it in more detail below.

Now, we can focus on the higher-dimensional case by considering first the KK decomposition of the axion field. As a major step, we need to calculate the estimated number of X-rays at the pressure P_i as a function of the KK axion mass. The masses of the KK modes are given by m_{⃗δ} = 1 R √ n^2_1 + n^2 + ... + n^2_δ ≡ |⃗δ| R , (8)

where we assume that all n extra dimensions are of the same size R. When the mass splitting for the size R (∼ 1/R) is sufficiently small, one is allowed to use integration instead of summation [24]. We have already mentioned that because of the nontrivial axion mass matrix, neither the four-dimensional axion nor the KK states represent the mass eigenstates. Instead, the eigenvalues are given as solutions to the transcendental equation [6] πRλ cot(πRλ) = λ^2 m^2_{PQ}

. (9)

Hence, in order to estimate the number of modes with the KK index between n and n+dn, one should parameterize the whole set of eigenvalues of (9). This can be done by solving (9) for two limiting cases, m_{PQ} R ≫ 1 and m_{PQ}R ≪ 1. We find for the eigenvalues

λ_0 ≈ m_{PQ} , λ_n ≈ n R , n = 1, 2, ... if m_{PQ}R ≪ 1 , (10) and λ_n ≈ 2n + 1 2R , n = 0, 1, 2, ... if m_{PQ}R ≫ 1 . (11)

The results from Ref. [6], where only the mass of the axion zero-mode was estimated, can now be easily reproduced from our expressions (10) and (11). In Fig. 1 we show the mass of the first KK state as a function of m_{PQ}R. It can be seen how the mass quickly approaches its limiting value (3/2)R^{−1}. A similar feature was found in Ref. [6] for the zero-mode. Finally, the total number of X-rays due to all modes of the KK tower reads

N^{KK}_{γ i} = S_δ R^δ ∫_∞ 0 dm m^{δ−1}N_{γ i}(m) G(m) if m_{PQ}R ≪ 1 (12) and N^{KK}_{γ i} = S_δ R^δ ∫_∞ 0 dm m^{δ−1}N_{γ i}(m + 1/2R) ×G(m + 1/2R) if m_{PQ}R ≫ 1 , (13)

FIG. 1: The mass of the axion first-mode as a function of the dimensionless product mPQ R, where mPQ is given by Eq. (2).

where S_δ ≡ 2π^{δ/2}/Γ(δ/2) is the surface of a unit radius in δ dimensions and G(m) is defined as

G(m) = m̃^4 (m̃^2 + 1 + π^2/y^2)^{−2} , (14)

with m̃ ≡ m/m_{PQ} and y ≡ 1/m_{PQ}R. The function G(m) arises from the mixing between the KK axion modes entering the KK decomposition of the higher-dimensional axion field and the corresponding normalized mass eigenstates [6]. It also implies both production and detection of KK axions to occur on our Standard-Model brane. The function G(m) also incorporates the effect of rapid decoherency [6] of the only linear combination of KK states of the bulk axion which couples to Standard-Model fields. This means that the production and subsequent detection of this particular linear combination of KK states are strongly suppressed. As a consequence our results always reflect a volume-suppressed coupling g_{aγγ} ∼ 1/f_{PQ}. If it was not for the decoherency, the linear combination would be coupled to photons with an unsuppressed coupling 1/f̄_{PQ}.

IV. DISCUSSION

In order to achieve an upper limit on the coupling of the axion to photons from the prospects of CAST in the framework of large extra dimensions, we apply the central limit theorem at 3 σ level ∑ i N^{KK}_{γ i} <∼ 3 √∑ i N_{b i} , (15)

where N_{b i} is the background of the X-ray detector (with numerical values taken from Ref. [7]). For the sake of simplicity, it is assumed that all axions have an average energy of 4.2 keV. Combining Eq. (15) with Eqs. (3)-(5) and (12)-(14) for the case of two extra dimensions (we take the largest compactification radius of 0.150 mm as

FIG. 2: Limits on the axion-photon coupling gaγγ as a function of the fundamental PQ mass mPQ . The solid line, corresponding to prospects of CAST for QCD axions, is obtained using numerical values from Ref. [7]. The dashed region marks the theoretically favored relation between gaγγ and mPQ in axion models in four dimensions. The dashed and dot-dashed line correspond to prospects of CAST for KK axions in the case of two extra dimensions (R = 0.150 mm) for δ = 1 and for δ = 2, respectively.

set by direct tests of Newton’s law [2]), we have derived limits on the axion-photon coupling g_{aγγ} as a function of the fundamental PQ mass, as shown in Fig. 2. Although the multiplicity of KK states to which CAST could be sensitive is large (∼ 10^3 for δ = 1 and ∼ 10^6 for δ = 2), one can see from Fig. 2 that the upper limit on g_{aγγ} is only at most an order of magnitude more stringent than that obtained in conventional theories. This is due to the fact that CAST is a tuning experiment, i.e., the coherence condition at a fixed pressure is fulfilled only within a very narrow window of axion masses around m ≈ m_{γ i}. The corresponding width ranges (depending on pressure) from ∼ 10^{−2} eV down to ∼ 10^{−3} eV. Another feature visible in Fig. 2 is a strong decrease in sensitivity to g_{aγγ} for m_{PQ} R >∼ 20 if δ = 2 and for somewhat lower values if δ = 1. This is due to the fact that in the regime m_{PQ}R ≫ 1, G(m) decreases as fast as 1/(m_{PQ}R)^8. It is just the regime in which the obtained limits on g_{aγγ} cannot be coupled with the zero-mode axion mass (m_a ≈ (1/2)R^{−1} = 6.6 × 10^{−4} eV) via relations (1) and (2) because in higher dimensions the mass of the axion is approximatively given as m_a ≈ min((1/2)R^{−1}, m_{PQ})

[6]. In contrast with the case of ordinary QCD axions, in theories with large extra dimensions zero-mode axions with masses outside the favored band (as determined by conventional axion models in four dimensions) arise quite naturally.

Now we would like to point to a new phenomenon predicted for CAST: sensitivity to particular KK axions. We have already noted that physical KK modes are given by Eqs. (10) and (11). It is expected that more than one axion signal may be observed at different pressures of the gas. Therefore, the detection of the corresponding X-rays at least at two pressures may be the signal for the presence of large extra dimensions. As the CAST experiment is scanning the range of axion masses up to 0.82 eV, this requirement actually defines a sensitivity of the experiment to test the compactification radius. From Eqs. (10) and (11) we obtain R >∼ 370 nm if m_{PQ}R > 1 and R >∼ 250 nm if m_{PQ}R < 1, with g_{aγγ} ∼ 10^{−10} GeV^{−1}. It should be noted here that with the CAST sensitivity to g_{aγγ} the former result holds only for m_{PQ}R >∼ 1; for m_{PQ}R ≫ 1 the sensitivity rapidly decreases due to the suppression from the G(m) function. The present modifications of CAST may increase its sensitivity to g_{aγγ} by a factor of 1.5 [8], providing the sensitivity as mentioned above is of the order of that derived from the solar age consideration [25]. Note that in a recent review of the Particle Data Group [26] the bound on R for the case of two extra dimensions, coming from astrophysics, was listed to have a value within the range 90 to 660 nm (for the most stringent constraints, see the recent work [27]).

In conclusion, we have explored the potential of the CAST experiment for observing KK axions coming from the solar interior. Because of the restrictive coherence condition, in theories with two extra dimensions (with R = 0.150 mm) a sensitivity in axion-photon coupling improves at most one order of magnitude in both data taking phases. In this case, the obtained limit on g_{aγγ} cannot be coupled with the mass of the axion, which is essentially given by the (common) radius of the extra dimensions. In addition, we have demonstrated that the CAST experiment, being a tuning experiment with respect to axion masses, may not be sensitive only to an integrated effect of KK modes up to the kinematical limit but also to particular KK axions. With a requirement to have at least two signals while changing pressure of the gas, we have found that CAST is capable of probing (two) large extra dimensions with a compactification radius R down to around 250 nm if m_{PQ} < 1/(2R), and down to around 370 nm if 1/(2R) < m_{PQ}.

[1] I. Antoniadis, Phys. Lett. B 246, 377 (1990); N. Arkani- Hamed, 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,

Nucl. Phys. B516, 70 (1998).

[2] C. D. Hoyle et al., Phys. Rev. Lett. 86, 1418 (2001); E. G. Adelberger for the EÖT-WASH group, arXiv:hep-ex/0202008.

[3] E. Witten, Nucl. Phys. B 471, 135 (1996); J. D. Lykken, Phys. Rev. D 54, 3693 (1996).

[4] K. R. Dienes, E. Dudas, and T. Gherghetta, Phys. Lett.

B 436, 55 (1998); Nucl. Phys. B 537, 47 (1999). [5] K. R. Dienes, E. Dudas, and T. Gherghetta, Nucl. Phys.

B 557, 25 (1999); N. Arkani-Hamed, S. Dimopoulos, G. Dvali, and J. March-Russell, Phys. Rev. D 65, 024032 (2002).

[6] K. R. Dienes, E. Dudas, and T. Gherghetta, Phys. Rev.

D 62, 105023 (2000).

[7] K. Zioutas et al., Nucl. Instr. and Meth. A 425, 480 (1999).

[8] C. E. Aalseth et al., (CAST collaboration), Nucl. Phys.

B (Proc. Suppl.) 110, 85 (2002); I. G. Irastorza et al., (CAST collaboration), Nucl. Phys. B (Proc. Suppl.) 114, 75 (2003); J. I. Collar et al., (CAST collaboration), arXiv:hep-ex/0304024; C. Eleftheriadis et al., (CAST collaboration), arXiv:astro-ph/0305534.

[9] S. Moriyama et al., Phys. Lett. B 434, 147 (1998); Y.

Inoue et al., Phys. Lett. B 536, 18 (2002). [10] G. G. Raffelt, arXiv:hep-ph/0207144.

[11] K. van Bibber, P. M. McIntyre, D. E. Morris, and G. G.

Raffelt, Phys. Rev. D 39, 2089 (1989).

[12] D. M. Lazarus et al., Phys. Rev. Lett. 69, 2333 (1992). [13] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977); Phys. Rev. D 16, 1791 (1977).

[14] J. E. Kim, Phys. Rev. Lett. 43, 103 (1979); M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov, Nucl. Phys. B166, 493 (1980).

[15] M. Dine, W. Fischler, and M. Srednicki, Phys. Lett. B 104, 199 (1981); A. R. Zhitnitskiĭ, Yad. Fiz. 31, 497 (1980) [Sov. J. Nucl. Phys. 31, 260 (1980)].

[16] See, e.g., G. G. Raffelt, Stars as Laboratories for Fundamental Physics (The University of Chicago Press, Chicago, 1996).

[17] M. Krčmar et al., Phys. Lett. B 442, 38 (1998). [18] M. Krčmar et al., Phys. Rev. D 64, 115016 (2001). [19] F. T. Avignone III et al., Phys. Rev. Lett. 81, 5068 (1998).

[20] R. Bernabei et al., Phys. Lett. B 515, 6 (2001). [21] L. Di Lella, A. Pilaftsis, G. Raffelt, and K. Zioutas, Phys.

Rev. D 62, 125011 (2000).

[22] S. Chang, S. Tazawa, and M. Yamaguchi, Phys. Rev. D 61, 084005 (2000).

[23] R. Horvat, M. Krčmar, and B. Lakić, Phys. Rev. D 65, 087701 (2002).

[24] G. F. Guidice, R. Rattazzi, and J. D. Wells, Nucl. Phys.

B544, 3 (1999); T. Han, J. D. Lykken, and R. J. Zhang, Phys. Rev. D 59, 105006 (1999).

[25] By simply scaling the solar age limit of QCD axions (gaγγ <∼ 2.4 × 10^{−9} GeV^{−1}) [16] with (R mmax)^{−δ/2} due to the multiplicity of KK modes and observing that an allowed maximum mass is mmax ∼ keV before the solar flux gets suppressed by the kinematic threshold, one obtains for two extra dimensions: (i) for R = 0.150 mm: gaγγ <∼ 3 × 10^{−12} GeV^{−1} if δ = 1 and gaγγ <∼ 3 × 10^{−15} GeV^{−1} if δ = 2, and (ii) for R = 250 nm: gaγγ <∼ 7 × 10^{−11} GeV^{−1} if δ = 1 and gaγγ <∼ 2 × 10^{−12} GeV^{−1} if δ = 2.

[26] K. Hagiwara et al. (Particle Data Group), Phys. Rev. D 66, 010001 (2002).

[27] S. Hannestad and G. G. Raffelt, Phys. Rev. D 67, 125008 (2003).