arXiv:hep-ph/0302205 v1 23 Feb 2003

Extra dimensions and invisible decay of orthopositronium

S.N. Gninenko^1, N.V. Krasnikov^1, and A. Rubbia^2 1 Institute for Nuclear Research of the Russian Academy of Sciences, Moscow 117312 and 2Institut für Teilchenphysik, ETHZ, CH-8093 Zürich, Switzerland (Dated: February 23, 2003)

We point out that some models with infinite additional dimension(s) of Randall-Sundrum type predict the disappearance of orthopositronium (o − P s) into additional dimension(s). The experimental signature of this effect is the o − P s → invisible decay of orthopositronium which may occur at a rate within three orders of magnitude of the present experimental upper limit. This result enhances existing motivations for a more sensitive search for this decay mode and suggests additional directions for testing extra dimensions in non accelerator experiments.

PACS numbers: 14.80.-j, 12.60.-i, 13.20.Cz, 13.35.Hb

Positronium (P s), the positron-electron bound state, is the lightest known atom, which is bounded and selfannihilates through the same, electromagnetic interaction. At the current levels of experimental and theoretical precision this is the only interaction present in this system, see e.g. [1]. This feature has made positronium an ideal system for testing of the QED calculations accuracy for bound states, in particular for the triplet (1^3S_1) state of P s, orthopositronium (o − P s). Due to the odd-parity under C-transformation o−P s decays predominantly into three photons. As compared with singlet (1^1S_0) state (parapositronium), the ”slowness” of o − P s decay, due to the phase-space and additional α suppression factors, gives an enhancement factor ≃ 10^3, making it more sensitive to an admixture of new interactions which are not accommodated in the Standard Model (SM), see e.g. [2].

Within the SM orthopositronium can decay invisibly into neutrino-antineutrino pair. The o − P s → ν_eν̄_e decay occurs through W exchange in t channel and e^+e^− annihilation via Z. The decay width is [3]

Γ(o − P s → ν_eν̄_e) ≈ 6.2 · 10^{−18}Γ(o − P s → 3γ) (1)

For other neutrino flavours only the Z-diagram contributes. For l ≠ e the decay width is [3]

Γ(o − P s → ν_lν̄_l) ≈ 9.5 · 10^{−21}Γ(o − P s → 3γ) (2)

Thus, in the SM the o − P s → νν̄ decay width is very small and its contribution to the total decay width can be neglected.

Presently there is a big interest in models with additional dimensions which might provide solution to the gauge hierarchy problem [4]-[9], for a recent review see e.g. [10]. For instance, as it has been shown in the five dimensional model, so called RS 2-model [4], there exists a thin-brane solution to the 5-dimensional Einstein equations which has flat 4-dimensional hypersurfaces,

ds^2 = a^2(z)η_{μν} dx^μdx^ν − dz^2. (3)

Here a(z) = exp(−k|z|) (4) and the parameter k > 0 is determined by the 5- dimensional Planck mass and bulk cosmological constant.

Recently, a peculiar feature of massive matter in brane world has been reported [11]. It has been shown that tunnelling of massive matter into extra dimensions is a generic to fields that can have bulk modes. The massive matter becomes unstable, namely the discrete zero modes turn into quasi-localised states with finite 4-dimensional mass and finite width [11]. For massive scalar particle Φ with the mass m the transition rate into additional dimension is given by [11] Γ(Φ → add. dim.) = πm 16 ( m k )^2 (5)

It should be noted that even for a massless scalar particle the nonzero transition rate into additional dimension(s) results in a nonzero imaginary part of the corresponding scalar propagator [11]

D(p^2) = 1 p^2 − iθ(p^2) √ p^2Γ(p^2) (6) where Γ(p^2) ≈^π_4 √ p^2(^{p2}_{k2} ). It means that even for the massless case, when the transition rate on mass shell is zero, the virtual scalar particle has nonzero transition rate into additional dimension. The explicit expression for the transition rate into additional dimension depends on the concrete model.

To be specific, let us consider a model for the localisation of gauge fields suggested in ref.[12, 13]. One begins with the solution to (4+n+1)-dimensional Einstein equations,

ds^2 = 1 (1 + k|ξ|)^2 ( dt^2 − dx^2 − n∑ i=1 R^2_i dθ^2_i − dξ^2 ) (7) where θ_i ∈ [0, 2π] are compact coordinates, R_i are radii of compact dimensions and k is the inverse adS radius determined by the bulk cosmological constant. There is a single brane located at ξ = 0. The only difference between this metric and the Randall-Sundrum metric is the presence of extra compact dimensions θ_i. These dimensions are added for obtaining a localised zero mode of the gauge field. In what follows we assume that their radii R_i are the smallest length scales involved, so all fields are taken independent of θ_i. The inverse adS radii k is assumed to be the largest energy scale involved. For the model of ref.[12, 13] with additional (n+1) dimensions and metric of Randall-Sundrum type the imaginary part of the propagator of massless scalar particle is Γ ∼ √ p^2(^{p2}_{k2} )^{1+n/2}.

The case of the electromagnetic field propagating in the Randall-Sundram type of metric of Eq.(7) has been considered in ref.[13]. It was shown that the transition rate of a virtual photon with the virtual mass m_γ∗ = √ p^2 into additional dimensions is different from zero and it is equal to

Γ = k(n)m_γ∗ ( m_γ∗ k )^n (8)

where k(n) a numerical coefficient.

Consider now o − P s → invisible decay, which is a good candidate for the searching for effect of disappearance into additional dimension(s) since o − P s has specific quantum numbers similar to those of vacuum and is a system which allows its constituents a rather long interaction time. To make quantitative estimate we take n = 2 ( (4+2+1)-dimensional space-time). In this case disappearance rate of a virtual photon into additional dimensions is given by Γ(γ^∗ → add. dim.) = πm_γ∗ 4 ( m_{γ∗} k )_2 (9) Using Eq.(9), for the branching ratio of orthopositronium invisible decay into additional dimension(s) through single photon annihilation o − P s → γ^∗ → add. dim. one gets as an estimate Γ(o − P s → γ^∗ → add. dim.) Γ(o − P s → 3γ) = 9π 4(π^2 − 9) 1 α^2 · π 4 ( m_{o−P s} k )^2 ≈ 1.2 · 10^5( m_{o−P s} k )^2 (10)

To solve the gauge hierarchy problem models with additional dimension(s) one may expect k ≲ O(10) T eV . It means that Br(o − P s → add. dim.) ≳ O(10^{−9}) (11) Important bounds on the parameter k and Br(o − P s → add. dim.) arise from the combined LEP result on the precise measurements of the total and partial Z widths [14]. We can write the Z invisible width in the following form:

Γ_{inv} = Γ^{SM} (Z → νν) + ΔΓ_{inv} (12)

where Γ^{SM} (Z → νν) is the SM contribution and ΔΓ_{inv} contains the effects beyond the SM. Assuming that each neutrino type contributes the same amount to the invisible Z width, one has numerically [15]

Γ^{SM} (Z → νν) = 3Γ(Z → ν_iν_i) = 3 · (167.06 ± 0.22) M eV (13)

The invisible width Γ_{inv} can be obtained from the Z total width and its partial width into hadrons and leptons using the equation

Γ_{tot} = Γ_{had} + Γ_{lept} + Γ_{inv} (14)

The value of Γ_{inv} derived from the LEP measurements of Γ_{tot}, Γ_{had} and Γ_{lept} [14, 16] is

Γ_{inv} = 499.0 ± 1.5 M eV (15)

Using (13) and (15) we obtain

ΔΓ_{inv} = −2.7 ± 1.6 M eV (16)

If a conservative approach is taken to constrain the result to only positive values ΔΓ_{inv} and renormalising the probability for ΔΓ_{inv} ≥ 0 to be unity, then the resulting 95% CL upper limit on additional invisible decay of Z is [16]

ΔΓ_{inv} < 2.0 M eV (17)

Assuming ΔΓ_{inv} = Γ(Z → add. dim.) and using Eqs.(9,10) for the estimate leads to k ≥ 17 T eV and to the corresponding bound: Br(o − P s → add. dim.) ≤ 0.4 · 10^{−9} (18) Note that combined result on direct LEP measurements of the invisible width, Γ_{inv} = 503 ± 16 M eV [14] gives less stringent limit Br(o − P s → add. dim.) ≲ 10^{−8} (19) These estimates giving only an order of magnitude for the corresponding branching ratio show that this decay may occur at a rate within roughly three orders of magnitude of the best present experimental limit [17]: Br(o − P s → invisible) < 2.8 · 10^{−6} (20) Thus, the region Br(o − P s → invisible) ≃ 10^{−9} is of great interest for possible observation of effect of extra dimensions. Interestingly, that for n = 1 the bound Br(o − P s → add. dim.) ≲ 10^{−4} obtained from (17) is weaker than that of (20) obtained from the direct measurement. We believe these results strengthens current motivations related to the orthopositronium decay rate puzzle and mirror world [18], millicharged particle [19] and light gauge boson [2] searches, and justify efforts for a more sensitive search for the o − P s → invisible decay in a near future experiment [20].

The experimental signature of the o − P s → invisible decay is the absence of an energy deposition of ≃ 1 MeV, which is expected from the ordinary o − P s annihilation in a 4π hermetic calorimeter surrounding the o − P s formation region [21]. Our first Monte Carlo simulations, based on the results of the recent search for o − P s → γ +invisible decay [22], show that for the branching ratio one may expect a limit Br(o − P s → add. dim.) ≲ 10^{−8} if the calorimeter has a mass of ≃ 0.5 ton. Larger simulation statistics and better background evaluation are required in order to see if the sensitivity to the branching ratio as low as 10^{−9} is experimentally reachable.

We would like to thank a referee for useful remarks. N.V.K. is indebted to V.A. Rubakov and P.G. Tinyakov for many useful discussions on models with additional infinite dimensions. The work of N.V.K. has been supported by the RFFI Grant N02-01-00601.

[1] A. Rich, Rev. Mod. Phys. 53, 127 (1981). [2] M.I. Dobroliubov, S.N. Gninenko, A.Yu. Ignatiev, and V.A. Matveev, Inter. J. Mod. Phys. A 8, 2859 (1993). S.N. Gninenko, N.V. Krasnikov, and A. Rubbia, Mod. Phys. Lett. A 17, 1713 (2002).

[3] A. Czarnecki and S.G. Karshenboim, hep-ph/9911410;

J. Govaerts and M. Van Caillie, Phys. Lett. B 391, 451 (1996).

[4] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 4690 (1999).

[5] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys.

Lett. B 429, 263 (1998).

[6] I. Antoniadis et al., Phys. Lett. B 436, 257 (1998). [7] I. Antoniadis, Phys. Lett. B 346, 377 (1990). [8] N.V. Krasnikov, Phys. Lett. B 273, 246 (1991). [9] G.F. Guidice, R. Rattazzi, and J.D. Wells, Nucl. Phys.

B 544, 3 (1999); 595, 250 (2001).

[10] V.A. Rubakov, Phys. Usp 44, 871 (2001); Usp. Fiz. Nauk 171, 913 (2001); hep-ph/0104152.

[11] S.L. Dubovsky, V.A. Rubakov, and P.G. Tinyakov, Phys.

Rev. D 62, 105011 (2000).

[12] I. Oda, Phys. Lett. B 496, 113 (2000); hep-th/0006203.

[13] S.L. Dubovsky, V.A. Rubakov, and P.G. Tinyakov, JHEP 0008, 041 (2000), hep-ph/0007179; S.L. Dubovsky, V.A. Rubakov, hep-th/0204205.

[14] K. Hagivara et al., Particle Data Group, Phys. Rev. 66, 010001-296 (2002).

[15] See, for example, R.D. Peccei, hep-ph/9906509. [16] The LEP Electroweak Working Group, CERN EP 2002- 091, hep-ex/0212036.

[17] T. Mitsui et al., Phys. Rev. Lett. 70, 2265 (1993). [18] S.L. Glashow, Phys. Lett. B 167, 35 (1986); S.N. Gninenko, Phys. Lett. B 326, 317 (1994); R. Foot and S.N. Gninenko, Phys. Lett. B 480, 171 (2000).

[19] S. Davidson, S. Hannestad, and G. Raffelt, JHEP 0005, 003 (2000); A.A. Prinz et al., Phys. Rev. Lett. 81, 1175 (1998).

[20] P. Crivelli et al., Search for o − P s → invisible decay, unpublished. ETH Zürich, 2002. For updated information see http://pcicarus7.ethz.ch/Positron/.

[21] G.S. Atojan, S.N. Gninenko, V.I. Razin, and Yu.V.

Ryabov, Phys. Lett. B 220, 317 (1989).

[22] A. Badertscher et al., Phys. Lett. B 542, 29 (2002).