arXiv:hep-ph/0406308 v1 28 Jun 2004

A limit on Short-range Modifications to Gravity

P. J. S. Watson^∗ Ottawa-Carleton Institute for Physics, Carleton University, Ottawa, Canada, K1S 5B6 (Dated: June 28, 2004)

There has been considerable interest in providing new limits on the short range behaviour of gravity, or, in general, anomalous short-range interactions. In this note we show that one use the interaction of ultra-cold neutrons to obtain a better limit below about 10 nm.

PACS numbers: 04.80.Cc,04.50.+h

I. INTRODUCTION

There has been a great deal of interest lately in theories in which the gravitational interaction is modified at distances which are large compared to the weak scale [1],[2]. Conventional gravitational experiments put very good limits on any corrections to Newtonian gravity at distances d >∼ 150μ [3] and recent experiments [4] have shown that there are no gravity-like forces with interaction strengths G^′ > 10^3G for d >∼ 10μ. There are weak limits below ∼ 10μ [5], and there are various suggestions [6], [7] as to how these could be improved. Here we point out that neutron scattering serves to provide a limit which extends well below the ∼ 10μ range.

We can assume that the anomalous interaction is given by V (r) = −g^2ℏc e^{−r/λ} r = −αGm_1m_2 e^{−r/λ} r (1) The first expression represent a generic fifth force, while the second explicitly assumes an interaction which couples to mass. In what follows, we choose the second form. We adopt the notation of Fischbach et al. [5].

II. NEUTRON SCATTERING

Ultra-cold neutrons (UCN’s) [8] have energies E < 10^{−6}eV and correspondingly long wavelengths, so the neutron scatters coherently off the atomic nuclei in a lattice. It is well known [8], [9] that there is a bulk interaction of the neutron with any material given by the coherent interaction of the neutron with all the nuclei. This gives rise to a potential of the form

U_s = 2πℏ^2N b m_N (2) where b is the scattering length, N is the number density of nuclei and m_N the neutron mass.This gives rise to a critical velocity v_c below which neutrons are totally reflected from the surface. For Be the relevant parameters

∗Electronic address: watson@physics.carleton.ca

are b = 7.8 fm, N = 1.24×10^{28}, U_s = 2.5×10^{−7}eV, v_c = 6.9ms^{−1}. However, the anomalous interaction (1) gives rise to an additional uniform potential inside a solid given by V_s = −4παGm_N ρ ∫_∞ 0 e^{−r/λ} r r^2dr = −4παGm_N ρλ^2 (3)

where ρ is the mass density. This provides a universal attractive potential between any material and the neutron: it is roughly equivalent to a work-function.

Since a neutron bottle can be constructed, obviously U_s + V_s > 0. This gives rise to a limit on α of the form α ≤ a_A λ^2

, a_A = ℏ^2N b 2m^2_N ρG = ℏ^2b 2m^2_N m_AG (4) where m_A is the nuclear mass. A crude limit comes from regarding this as an equality: for Be, we find a_{Be} ≈ 1.5 × 10^7m^2

Obviously this can be improved by using a heavy nucleus with a small scattering length. It appears that Pb would be optimal, but there does not appear to be any experiment on the reflection of UCN’s from Pb. However, if an actual measurement of the critical velocity v_c could be made, the limit is then given by the parameter

a^′_A = ℏ^2b m^2_N m_AG δv v_c (5) If (say) the critical velocity for Pb could be measured to δv v_c = 1% , this would give a ′ P b ≈ 1.6 × 10^4m^2, improving the limit by about 1000. Below we show the limits on α as a function of λ that could be obtained from this method, comparing it with various other limits. In principle, this could provide a limit on strong, gravity-like forces down to a distance of 0.01 nm.

There have also been suggestions that the new interaction may be of a power law form. If this is used in (3), the integral is divergent unless a short distance cutoff is applied. The value of this is quite arbitrary, and hence one cannot provide a useful limit.

A related effect of V_s would be to modify the refractive index of UCN’s in a material. In the case where the scattering length is negative, this would in turn would modify the 1/v law for neutron absorption [10], since effectively the velocity of neutrons would be higher than anticipated, and hence the absorption cross-section would

2

FIG. 1: Limits on α as a function of λ. The straight line labelled ”Be” show the actual limit from (4). The line labeled ”Pb” shows the limit that could in principle be obtained from (5). The remaining lines are taken from Fischbach et al. [5].

be decreased. It is amusing that just such an effect is seen in Gd [11] however it is extremely unlikely that the effect there is due to an anomalous long-range interaction.

Acknowledgments

This work was supported by NSERC. I am grateful to Richard Hemingway for commenting on the manuscript.

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

Lett. B429, 263 (1998), hep-ph/9803315.

[2] J. Hewett and M. Spiropulu, Ann. Rev. Nucl. Part. Sci.

52, 397 (2002), hep-ph/0205106.

[3] C. D. Hoyle et al., Phys. Rev. Lett. 86, 1418 (2001), hep-ph/0011014.

[4] J. Chiaverini, S. J. Smullin, A. A. Geraci, D. M. Weld, and A. Kapitulnik, Phys. Rev. Lett. 90, 151101 (2003), hep-ph/0209325.

[5] E. Fischbach, D. E. Krause, V. M. Mostepanenko, and M. Novello, Phys. Rev. D64, 075010 (2001), hepph/0106331.

[6] S. Dimopoulos and A. A. Geraci (2003), hep-ph/0306168. [7] P. J. S. Watson, J. Phys. G29, 1451 (2003), hepph/0302239.

[8] R. . Golub, D. J. Richardson, and S. K. Lamoureux, Ultra-Cold Neutrons (Hilger, Bristol, 1991).

[9] A. Steyerl, Neutron Physics, vol. 40 (Springer-Verlag, 1977).

[10] J. A. Polo and J. M. Robson, Phys. Rev. C27, 133 (1983). [11] H. Rauch, M. Zawisky, C. Stellmach, and P. Geltenbort, Phys. Rev. Letts 85, 4955 (1999).