arXiv:1306.0443v1 [hep-ex] 3 Jun 2013

Results and Perspectives for Laboratory Search of Weakly Interacting Sub-eV Particles with the OSQAR Experiment

P. Pugnat,^{1, ∗} R. Ballou,^2 M. Schott,^3 T. Husek,^4 M. Sulc,^5 G. Deferne,^6 L. Duvillaret,^7 M. Finger Jr.,^4 M. Finger,^4 L. Flekova,^8 J. Hosek,^8 V. Jary,^8 R. Jost,^9 M. Kral,^8 S. Kunc,^5 K. Macuchova,^8 K. A. Meissner,^{10} J. Morville,^{11} D. Romanini,^9 A. Siemko,^6 M. Slunecka,^4 G. Vitrant,^7 and J. Zicha^8 1LNCMI-G, CNRS-UJF-UPS-INSA, BP 166, 38042 Grenoble Cedex-9, France 2Institut Néel, CNRS & Université Joseph Fourier, BP166, 38042 Grenoble Cedex-9, France 3University of Mainz, Institute of Physics, 55128 Mainz, Germany 4Charles University, Faculty of Mathematics and Physics, Prague, Czech Republic 5Technical University of Liberec, Czech Republic 6CERN, CH-1211 Geneva-23, Switzerland 7IMEP-LAHC, UMR CNRS 5130, Minatec-INPG, BP 257, 38016 Grenoble Cedex-1, France 8Czech Technical University, Prague, Czech Republic 9LIPhy UMR 5588, UJF - Grenoble 1 / CNRS, Grenoble, F-38041, France 10Institute of Theoretical Physics, University of Warsaw, Poland 11LASIM, UMR CNRS 5579, Université Claude Bernard Lyon-1, 69622 Villeurbanne, France (Dated: June 4, 2013)

Recent intensive theoretical and experimental studies highlight the possibility of new fundamental particle physics beyond the standard model that can be probed by sub-eV energy experiments. The OSQAR photon regeneration experiment looks for “ Light Shining through a Wall ” (LSW) from the quantum oscillation of optical photons into “ Weakly Interacting Sub-eV Particles ” (WISPs), like axion or axion-like particles (ALPs), in a 9 T transverse magnetic field over the unprecedented length of 2 × 14.3 m. No excess of events has been detected over the background. The di-photon couplings of possible new light scalar and pseudo-scalar particles can be constrained in the massless limit to be less than 8.0×10^{−8} GeV^{−1}. These results are very close to the most stringent laboratory constraints obtained for the coupling of WISPs to two photons. Plans for further improving the sensitivity of the OSQAR experiment are presented.

PACS numbers: 12.20.Fv, 14.70.Bh, 14.80.Mz, 95.35.+d

Particle and astroparticle physics beyond the Standard Model (SM) is not restricted to the high energy frontier. Many extensions of the SM, in particular those based on supergravity or superstrings, predict not only massive particles like the WIMPS (weakly interacting massive particles), but also weakly interacting sub-eV particles (WISPs). Whereas the formers can be searched for at TeV colliders such as the Large Hadron Collider (LHC) at CERN, signature of WISPs seems most likely to be detected in low energy experiments based on lasers, microwave cavities, strong electromagnetic fields or torsion balances [1, 2]. As the first and paradigmatic examples of WISPs, there is the axion and other axion like particles (ALPs) [3]. Axion remains not only one of the most plausible solutions to the strong-CP problem [4]. It constitues a fundamental underlying feature of the string theory in which a great number of axions or ALPs is naturally present [5]. The interest for axion search extends beyond particle physics, since such a hypothetical light spin-zero particle is considered as a serious dark-matter candidate [6], the only non-supersymmetric one.

The OSQAR proposal is at the forefront of this emerging low energy frontier of particle/astroparticle physics. It combines the simultaneous use of high magnetic fields with laser beams in two distinct experiments. In the first one, the photon regeneration effect is looked for as a Light Shining through the Wall (LSW), whereas in the second one, ultra-fine magnetic birefringence of the vacuum is aimed to be measured for the first time [7]. This letter focuses on the OSQAR LSW experiment and is in the same line as the pioneering work in the early 1990 that excluded WISPs with a di-photon coupling constant g_{Wγγ} > 7 × 10^{−7}GeV^{−1} for a WISP mass below 1 meV [8]. A strong revival of interest in this type of experiment has been triggered by the announcement in 2006 of possible positive WISP signal [9], but all recent LSW worldwide experiments have excluded such a possibility [10] and the present reference result, obtained by the ALPS collaboration, excludes WISPs with g_{Wγγ} > 6.5 × 10^{−8}GeV^{−1} in the massless limit [11]. In this work we report the last OSQAR results approaching this exclusion limit for WISP search and we present the next upgrade phases of the OSQAR LSW experiment.

LSW experiment is the simplest and most unambiguous laboratory experiment to look for WISPs. It combines the photon-to-WISP and WISP-to-photon double quantum oscillation effect in a transverse magnetic field with the weakness of the coupling of WISPs to matter [12, 13]. When a linearly polarized laser light beam propagating in a transverse magnetic field is sent through an optical barrier, only photons converted to WISPs due to the mixing effect will not be absorbed. Weakly inter-

FIG. 1. Schematic view of the OSQAR photon regeneration experiment using two spare dipole magnets of the Large Hadron Collider (LHC), each providing a transverse magnetic field of 9 T over 14.3 m.

acting particles will propagate freely through the barrier before being reconverted in photons of same energy that can be easily detected and identified (Figure 1).

The photon-to-WISP (γ → W) conversion probability, as well as the WISP-to-photon (W → γ) one, in vacuum over a length L permeated by a transverse magnetic field B are given by [12, 13]:

P_{γ↔W} = 1 4 (g_{Wγγ} BL)^2 ( 2 qL sin qL 2 )_2 (1) using Heaviside-Lorentz units (h̄ = c = 1). g_{Wγγ} is the WISP di-photon coupling constant and q = ‖k_γ − k_W ‖ the momentum transfer, with k_W = (ω^2 − m^2_W)^{1/2} and k_γ = ω where ω is the energy for photons and WISPs. The form factor of the conversion probability is at maximum for qL = 0, which corresponds to the limit m_W ≪ ω otherwise incoherent effects of the WISPs-to-photon oscillation reduce the conversion probability. With pseudoscalar WISPs, which includes the axion and the ALPs, (resp. with scalar WISPs) the probability is maximum when the linear polarization of light is parallel (resp. perpendicular) to the magnetic field and vanishes when this polarization is rotated in the perpendicular direction. The photon flux after the optical barrier (Figure 1) is given by: dN_γ dt = P ω η P^2_{γ↔W} (2)

where P is the optical power, ω the photon energy and η the efficiency of the detector. Equation (2) shows that the regenerated photon flux scales as (BL)^4, highlighting the interest of using high field magnets over the longest optical path length. With this respect, the LHC dipole magnets cooled down to 1.9 K with superfluid He and each of them being able to produce a transverse magnetic field of 9 T over 14.3 m constitute nowadays the state of the art.

The present experimental setup of the OSQAR photon regeneration experiment is using two LHC dipole magnets separated by an optical barrier as schematized in Figure 1. Each dipole magnet is connected to a cryogenics feedbox. The total length of the experiment is about 53 m. Magnet apertures is pumped typically down to 10^{−6} − 10^{−7} mbar with two turbomolecular pumping groups. An ionized Ar^+ laser has been used to deliver in multi-line mode 3.31 ± 0.03 W of optical power in average with approximately 2/3 of the optical power at 514 nm (2.41 eV) and 1/3 at 488 nm(2.54 eV). Its beam has a well defined linear polarization parallel to the magnetic field optimized for the search of new pseudoscalar/axion particles. To look for scalar particles, a λ/2 wave plate with antireflective coating layers is oriented at 45^∘ and inserted at the laser exit to align the polarization perpendicularly to the magnetic field. The laser beam divergence has been reduced with a specially developed beam expander telescope. By combining converging and diverging lenses, the optical Gaussian beam with a waist equal to 0.708 mm at the level of the output coupler, was shaped to obtain a spot size not exceeding 6mm of diameter at 53m of distance. To minimize spherical aberrations, lenses were mounted with planar surfaces face-to-face and thermal effects on lenses were minimized by developing proper supports. For photon counting, a liquid nitrogen (LN2) cooled CCD detector from Princeton Instrument (model LN/CCD-1024E/1) has been used. The CCD chip of 26.6 × 6.7 mm^2 is composed by a 2D array of 1024 × 256 square pixels of 26 μm size. The quantum efficiency of the detector is equal to 30% for the Ar^+ laser wavelengths. Dark current and readout noise at 20 kHz are typically equal to 0.5 e^−/pixel/hour and 3.4 e^−rms respectively. An optical lens with a focal length of 100 mm has been installed just in front of the detector to focus the laser beam on the CCD chip.

Both LHC dipole magnets used for OSQAR have been installed on their horizontal cryogenic bench and precisely aligned with a Laser Tracker LTD 500 from Leica before being thoroughly tested at 1.9 K and used in routine operation to provide the 9 T magnetic field over 2 × 14.3 m. In particular, the field strength and field errors of both LHC dipoles used have been precisely characterized. The long term stability of the alignment of the laser beam traveling through the aperture of both LHC dipoles has been also carefully checked and controlled periodically with the LN_2 cooled CCD detector.

A typical experimental run starts and ends with laser beam alignments using absorptive filters to reduce the optical intensity below the saturation level of the CCD detector. An example of raw signals recorded with the CCD detector in 2D mode is given in Figure 2. The photons regenerated from WISPs can be efficiently and unambiguously identified from the shape and the precise localization of the known expected signal. Due to the double binning at the read out step, i.e. summing the recorded entries of four (2 × 2) neighbor pixels into a single super-pixel, the CCD spectra is composed of a 2D array of 512 × 128 counted entries. The central peak corresponding to the focused and attenuated laser beam

FIG. 2. Focused and attenuated optical beam signal recorded during the pointing of the laser beam on the CCD.

has a much broader width compared to parasitic signals such as those coming from cosmic rays. Table I gives a summary of the duration of data taking as a function of various configurations of the experiment including the effective optical power, i.e. after subtracting all losses due to parasitic reflexions of light.

Polarization Magnetic Laser Acquisition Angle Field Power Total Time Pseudoscalar 0^∘ 9 T 1.62 W 21.75 hours Scalar 90^∘ 9 T 1.64 W 23.75 hours Background − 9 T 0 W 4 hours

TABLE I. Summary of the characteristics of the experimental runs based on 900 s exposure time frames.

A dedicated procedure has been developed to filter signals coming from cosmic rays and has been validated on laser beam profile data to ensure that it does not impact some broader signal distributions compatible with a regenerated photon beam. In a first step, this cosmic cleaning procedure was applied systematically to each 2D recorded spectrum of 900 s exposure time. In addition, the average recorded count-rate per super-pixel was treated as a constant bias or offset and therefore subtracted from each spectrum. Alternatively the subtraction of the background acquisition frame to each spectrum acquired for WIPs search gives no significant difference. In a second step, all spectra corresponding to the search of either scalar or pseudoscalar particles have been added separately. The cosmic cleaning procedure has been applied a second time in order to identify hot cells, which were rejected from further study. As a last step, the final data spectrum has been clustered to optimize the experimental sensitivity. The optimal size of the clusters obtained corresponds to a rectangle of 4 × 5 super-pixels and contains 30.3 % of the signal in the pointing zone of the laser beam. The integrated signal of each cluster is defined by the sum of all recorded counts of the corresponding 20 super-pixels. Resulting histograms for the search of pseudoscalar and scalar particles respec-

FIG. 3. Histograms of the accumulated counts from clusters of super-pixels of the CCD for a) pseudoscalar and b) scalar particle search.

tively are shown in Figure 3. They can be accurately fitted with Gaussian distributions and the best parameters obtained are listed in Table II.

Standard Sensitivity Mean Deviation χ^2/ndf (photons / s) Pseudoscalar −0.96 ± 0.9 21.1 ± 0.9 1.3 1.76 × 10^{−3} Scalar −1.56 ± 1.7 22.7 ± 1.8 1.3 1.71 × 10^{−3}

TABLE II. Summary of Gaussian fit parameters of histograms (Figure 3) and deduced sensitivity.

No excess of accumulated counts can be detected for the cluster located at the pointing zone of the laser beam whether for the search of pseudoscalar or scalar particles. Conservatively the 95% confidence interval for pseudoscalar particle can be set from Gaussian fitting parameters of Table II to 41 cluster counts. The predicted CCD quantum efficiency of 30 % corresponds to 137 cluster counts and gives a limit to the sensitivity of 6.32 photon/h or 1.76 × 10^{−3} photon/s. A very close sensitivity is obtained for scalar particle search and both these results are reported in Table II. By inserting this photon flux into Equation (2), the exclusion limits for WISPs parameter can be determined and are compared in Figure 4 to the last results from ALPS collaboration [11]. The values of coupling constants of possible new light scalar and pseudo-scalar particles that can couple to two photons is constrained in the massless limit to be less than 8.0 × 10^{−8} GeV^{−1}. This result constitutes the first precise confirmation of the present most stringent exclusion limit for WISPs obtained from a purely laboratory experiment [11].

The resonantly-enhanced photon regeneration effect can significantly improve LSW experiments [14] allowing in principle to compete and even exceed the limits provided by solar telescopes [15] or haloscope [16]. It should be emphasized that experiments based on potential extra-terrestrial WISP sources can be considered as providing today the best constraints on the coupling of WISPs to photons but they are based on strong assumptions. For example, in solar experiments the role of the solar magnetic field allowing the conversion of WISPs

FIG. 4. Exclusion limits from the pseudo-scalar and scalar particle searches for the last two runs of the OSQAR experiment. The last result of the ALPS collaboration is also shown in dashed red.

into photons at the surface of the sun, which can lead to “ a solar axion problem ”is neglected [17] whereas for haloscope, it is usually assumed that axions saturate the Milky Way’s halo [16]. Purely laboratory experiments for WISP search offer a complementary approach but their sensitivity needs to be significantly further improved. In this line an ambitious upgrade of the ALPS experiment is ongoing [18].

The next steps of the OSQAR LSW experiment will be based on three main improvements. First, the axion source will be upgraded with a more powerful laser source of 25 W and by adding a Fabry-Perot cavity. Second, the amplification of the photon regeneration effect from the resonantly-enhanced conversion scheme [14] will be implemented. Third, the possibility of further increasing the number of LHC dipoles for OSQAR is currently studied, starting from a configuration using 2 + 2 dipoles for the coming years.

The implementation of the resonantly-enhanced conversion scheme is challenging with one of the main technical difficulties resulting from the design and realization of active locking systems for two high-finesse Fabry-Perot cavities of long length [19]. An intermediate step considered as being necessary is currently under study. It is based on the development of a 20 m long extended laser cavity to profit from the large laser intracavity optical power for the WISP source. In that way, the locking of the high-finesse Fabry-Perot cavity of the photon regeneration zone to the laser in extended cavity mode will become a more affordable operation as a first step. First experimental trials with Ar^+ laser operating in extended cavity mode have been successful for linear as well as for Z-fold configurations of the cavity, the latter allowing better adjustments of the laser beam directions (Figure

FIG. 5. Ar^+ laser working in a Z-fold extended cavity mode of 10 m long. The output coupler of the laser is clearly visible close to one of the guiding mirrors inside the cavity.

FIG. 6. Mirror of 99.55 % reflectivity, 2 inch of diameter and 10 m of curvature radius mounted on the mole supporting structure, which is inserted inside the magnet aperture.

5). For both these configurations, the output coupler of the Ar^+ laser has been replaced by a mirror with a reflectivity of 99.55 % and a radius of curvature of 10 m. The latter has been mounted on a mole type support that can be inserted and translated inside the magnet aperture (Figure 6).

A stable beam with an intracavity optical power of few hundred watts has been obtained. A precise measurement method of this intracavity optical power based on Rayleigh scattering [20] is under development. Among further improvements that need to be achieved it can also be emphasized the use of a mirror with higher reflectivity and a curvature radius of 20 m allowing the laser cavity to be extended over the whole length of one LHC dipole connected to its cryogenic feed box.

To conclude the obtained limits for the di-photon coupling constants of scalar and pseudo-scalar particles have confirmed the results obtained by ALPS collaboration. The mechanical stability achieved for the present 53 meter long OSQAR experiment using two spare superconducting dipole magnets of the LHC gives full confidence on the feasibility in the near future of the resonantlyenhanced scheme proposed by P. Sikivie et al. [14].

We would like to express our thanks to the CERN Directorate for his continuous support, the support teams of the CERN SM-18 test hall as well as to members of the CERN-SPSC scientific committee, in particular to the chairman Dr. Cl. Valle and to both our referees Dr. U. Wiedemann and Dr. O. Cremonesi, for their critical review and their constructive comments.

∗ pierre.pugnat@lncmi.cnrs.fr [1] J. Jaeckel, A. Ringwald, Ann. Rev. Nucl. Part. Sci. 60, 405 (2010) [arXiv:1002.0329 [hep-ph]].

[2] New Light, Weakly Coupled Particles, Report from the Hidden Sector Photons and Axions Working Group, Intensity Frontier Workshop, 30 Nov- 2 Dec 2011, unpublished, https://confluence.slac.stanford.edu/display/hspawg/ [3] S. Weinberg, Phys. Rev. Lett. 40 223 (1978); F. Wilczek, Phys. Rev. Lett. 40 279 (1978).

[4] R. D. Peccei, and H. R. Quinn, Phys. Rev. D 16 1791 (1977) [5] P. Svrek, and E. Witten, High Energy Phys. 06051 (2006). Preprint at (http://arxiv.org/abs/hep-th/0605206).

[6] R. Bradlay, et al., Rev. Mod. Phys. 75 (2003) 777-817. [7] P. Pugnat, et al. (OSQAR collaboration), CERN-SPSC- 2010-004 / SPSC-M-770, 18 January 2010, unpublished; http://cdsweb.cern.ch/record/1233928/files/SPSC-M-770.pdf

[8] R. Cameron, et al., Phys. Rev. D 47 3707 (1993) [9] E. Zavattini, et al. (PVLAS collaboration), Phys. Rev.

Lett. 96 110406 (2006).

[10] C. Robilliard, et al., (BMV collaboration), Phys. Rev.

Lett. 99 190403 (2007); E. Zavattini, et al. (PVLAS collaboration), Phys. Rev. D 77 032006 (2008); A. S. Chou, et al., (GammeV collaboration), Phys. Rev. Lett. 100 080402 (2008); A. Afanasev, et al., (LIPPS collaboration), Phys. Rev. Lett. 101 120401 (2008); P. Pugnat, et al., (OSQAR collaboration), Phys. Rev. D, 78 092003 (2008).

[11] K. Ehret, et al., (ALPS collaboration), Phys. Lett. B 689 149 (2010).

[12] P. Sikivie, Phys. Rev. Lett. 51 1415 (1983). [13] K. van Bibber, N.R. Dagdeviren, S.E. Koonin, A.K. Kerman and H.N. Nelson, Phys. Rev. Lett. 59759 (1987).

[14] P. Sikivie, D. B. Tanner, and Karl van Bibber, Phys. Rev.

Lett. 98, 172002 (2007).

[15] K. Zioutas et al., (CAST Collaboration) Phys. Rev. Lett.

94, 121301 (2005); E. Arik et al., (CAST Collaboration) J. Cosmol. Astropart. Phys. 02, 008 (2009).

[16] S. J. Asztalos, et al., (ADMX collaboration) Phys. Rev.

Lett. 104, 041301 (2010).

[17] K. Zioutas, et al., J. of Phys.: Conf. ser. 39 103 (2006). [18] R. Bhre, et al., (ALPS collaboration), Any Light Particle Search II - Technical Design Report, http://arxiv.org/abs/1302.5647.

[19] G. Mueller, P. Sikivie, D.B. Tanner and K. van Bibber, Phys. Rev. D 80, 072004 (2009).

[20] L.W. Hillman, et al., Appl. Opt. 22, 3474 (1983).