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Observation of gravitationally bound quantum states

Count rate N [Hz]
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Phenomenological model: The tunneling model
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Count rate N [Hz]

Detection of the size of the quantum states
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Tunneling model fit
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background . .
—T T T undisturbed wave functions:
5 10 15 20 25

z,=13.7 um

Absorber Height Az [um
. [wm] Z, =24.0 pm



Why are only the eigenstates discussed?

Neutron flux N after slit:
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This term is small for polychromatic neutron beam
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How does an absorber work?

* rough copper absorber/scatterer

] © rough gadolinium absorber/scatterer
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Roughness (2002):
0.001 7 e Standard Deviation: 0.7 um
e Correlation length: ~ 7 pm
0

Absorber Height Ak [um]

Lesson: It’s the roughness which removes neutrons. A high imaginary

part of the potential does not, since the neutron cannot penetrate.
(see A. Yu. Voronin et al., PRD 73, 44029 (2006))
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Cf. Optics: R =




Neutron counts [A.U.]

Theoretical description:

Tunneling model

V. Nesvizhevsky, Eur. Phys. J. C40 (2005) 479
QM, Flat absorber doesn’t work:
Roughness-induced absorption:

A.Westphal et al., Eur. Phys. J. C51, 367 (2007)
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Application: Search for a new pseudoscalar boson
(Axion-like Particle)

Original Proposal for Axion (F. Wilczek, 1978 and others): prediction,
as a consequence of a possible solution to the “Strong CP Problem”:

. N
Modern Interest: Dark Matter candidate. N, ?
All couplings to matter are weak. g +ig, Y -
Signature of a new pseudoscalar boson: New Short-Range Potential
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Monopole-monopole: V(r)=-g.'g.’ (4—C) exp(—r/A) with A=
1174

Looks like 5™ force, which is motivated now by theories with extra dimensions. Limits from our
experiment exist, but other methods give better limits.

(Westphal et al., hep-ph/0301145, hep-ph/0703108, Nesvizhevsky et al., Class. Quant. Grav. 21, 4557 (2004))
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Monopole-dipole: Vi gsl gP2 8_
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Most often done with electrons as polarized particle. Coupling Constants depend on the species.
Dipole-dipole: V(r) e gPlgP2 [(Gl -0, ) fr)+ (01 : f) ((52 ' f) g(r)]

Disappears for an unpolarized source



Effect on Gravitationally Bound States

Integration of 2" potential over mirror:
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Extraction of our Limit

Why can we use unpolarized neutrons?

e Limits are calculated
0.05 ~ . from a shift of the
turning point by 3 um.
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Exclusion Plot for new spin-dependent forces

m, [eV]
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Projected improvement: Polarized experiment

Polarizing foil with Spin T B, up
guide field wires transport of
® ® zone ¢ B, down

Magnetization Position-sensitive
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Exclusion Plot for new spin-dependent forces
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Exclusion Plot for new spin-dependent forces
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Summary

 Gravitationally Bound Quantum States detected with Ultracold
Neutrons

e Characteristic size 1S ~ um

e Applications 1n fundamental physics: Limits on fifth forces,
limits on spin-dependent forces, and others

e Future: Replace transmission measurements (with its need to
rely on absorber models) by energy measurements. Ultimately,
AE/E ~ 10° @ E ~ peV might be reached.

Thank you for your interest!



