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Limits on Spin-Mass Couplings within the Axion Window
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We compare the relative precession frequencies of Hg and Cs magnetometers as a function of the po-
sition of two 475 kg lead masses with respect to an applied magnetic field. Our observations limit the
size of a possible monopole-dipole interaction expected to be produced by a pseudoscalar particle such
as the axion. For a range of 20 cm, the products of the scalar and pseudoscalar cdgplingsc) are
found to be less than.3 X 1072 and3.6 X 10~2° for couplings to the electron and neutron spins, re-
spectively. Thee (n) limits are approximately 3 (4) orders of magnitude better than earlier experiments.
[S0031-9007(96)01097-6]

PACS numbers: 14.80.Mz, 32.80.Bx, 34.20.Cf

Axions are well known as an elegant solution tofor each atom ag = yB + K = yB®f, where y¢, =
the strongCP problem as well as an interesting dark- 350 kHz/G andyy, = 759 Hz/G are the atomic ground-
matter candidate [1]. One of the most remarkable andtate gyromagnetic ratios and the) or (—) sign depends
least explored predictions associated with the axion i®n the relative position of the mass with respectBo
that it would yield a parity and time-reversal violating, The difference between the effective magnetic fieRf§,,
monopole-dipole coupling between spin and matter of theneasured by the Cs and Hg oscillators, is

form [2] Kee  Kug >
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T 199Hg is sensitive to only nuclear spin while Cs is pre-
whereV is the two-fermion interaction potentiak/i/2 is  dominantly sensitive to electron spin couplings. A
the fermion spinr is the displacement vector between thecomparison of the two systems thus allows us to cancel
mass and the spirg, and g, are the coupling constants fluctuations in the ambient magnetic field while simulta-
at the vertices of the polarized and unpolarized particlespeously retaining a sensitivity to both nuclear and electron
respectively, andy, is the mass of the polarized particle. spin couplings. For axionlike couplings we shall see that
Experimental and astrophysical observations imply thathe K /vy ratio is much larger for Hg than for Cs, so that
the mass of the axion must lie betweepeV and 1 meV, an “accidental” cancellation of the two terms is not likely.
corresponding to a rangg, between 20 cm and 0.2 mm  The operation of the magnetometers and much of
[3]. This range is commonly referred to as the “axionthe experimental apparatus is similar to that previously
window.” described in a search for a violation of local Lorentz
For ranges larger than about a meter, good experimentaivariance [7]. A schematic of the key new elements of
limits on the producg,g, are obtained from experiments the experiment is shown in Fig. 1. A single Cs resonance
that search for a coupling between either'Ber '”Hg  cell is sandwiched between two Hg cells and the cell
and the Earth [4,5]. A torsion-pendulum experimentstack is oriented with its symmetry axis in the horizontal
explicitly establishes limits on the produgtg, in the plane (alongj). The cells are mounted in the center of
axion window, but is only sensitive to terms involving three concentric cylindrical magnetic shields with their
electron spin [6]. As we shall see in the theoreticalsymmetry axis alond. The 894 nm (254 nm) radiation
analysis, nuclear spin provides a more sensitive and mofrfer the light absorption oscillators travels alohg—1) for
model-independent probe for possible axion couplings. the Cs (Hg) magnetometers. The fixed magnetic field is
To search for this axion coupling, we compare theoriented such thaB = =B(—i + j)/+/2, where the(+)
precession frequencies of atomi¥Hg and Cs when a or (—) correspond to the two opposing directions of the
large mass is positioned near the cells, relative to a®.3 mG magnetic field. An oscillating magnetic field,
applied magnetic fieldd. The monopole-dipole poten- modulating near the Larmor frequencies of the two atoms,
tial described in Eq. (1), when integrated over the masss applied along the vertical axigk). The modulation
distribution, produces a frequency splittiig between frequencies ar¢ = o /27 = 4.0321 Hz and 1.858 kHz
adjacent magnetic sublevels of the atomic ground statdor the Hg and Cs magnetometers, respectively. The
The total atomic precession frequency (including the mageells, light sources, magnetic field locking, and detection
netic and monopole-dipole coupling) can then be writterelectronics are all identical to those described in Ref. [7].
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A magnetic shields changes by less thapG when the
J lead blocks are moved between their two rest positions.

A This field is reduced by at least a factor of 1000 by the

' Mass 2 ' shields. Finally, the effects of any homogeneous magnetic

Position + Mass 2 field or uniform magnetic gradient within the shields is

B field Position — removed by taking the difference between the effective

Cells fields experienced by the Hg and Cs magnetometers

e Y [see Eq. (2] . )

Position’— Data are gathered by measuring the change By

B Outer Magnetic for each of the two positions(§) or (—)] of the

Shield lead blocks and forming the average differendg =

[(AB™), — (AB®™)_]/2. Taking the difference doubles
our sensitivity and eliminates effects (such as magnetic

FIG. 1. The experimental geometry, showing the two posi-inhomogeneities and imperfect frequency settings) which

tions of the two 475 kg lead masses, the three magnetometefo not depend on the mass position. A data point is

cells, and the direction of the fixed magnetic fildd The lead ¢, :med py calculatingA B for sequential mass positions

blocks wrap halfway around the cylindrical magnetic shields. .

The figure is not to scale. (+—==+) = M+, or(~=++-) = M~—. Inthis way any
uniform drifts in the signal are removed. A set of five data
points is collected using the sequeniet, followed by

The spin relaxation times are about 30 s for the Hg atomanother set of five data points collected using the sequence

and 30 ms for the Cs atoms. M—. The helicity of the Cs light is then reversed

The most important new element of the apparatus i§from (+) to (—)], and ten additional points are collected
the assembly that allows two 475 kg lead masses to bfllowing the same pattern. Finally, the Hg helicity is
moved around the magnetic resonance cells. Each of threversed, and the entire sequence used for the first twenty
lead blocks is a cube with 38 cm sides, and a 15 cnpoints is repeated. At the beginning of each cycle of five
radius semicylindrical cutaway that allows the blocks to fitdata points, the atomic magnetometers are calibrated by
snugly around (but not touch) the magnetic shields. Théhe application of a well known homogeneous magnetic
two blocks are suspended from a movable nonmagnetifield, and the gradient of the magnetic field along the
track, which is itself suspended from the ceiling. Thecells is adjusted. A complete cycling through all helicities
two blocks are on opposite sides of the apparatus and aend mass sequences requires the collection of forty data
displaced asymmetrically from the center line by 11 cmpoints and about 9.6 h of operation. Of the 9.6 h, only

(alongi) in order to maximize the expected value f  about 3.2 h are actually spent integrating the signal; the

The assembly allows one to alternate between having omest is spent calibrating, adjusting the gradient field, and

or the other block snug up against the shields while thavaiting for the magnetometers to settle after a change in

other is removed a distance of 40 cm from the shieldsthe experimental configuration.

In this manner, the sign of, and hencek and AB°', Our total data sample consists of 775 data points col-

can be easily reversed. Because the distant block is né#cted on three successive weekends in April, 1996 [8].

removed to infinity, its presence reduces the mass dipol®©f the 775 data points, 6 are rejected using Chauvenet’s

For A = 20 cm, the resulting reduction in sensitivity is criterion [9]. The rejected points are most likely asso-

less than 5%. ciated with abrupt changes in the ambient local mag-

It is crucial that the magnetic field affecting the atomsnetic field during data collection. The remaining data are
should not be significantly modified upon moving the grouped into complete cycles of approximately 40 data
block assembly. When the lead blocks are poured, care oints and are shown in Fig. 2. The direction of the fixed
taken to ensure that the entire block remains in the liquidnagnetic field is positive in runs 1 and 4 and negative
state for some time to allow ferromagnetic contaminantsn runs 2 and 3. Throughout this discussion, the sign is
to float to the surface, where they are subsequentlghosen such that positiveB corresponds to an increase
removed. The remainder of the mass-moving assemblfdecrease) in the Cs (Hg) frequency whgrpoints in the

is constructed entirely from aluminum and brass. Thelirection of the nearby mass. The average of all the data

assembly is moved between its two rest positions by an agields the valueAB = 2 = 16 pG. Table | shows the re-

driving motor in a remote corner of the room, connectedsults of subdividing the data by various criteria. No sta-
to the apparatus by a nylon rope. No data are collectetistically significant variations from the global mean are
for 150 s after moving the blocks to be sure that theobserved, suggesting that light shifts (which would pro-
atoms have had several spin relaxation times to recoveatuce different effects for different helicities) and electron-
from any transient fields. A 3D fluxgate magnetometerics effects (which would produce opposing effects for the

(APS model 520A) is placed 31 cm below the cells,different directions ofB) are unimportant. The data are

outside the magnetic shields in order to monitor changesonsistent with a random distribution with @ of 19.6

in the magnetic field. The magnetic field outside thefor 19 degrees of freedom.
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250 - We would like to relate our experimental result to
200 limits on g,g, for the neutron and electron. In a simple
150 shell model, the!®Hg valence nucleon is ®,/,, state
100 neutron; this implies that the neutron spin -sl/3 of

s the_totgl nuclear spin [10]. Slmllarly, the electron-spin

9 0 projection for Cs isl/8 of the total spinF = 4, for the

= ° 1 Cs ground state. This implies th&l, = —3Ky, while

< -50 K. = 8Kc. Finally, a numerical integration of Eq. (1)
-100 over the mass distribution for a variety of possible ranges
-150 allows us to relate our measurementXB to the limits
200 on the productg,g, shown in Fig. 3, along with the
250 - limits established from other experiments. Note that the

Run 1,B+|Run Z,B-l Run 3, B- Run4,B+ |Avg  [imits on the electron placed from Ref. [6] have been

. ~ multiplied by 872 to correct an error in the earlier

The direction o the Txed fied 1 mdicated for each of the PuDlication [L1]. The limits from Ref. [4] are everywhere
four data runs. The? is 19.6 for 19 degrees of freedom. 1 order of magnltud(_e less restrictive than those of R_ef. [5]
and have been omitted from the plot. For coupling to

the electron spin, our results represent an improvement of

In addition to a possible systematic error associate@bout a factor of 1000 at the upper end of the axion range,
with magnetic changes associated with the motion of th&hile for coupling to the neutron spin, our results place
block assembly, discussed above, we have also considerf¥ first significant constraints within the axion window.
the possibility that the shifting masses might produce a T0 compare these results with what one would expect
shift in the optical alignment of the magnetometers. Offfom the existence of an axion, we have extended the
greatest concern is the possibility that a small motiorfheory outlined in Ref. [2] for an electron-spin coupling
of the Cs beam in the presence of a magnetic field0 include possible effects associated with a coupling
gradient could produce a change in the mean magnetic
field that would be sampled by the Cs, but not by the Hg.

A number of precautions have been taken to minimize @) .. CouplingtoElectron Spin
this effect. First, suspension of the masses from the +—;— i
ceiling supresses the mechanical coupling between the N
mass position and the optical table, which is supported  -25 ]
by the floor. In addition, a quadrant fiber assembly . ;, —
provides a feedback signal that is used to maintain a % ~results
constant beam position, and the magnetic gradients are g -3 I:},ﬁf‘,rﬁy(qu-g) -
minimized using the algorithms outlined in Ref. [7]. £ \_\j"‘""ryw:‘E"")
With these additional precautions we believe that the T ——
effects associated with both beam motion and residual - N\"\“\*\x
magnetization of the blocks are both less than 10% of our  _s :
statistical uncertainty, and hence can be neglected when 1 10 100 1000
combined in quadrature. range (cm)
(b) Coupling to the Neutron Spin
P axion window |
TABLE I. The mean value ofAB calculated using selected Y | 7
subsets of the dataN is the number of data points in each \ TEas
configuration. 25 ~] —+ theory(9=1E-9)
- theory(6 =1E-14)
Selection criteria N AB (pG) ~ \\\.k p e—— —
B+ 416 25(22) <
B— 353 —25(25) o 35
AT 399 -8(22) N “‘\\,\
OHg— 370 13(25) » .
ocst 388 -9(24) ] R
- 381 14(23) ——
Run 1 160 19(38) 45 ——
Sun :2)) 132 _31(3372)) 1 10 range (cm) 100 1000
un -
Run 4 256 29(26) FIG. 3. Plots comparing the experimental upper bounds and
None 769 2(16) theoretical predictions for the monopole-dipole couplings to (a)

the electron spin and (b) the neutron spin.
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to neutron spin. Following Ref. [1], the pseudoscalarcoupling than all previous experiments. Unfortunately,

coupling for the electron is given to first order@y,..), =  the results are still several orders of magnitude too large
X.m./frq, Where fpq is the Peccei-Quinn symmetry- to further restrict the axion window from its present range.
breaking scalem, is the electron mass, and, is the Extension of the present results to shorter ranges could

Peccei-Quinn charge for the electron, a model-dependele accomplished through the introduction of a large
parameter that can take on values between 0 (in thmovable mass closer to the experimental cells. This could
hadronic model of the axion where there is no tree levebe achieved using high purity liquid Hg in a closed,

coupling to leptons) and 1 (the value assumed in Ref. [2])nonmagnetic but conductive chamber inside the magnetic
For neutrons, there are additional complications associateshields. The modulation of the Hg mass position could be
with the quark structure. The pseudoscalar coupling foeccomplished simply by pressurizing and depressurizing
the neutron can be written as appropriate parts of the chamber. Our apparatus could

o B also be used to search for a spin-spin coupling by
(8ann)p = [(=Fao + Fa3) (Xu/2N — 0.32) replacing the lead masses with an appropriately prepared

my, material, such as Q¥ es, which has a net electronic spin
+ (=Fao = Fa3) (Xa/2N — 0.18)] fro/N but no net magnetic moment [16].
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the Peccei-Quinn charges of the up and down quarks and
are taken to be equal to 1. Following Ref. [2], we take the
scalar coupling to nucleons to be
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