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Abstract

We report on a search for a new, short-range, spin-dependent interaction using a modified version
of the experimental apparatus used to measure the permanent neutron electric dipole moment at
the Paul Scherrer Institute. This interaction, which could be mediated by axion-like particles,
concerned the unpolarized nucleons (protons and neutrons) near the material surfaces of the
apparatus and polarized ultracold neutrons stored in vacuum. The dominant systematic
uncertainty resulting from magnetic-field gradients was controlled to an unprecedented level of
approximately 4 pT cm ™! using an array of optically-pumped cesium vapor magnetometers and
magnetic-field maps independently recorded using a dedicated measurement device. No signature
of a theoretically predicted new interaction was found, and we set a new limit on the product of the
scalar and the pseudoscalar couplings g,g,A* < 8.3 x 107**m* (95% C.L.) in a range of 5 ym

< A < 25 mm for the monopole—dipole interaction. This new result confirms and improves our
previous limit by a factor of 2.7 and provides the current tightest limit obtained with free neutrons.

1. Introduction

The extremely successful Standard Model (SM) of particle physics provides testable experimental predictions
usually agreeing with laboratory measurements and astronomical observations at the highest levels of
accuracy [1, 2]. It is therefore considered as the best theory to describe the fundamental building blocks of
the Universe at current measurement sensitivities. However, together with the Cosmological Standard
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Model, it leaves some phenomena unexplained, e.g. the observed matter-antimatter imbalance also known as
baryon asymmetry of the Universe (BAU) or the nature of dark matter (DM) and dark energy [3].

In the 1967 seminal article ‘Violation of CP invariance, C asymmetry, and baryon asymmetry of the
Universe’ by A. Sakharov, the violation of the combined symmetry of charge conjugation and parity (CP) is
identified as one of the three necessary criteria for the creation of the observed BAU [4] from initial
symmetric conditions. In the SM, CP violation (CPV) may occur in the weak and the strong sectors. In the
weak sector, it appears in the complex phase of the Cabibbo—Kobayashi—-Maskawa [5] or the
Pontecorvo—Maki—Nakagawa—Sakata [6] matrices describing the mixing of quarks or leptons in their mass
and flavor states, respectively. In the quark sector, CPV has been observed and precisely measured in
kaon [7-10] and B-meson [11, 12] decays. Although the CPV phase of the CKM matrix is nearly
maximal [13], it is insufficient to generate the observed BAU [14].

In the strong sector, CPV appears as vacuum polarization term in the Lagrangian of quantum
chromodynamics (QCDs) [15, 16], giving rise to an electric dipole moment (EDM) of the neutron on the
order of # x 107! e - cm, where  can take any value between 0 and 27. Nevertheless, non-observation of a
neutron EDM constrains the CP-violating phase in the strong interaction to a value that is particularly small,
0 < 107'°, constituting a puzzle known as the strong CP-problem [17].

A possible solution to the strong CP-problem was proposed by Peccei and Quinn in 1977 by introducing
an additional chiral U(1)pq symmetry [18, 19]. The spontaneous breaking of this symmetry results in a
pseudo-Goldstone boson [17] to which one often refers to as the ‘canonical QCD axion.’ In 1984, Moody and
Wilczek [20] proposed to search for a new, short-range, spin-dependent (SRSD) interaction, which could be
mediated by very light, weakly coupled, spin-0 bosons, similar to the canonical axion. For spin-0 bosons,
only two options exist to couple to fermions, either via a scalar or a pseudoscalar vertex with the coupling
constants g; and g, respectively. For a fermion-fermion interaction with only one boson exchange, the scalar
and the pseudoscalar vertices permit three distinct interactions with (monopole)?, (dipole)?, or
monopole-dipole virtual boson fields, involving g7, g%, or g.gp, respectively. One prominent candidate for
the mediator particle of these (monopole)z, (dipole)2, and monopole-dipole interactions is the canonical
axion, but may be other hypothetical bosons [21, 22], such as spin-0 axion-like particles (ALPs), which have
similar properties to the canonical axion, or very light spin-1 bosons [23, 24] coupling via the vector (g,) and
the axial-vector (g4) vertices. These low-mass particles, which couple very weakly to visible matter, are often
referred to as weakly interacting sub-eV/slim particles (WISPs) [25].

The canonical QCD axion and additional ALPs are predicted in many BSM theories including
super-symmetric extensions and string theory. They are considered promising candidates as microscopic
constituents of DM [26, 27]. For the canonical axion, their allowed mass range is 10~ 13-1072 eV, constrained
by an assumption on the Peccei-Quinn symmetry breaking scale (lower bound) and stellar evolution
arguments (upper bound) [28], and the original Peccei-Quinn symmetry sets a fixed relation between its
mass and its coupling to the SM particles. On the contrary, there is no a priori relation between mass and
coupling strength for ALPs, making the potential parameter space broader [28, 29]. Many experiments world
wide are actively searching for these particles using resonant cavity haloscopes [30, 31] or large-scale
helioscopes [32] to detect WISPs based on cosmological and astrophysical sources. Additionally,
laboratory-based experiments employing nuclear magnetic resonant precision magnetometers searching for
EDM interactions with ALPs [33, 34], a broadband/resonant approach with a toroidal magnet looking for an
axion-induced magnetic field [35], or employing search methods based on the concept of ‘light shining
through a wall’ [36, 37] or the search for a “fifth force’ [38, 39], have also been looking for WISPs in the past
few decades. To date, no evidence of the canonical QCD axion or any ALPs has been observed.

1.1. The monopole—dipole interaction

Among the three interactions, the monopole-dipole interaction involving g.g, and violating P and

T symmetries as well as combined CP symmetry, is of particular interest, as the demonstration of CPV
would provide an evidence to one of the three essential criteria to explain the BAU [4]. The potential
generated by the monopole—dipole interaction between a polarized () and an unpolarized particle can be
written as [20, 40]

(of-7) (IA+12) e A (1)

V(r)=ggl S+

8w mft

where m' and o' are the mass and the Pauli matrices belonging to the spin of the polarized particle, # is the
unit vector along the distance r between the particles, A = i/ (m'c) is the interaction range, and % is the
reduced Planck’s constant. The unpolarized and the polarized particles couple to the spin-0 boson via
unitless scalar and pseudoscalar coupling constants g; and g;, respectively.
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Figure 1. Schematic drawing of the interaction between one nucleon within the electrode (with a thickness a and a radius R) and

a polarized UCN in the precession chamber. The pseudomagnetic field results from integration over all nucleons in the bulk
electrode. Reproduced with permission from [49].

In [40, 41], it was proposed that ultracold neutrons (UCNs) can be used to search for ALPs. We searched
for such an interaction with the apparatus originally built for the search for the EDM of the neutron
(nEDM) [42], and with which we also set limits for an oscillating nEDM [43] through the axion-gluon
coupling and for neutron to mirror-neutron oscillations [44] at the UCN source [45, 46] of the Paul Scherrer
Institute (PSI) in Switzerland. In the experiment, polarized UCNs and polarized '*Hg atoms populated a
vacuum volume between two horizontal electrodes and an insulator ring. A sketch of the experimental
apparatus is shown in figure 2, and details about the spectrometer and the measurement procedure are
described in section 2. The SRSD interaction would involve the polarized UCNs stored in the vessel and
unpolarized nucleons (protons and neutrons) on the electrode surfaces. The measurements were performed
by comparing the Larmor precession frequencies of stored UCNs and '®Hg atoms, which served as a
cohabiting magnetometer, in a constant magnetic field By. An ALP-mediated SRSD interaction between
vessel materials and trapped particles can be considered as a pseudomagnetic field b{;.y influencing the
precession frequency of UCNSs, whereas the effect on the '*Hg atoms is negligible as their mass is much
larger (V(r) oc 1/m’ in equation (1)). Hence, the ratio of the spin precession frequencies of UCNs and
Y9Hg atoms,

Ggrav <Z>

By

Tn
“TH g

1+ ?CNi

By

A
RT/J’ = (ﬁ1> = + 6else ) (2)

fug

is sensitive to this interaction while magnetic-field changes cancel and other effects corrected for. Here, 7,
and y, are the gyromagnetic ratios of the neutron and the '*’Hg, respectively, b{;cy is the pseudomagnetic
field that would be experienced by UCNs stored in the apparatus (derived in section 1.2), and the +/— signs
correspond to the upward/downward directions of the magnetic field according to gravity. By measuring R
in opposite directions of By, the magnitude of the pseudomagnetic field can be extracted

. RT — R
bov = RFTRE

=

0

; 3)

and in turn the strength of the interaction g;g, can be deduced. The dominant systematic effect is due to the
vertical center-of-mass offset (z) between the Hg atoms and the UCNSs in the presence of an effective
magnetic-field gradient Gg,, [47]. Additional effects deie are described in more detail below.

1.2. Derivation of the pseudomagnetic field

The interaction is described by the potential given in equation (1), and the effective interaction generated by
one electrode in the apparatus is derived by integrating over all nucleons from the bulk matter. The
corresponding pseudomagnetic field normal to the electrode surface at a height d is written as [48]

. ANA —a _
b (d)%gsggm(l—e /A)e ”, (4)

where ' is the gyromagnetic ratio of the polarized particle, N is the nucleon density depending on the
material of the electrode, and a is the electrode thickness, illustrated schematically in figure 1.
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In the nEDM apparatus, both the top and the bottom electrodes made of aluminum contributed to this
interaction in opposite directions, pointing from the electrodes to the UCNSs stored in the chamber. We
defined z =0 at the center of the precession chamber such that the surfaces of the top and the bottom
electrodes were at z = +H/2 and z = —H/2, respectively, where H = 12 cm is the chamber height. The total
pseudomagnetic field measured at a vertical coordinate z can be written by summing up contributions from
both electrodes using equation (4) as

* 2 —a —(z — —z
bawe (2) :gsg;W (1 —e /A) (Nbote (z+H/2) /A — Nigpe (H/2 )/)‘) , (5)

where Ny and Ny are the nucleon densities of the bottom and the top electrodes, respectively.

Since the UCNs have very low kinetic energies, their trajectories are strongly influenced by gravity. As a
result, they were not uniformly distributed within the precession chamber; instead, the center of mass of the
UCNSs was shifted to negative z values. This effectively resulted in a center-of-mass offset (z) = —3.9(3)

mm [42] with respect to that of the cohabiting *”Hg atoms. A linear approximation of the normalized
vertical-UCN-density function is given as [48]

pu(2) = % (1+ 1?;&). (6)

The setup was sensitive to interactions of short ranges, approximately from pm to mm, a similar range as in
[48, 50]; therefore, the UCN-density distribution can be simplified to a constant density at distances close to
the surfaces of the electrodes, p, (—H/2) and p, (+H/2) [48]. The effective pseudomagnetic field, defined as
pointing upwards with respect to gravity, experienced by all UCNs within the precession chamber, is solved
analytically by integrating over the chamber height

tH

UeN = /7 . birp (2) pn (2)dz

+H
1)) 2 -H +H
_ .—a/X s —(z+H/2)/X _ s —(H/2—2)/X 7
2y Tmt (1 ¢ )/_H [Nb“p“( 2 )e Nt"Pp“( 2 )e }dz @

;l)\z [11 (Nbot - Nto ) —6 <Z> (Z\Ibot + I\]to )]
= T P P —a/\ —H/X
gsgp 271. THZ (1—6 ) (1—6 ),

where the top and the bottom electrodes contribute in opposite directions.

=g

2. Measurement with the nEDM spectrometer

For the measurement, we exchanged the top electrode of the nEDM spectrometer by one made out of copper
to increase the nucleon density, which increased the sensitivity to this interaction. A sketch of the modified
apparatus is shown in figure 2, where no electric field was applied during these measurements. The nucleon
density'” for the top electrode was Niop = Ny = 5.40 x 10°° m™?, whereas the bottom electrode made of
aluminum remained, with Npo = Ny = 1.63 x 10°° m . In this way, an asymmetric pseudomagnetic field

“Lp Was generated, increasing the sensitivity by a factor of 7.7 compared to that using both electrodes made
of aluminum.

Further, we exchanged the ultraviolet light source of the probe beam of the 1 Hg-comagnetometer
(HgM) from a mercury discharge lamp [52] to a locked frequency quadrupled diode laser'® with a
wavelength of 253.7 nm [53] to maximize the sensitivity of the HgM readout. The rest of the apparatus
remained unchanged compared to our previous search for an SRSD interaction mediated by an ALP [48].
Polarized mercury vapor and polarized UCNSs precessed in a cylindrical storage chamber of H =12 cm
height. Its side walls were made of normal polystyrene with a radius of R = 23.5 cm, and the inside was
coated with deuterated polystyrene [54]. The bottom was closed off by an aluminum electrode with a central
shutter for UCNs and a smaller shutter for mercury vapor. All inner metal surfaces of the storage cylinder,
including the aluminum and the copper electrode surfaces, were coated with a thin layer (~1-3 ym
thickness) of diamond-like carbon [55, 56] to improve the coherence and storage times of UCNs and '*’Hg

17 The nucleon densities were calculated using the material densities and the atomic masses obtained from MaTecK’s periodic table of
elements (https://mateck.com/en/, accessed 26 February 2023) and [51].

18 TOPTICA Photonics AG. Product description TA / FA-FHG pro. Accessed 11 January 2022. http://www.toptica.com/products/tunable-
diode-lasers/frequency-converted-lasers/ta-thg-pro/.
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Figure 2. Schematic drawing of the modified nEDM apparatus, where the top electrode was replaced with one made of copper,
used to search for a new, ALP-mediated, SRSD interaction. Reprinted (figure) with permission from [42], Copyright (2020) by
the American Physical Society.

atoms. Additionally, a total of 15 cesium magnetometers (CsM), of which seven were installed above and
eight below the precession chamber, were used to monitor the magnetic-field gradient Gg,, along the
chamber axis [57]. A cosine-theta coil comprising around 50 turns powered with a current of about 17 mA

created a stable and uniform magnetic field of ’§0’ /s £1036 nT vertically across the chamber. Additionally,

30 trimcoils were installed around the vacuum chamber that could be used to create a certain magnetic-field
configuration if required. Four layers of cylindrical mu-metal shield and a surrounding field compensation
coil system [58] were used to passively and actively improve the stability of the magnetic field.

In each measurement cycle, polarized UCNS in the magnetic field By were used for Ramsey’s method of
separated oscillatory fields [59]. A cycle started by bringing the polarized UCNs into the precessing chamber,
followed by the filling of the polarized ”Hg atoms. When both particle species were prepared in their initial
stages in the storage chamber, two low-frequency pulses were applied consecutively to the 1*Hg atoms and to
the UCN:ss to flip their spins to the transverse plane. These pulses are called 7/2-pulses. After a
free-spin-precession duration of 7 = 180 s, a second 7/2-pulse, in phase with the first one, was applied to
the UCN:Ss to further tip their spins for another /2. Afterwards, a spin-sensitive detection system [60, 61]
counted neutrons in spin-up (NT) and spin-down (N*) states at the end of the cycle, from which the
asymmetry A = (NT — N¥) / (N + N¥) was calculated. The HgM precession frequency was measured using
a circularly polarized, resonant ultraviolet laser beam at 253.7 nm wavelength, traversing the chamber while
recording the spin-precession-modulated light intensity with a photo-multiplier tube [53]. A measurement
run consisted of approximately ten cycles with different spin-flipping frequencies f, rr. These frequencies
that were applied as 7/2-pulses were slightly detuned from the resonant f,. The scan of f,, r¢ throughout
every run led to different asymmetries of the final-state neutrons in each cycle. In combination with the
measured HgM frequency of a single cycle, an interference pattern, Ramsey pattern, may be plotted by
displaying the asymmetry as a function of the frequency ratio Rrr = fn re/fiig (figure 3).

The central Ramsey fringe, approximated well with a cosine function,

A= Ao — avcos 21 (Rre — R) T (fug)] (8)

was fitted to the interference pattern, where (fi1, ) is the average HgM frequency of all cycles within the run.
Three parameters, the asymmetry offset Aoy, the visibility (or Ramsey contrast) o, and the
resonant-frequency ratio R = f, /fu,, were extracted. 7' = T + 47,/ is the effective time related to the
fringe width, where 7, = 2 s is the length of a neutron 7 /2-pulse. By taking the ratio of the two frequencies,
we compensated for magnetic-field changes from one cycle to the next one, which cancel in equation (2).
The difference of resonant-frequency ratios R, taken for direction-inverted magnetic-field
configurations permits the extraction of by using equation (3). As R is a linear function of Ggay
(equation (2)), we intentionally took data at different vertical magnetic-field gradients. Each measurement
run thus comprised a certain magnetic-field configuration. The vertical magnetic-field gradient was
generated by applying dedicated currents in a pair of trim coils installed above and below the vacuum
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Figure 3. Ramsey pattern: The asymmetry A is plotted as a function of the frequency ratio Rgg. Blue markers are data from an
ALP measurement run (run 012 951), and the red line is the fit to equation (8). The uncertainties on A are smaller than the
marker size. The resonant-frequency ratio R is at minimal .A. Reproduced with permission from [49].

tank [62]. In addition to the high-granularity maps of the magnetic field, taken using a dedicated
measurement device [63], the spatial distribution of the magnetic field was measured continuously with a
sampling rate of 1 Hz with 15 CsM. Using a linear fit of G,y versus R (Ggrav) by correcting for all known
systematic effects of R (section 3.1) and precisely determining Ggr,y (section 3.2), Rg and R(i),
resonant-frequency ratios at Ggray = 0 for both By directions, were precisely determined (section 3.3).

3. Data analysis

3.1. Extraction of the resonant-frequency ratio R
For each measurement run, a resonant R was obtained by fitting the Ramsey pattern, equation (8). Various
statistical uncertainties and systematic effects influenced the measurement of R. Four effects were considered
for each measurement cycle as stochastic uncertainties. These include the neutron counting statistics, the
uncertainty of the estimated HgM frequency, the magnetic-field-gradient (Gy,y) drift between cycles, and
the Ramsey—Bloch—Siegert shift [64, 65] induced by the 7 /2-pulse of the HgM onto the neutron spin. The
last effect resulted from the fact that the circularly rotating magnetic field applied to the ' Hg atoms resulted
in small random tilts of the neutron spins. Each effect resulted in an uncertainty on the measured asymmetry
A, which was further propagated to the uncertainty of R according to equation (8) using the fitted values for
a and R. Table 1 shows the average uncertainties of each effect for all measurement cycles. We calculated the
reduced chi-square X2, from the Ramsey fit for all 17 runs including both directions of By, and the mean
value was 9.15. Assuming pure Poisson statistics, the reduced chi-square X2, should be approximately 1. A
scaling factor of 2.8, the square-root of the average x2,, values excluding one run with x?%, > 20, was applied
to the R errors obtained from the fit of all runs to account for stochastic errors that were unaccounted for'”.
We recall that the dominant systematic effect is the gravitational shift dgr,y resulting from the
center-of-mass offset (z) between the UCN and the '"”Hg ensembles (equation (2)). In the presence of a
vertical magnetic-field gradient Ggrqy, both species measure slightly different volume averages of the
magnetic field. The gravitational shift is calculated as

B,
Ogray = (B, —1==+

(Bz)ig ‘ go’ ’

Ggrav <Z>

(9)

19 The reason of excluding this run was due to the fact that its X2,4 was almost two times larger than the second largest x?,; among all
17 runs. However, this run was still included in the final analysis. We verified that by excluding this specific run, the final result remained
unchanged.
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Table 1. Stochastic uncertainties of R from all measurement cycles. The total numbers of neutrons have mean values of approximately
14000 and 10 000 for the magnetic field pointing upwards and downwards, respectively.

Effect /1 x 1077 By up By down
Neutron counts 1.84 2.26
HgM frequency 0.75 0.69
Gradient drift 0.02 0.02
"Hg spin-flip pulse 0.07 0.23
Total stochastic effects 2.02 2.41

where

8 s 12

(10)

3H? 3R? C 5R*  3R*H?2 3H*
20 4 >0

Ggrav = G1,0 + Gs 0 (

is the effective magnetic-field gradient parallel to the gravitational gradient calculated using a polynomial
expansion of the magnetic field to fifth degree [63, 66]. G ,,, are expansion coefficients of degree [ and
order m of the harmonic polynomial, whereas H = 12 cm and R = 23.5 cm are the height and the radius of
the precession chamber. The 4/ — signs in equation (9) correspond to By in upward/downward directions,
respectively, with (z) < 0. More details on this effect is described in section 3.2.

Other known effects dejse Shown in equation (2) are summarized as

5else - 5T + 5Earth + 6light + 5inc + 5]NN; (11)

which are caused by the transverse magnetic-field components, the rotation of Earth, the UV laser beam for
the HgM readout, the incoherent scattering of UCNs on the **Hg atoms, and magnetic-field fluctuations
resulting from Johnson—-Nyquist noise (JNN) [67, 68], respectively. They may be divided into two categories.
On the one hand, constant shifts of the UCN or HgM frequency lead to a deviation of R from the ratio of
pure gyromagnetic ratios. These include the first three effects, o1, Ggarth, and djgn. On the other hand, 6,
and djnn are pure stochastic effects, which do not shift the mean R value, but result in an increase of the
measurement uncertainty. There effects are shown in section 3.3.

The transverse shift dr is a consequence of transverse components of the magnetic field Br. UCNs in a
magnetic field of 1 4T sample the field in the adiabatic regime of slow particles in a high magnetic field. The

measured mean frequency w, = 7, < /B:+Bj + B§> is proportional to the volume average of the

magnetic-field modulus. By contrast, ! Hg atoms in the same magnetic field fall into the nonadiabatic
regime of fast particles in a low magnetic field, such that their spins precess at a mean frequency

WhHg = ’YHg\/ <Bx>2 + <B},>2 + <BZ>2 given by the volume average of the vector magnetic field. In the presence
of Br, this results in

2
5o — A >, (12)
2By
with
(BE) = (AB +AB}) (13)

being the mean-square transverse magnetic-field components, where AB, = B, — (B,) and
AB, = B, — (B,). For each run, i.e. one magnetic-field configuration, we calculated (Br*) using the field
maps [63] and corrected the resonant R value obtained from the Ramsey fit (equation (8)) by dr.

Effectively, given the rotation of Earth, the precession frequencies of UCNs and '°”Hg atoms are measured
in a rotating frame of reference. They are a combination of the Larmor frequency in a stationary frame and
the Earth’s rotational frequency, fearn = 11.6 uHz. The associated shift in R was corrected for by calculating

Oparts = T (fE‘"‘"h T f&m) cos (fpst) = F1.4 x 107°, (14)
fn ng

where cos (6ps;) = 0.738 is the cosine of the angle between the Eo direction and the rotational axis of the
Earth, corresponding to the latitude of the PSI, and the — /+ signs correspond to the upward/downward
directions of By, respectively.

The third effect dj;gp is related to the UV laser traversing the precession chamber to read out the HgM
signal. This value was not quantified during the measurement; therefore, we only estimate its effect and
consider it as another contribution to the final uncertainty of R. Details are given in section 3.3.
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3.2. Determination of the vertical magnetic-field gradient G,y
A total of 15 CsM, which were of scalar-type magnetometers, measured the magnitudes of the magnetic field
above and below the precession chamber during a measurement, which was used to quantify Gg,y. Because
of the applied By ~ 1 uT &,, the transverse fields of order 1 nT were negligible compared to the vertical field;
hence, the scalar fields measured by the CsM were the effective vertical-field component B,.

The magnetic fields measured by the CsM were described by a polynomial expansion [66]. The gradients
Go,m were extracted by fitting the 15 field values measured by the CsM to the z component of the polynomial
expansion

BleM ZGEM zém )7 (15)

where i = 1,2, ..., 15 is the index of the CsM, ' is the position of the corresponding CsM, and I,y misa
function (or mode) expanded in harmonic polynomials of degree [ and order m depending on 7.

For each degree ¢, the order m runs from —¢ to +¢ for I1, 4 ,,, which gives (2¢ + 1) terms. It was observed
that lower-degree fields were subjected to fluctuations; thus, they were measured online with CsM.
Constrained by the number of 15 CsM, the highest full parametrization one can achieve with this method is
of second-degree, which contains nine free parameters. The contributions of higher-degree fields were found
to be more stable and reproducible. To resolve the problem of higher-degree fields that were not taken into
account, we combined both online CsM measurements and offline field maps [63] to achieve an improved
estimate of Ggr,y. With the field maps, the magnetic fields could be expanded up to sixth degree for all three
components in x, y, and z. The expression of Gg,y could thus be expanded to fifth degree (equation (10)).
Note that only odd gradients contribute to Gg,y as the average-magnetic-field components given by even
gradients cancel out for '”Hg atoms and UCNSs.

Several methods to combine cycle-by-cycle CsM data with magnetic-field maps were investigated using
synthesized magnetic-field readings, which worked as follows. We calculated field values at the CsM positions
using the magnetic-field-map data and varying the coefficients G, randomly using a Gaussian distribution
(equation (17)). In addition, a uniformly distributed random offset in the range of £120 pT [57] was added
at each CsM location, accounting for possible sensor offsets. In total, 200 random fields were synthesized and
analyzed using eight different methods [49]. The optimal method was selected by minimizing the difference
between the synthesized and the fitted Gg,y up to fifth degree using equation (10),

fit
AGgrav - Gssgrav Gglraw (16)
referred to as the deviation. Each synthesized gradient composing Ggray included a random error drawn from
a Gaussian distribution, whose standard deviation was the uncertainty of the map, and was given as

Gim = G + 96, (17)

The uncertainty of the fitted gradient o¢,,, was calculated with error propagation from each gradient-fit
error oG , It » and e in equation (10).

We concluded that the optimal method was achieved by removing the fields described by higher-degree
harmonic polynomials with ¢ = 3,...,6 using the map gradients and performing a second-degree fit
including nine gradients up to £ = 2 to the residual fields. The optimal fit method, even in the presence of
CsM offsets with a standard deviation as large as o, = 115 pT, estimated the coefficients with a deviation
in the range of | AGgay| ~ 2-3 pT cm ™, and with fit uncertainties of o, < 3.8pTcm™' (upward By) and

G < 4.5pT cm ™! (downward By).

This method was applied to all 17 runs of data, consisting of a total of 170 cycles. The residuals
AB' =B} — B, for each CsM i in each cycle was calculated, where B]_ are the field values used in the fit to
the polynomial expansion up to second degree after removing higher-degree contributions, and B, are the
calculated values at each CsM position using the fitted gradients. All AB’ were < 250 pT, which were below
the uncertainties of the field maps. For each cycle, Ggry Was calculated using the expansion up to fifth degree,
where G o was obtained from the second-degree-polynomial fit, and Gj3 ¢ as well as Gs o were taken from the
map values. The average value of the estimated Gg,y from all cycles in a run was taken as the vertical gradient
of this magnetic-field configuration.

To correct for potential systematic effects on the calculated effective gradient Gy, we made use of the
visibility parabola, which is the visibility of the Ramsey fringe « plotted as a function of Gg,y. The parabola
reaches its maximum at the minimum vertical magnetic-field gradient, where gravitationally enhanced

8



10P Publishing New J. Phys. 25 (2023) 103012 N J Ayres et al

By down
0.72 0.72 T I T I T I T I
0.70 0.70 —
0.68— 0.68 —
0.66= 0.66 =
s 0.641- s 0.641- J —
0.62— (Ggray) = C(Ggfav—go)z'*'afo 1 0.62- [ ®(Ggray) = C(Ggmv_go)z‘*'a’o
¢ =(-1.0+0.3)x10™* ¢ =(-1.0+0.3)x10™*
0.60 — 0.60 —
g0 =—2.2+22 (pT/em) g0 = 0.02+3.7 (pT/cm)
058 @ = 0.69+0.01 _ 058 @ = 0.67+0.01 _
I I I | I I I I | I | | I | |
036 ——I5 <10 - 0 5 10 15 0305 20 -5 -0 -5 0 5 10
Ggrav (PT/ Cln) Ggrav (PT/ Cln)
(a) (b)

Figure 4. Visibility parabola: visibility c as a function of vertical magnetic-field gradient Ggray for By pointing (a) upwards and (b)
downwards from all 17 runs of data. The error bar on each data point is the 1o error from the Ramsey fit scaled with a factor of
2.8. The red line and the shaded band show the fit and the 68% confidence interval expectation. Both parabolas were fitted
simultaneously with a same ¢ parameter. Reproduced with permission from [49].

depolarization [69, 70] is negligible. Figure 4 shows the parabola for By pointing upwards (figure 4(a)) and
downwards (figure 4(b)) with both reaching a similar maximal visibility. The parabolas were fitted with a
simple parabolic function « (Ggrav) = ¢(Ggravy — 20)* + g, where g is the expected zero gradient. The
maximal visibilities were reached at gg =-22422pTcm ! and gé =0.02£3.7pTcm ™! for the upward
and the downward B, directions, respectively. The uncertainties on the fitted parameters were estimated by
scaling 2, = x*/d.o.f. to 1 in each parabola fit. To account for this potential shift, we corrected the effective

Ggrav Of each run with goT =-22pTcm~!or gol’ =0.02pTcm™ 1.

3.3. Crossing-point analysis

Figure 5 shows the R values, after ot and 6, corrections, as a function of the corrected Ggr,y (figure 4).
Red upward triangles and blue downward triangles are runs with By pointing upwards and downwards,
respectively. A linear fit to the data from all runs with both directions of By (4/— correspond to
upward/downward) was applied to

RV =R 1+ 8 (18)

= grav

simultaneously, sharing the parameter (z), while the ROT/ ¥ values were kept separate for both directions. This
is the so-called crossing-point analysis. The best fit was obtained for

R} =3.8424563(08),

Ry =3.8424622(12), and (19)
(z) =—0.43(2) cm,

with x2,; = x?/d.o.f. = 31.9/14. The underestimated uncertainties caused X2, to be larger than 1. The
uncertainties shown in equation (19) were corrected for this stochastic error. Compared to the total statistical
errors shown in table | summing from all known effects, these are a factor of 4-5 larger, corresponding to
our initial scaling factor of 2.8 multiplied by the correction factor 1/31.9/14. The center-of-mass offset (z)
was in agreement with the values found in [42], (z) = —0.39(3) cm, and [66], (z) = —0.38(3) cm, and the
crossing point was at Gx = —1.9(5) pTem ™.

In the following paragraphs, we distinguish two different kinds of uncertainties associated with R as
shown in equation (2). The first kind was systematic effects, leading to a bias, whereas the second kind was
considered purely stochastic, only increasing the measurement uncertainty.
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Figure 5. Frequency ratio R as a function of vertical magnetic-field gradient Ggr,y for all runs with different field configurations.

Red upward and blue downward triangles correspond to By pointing upwards and downwards, respectively. The error bar for each
R is the fit error from the Ramsey fit scaled by 2.8. The error of Ggray for each data point with an average value of 4.05 pT cm™!
over all 17 runs was not included in the error of R individually. Instead, we considered this effect a global systematic uncertainty

to all runs that resulted in an error contribution to both of the fitted RT/+ values. For this, the error obtained from each fit of the
visibility parabolas was used (vertical magnetic-field gradient in table 2). Straight lines shown here were obtained using the
best-fit values (equation (19)) in the fit equations (equation (18)). Reproduced with permission from [49].

The most important systematic effect of the first kind is the shift dg,, induced by a vertical magnetic-field

gg/J,

gradient. From the visibility parabolas (figure 4), were considered as systematic shifts on R. For all runs,

Ggray Were corrected for with gg/ i, and the uncertainties of the fitted gg/ ¥ lead to

o =35x10"7 and

(20)

op  =59%x107".
grav

The second largest systematic effect dr arises from the residual transverse field. In addition to the shift in
R, corrected for run-by-run, an error on the mean-squared transverse field o (B2) Was calculated making use
T

of the concept of reproducibility of the field maps [63], quantifying the spread in measurements of identical
magnetic-field configurations taken over several years. This results in shifts of

Rl =(7.3+4.7) x 1077 and

(21)
RE=(6.44+41)x107.

The third systematic shift djigp, may occur resulting from the resonant UV laser beam traversing the
precession chamber to read out the !*’Hg spin precession. Two different systematic effects, the vector and the
direct light shifts, were considered. The vector light shift was measured for our previous experiment [62]
using a 2%*Hg discharge lamp as the light source. This shift, which can be interpreted as the projection of the
magnetic field of the photons traversing the precession chamber onto the By-field direction, is magnetic-field
direction dependent. As we exchanged the slightly off-resonant 2**Hg lamp with a laser beam resonantly
locked to the '?Hg 6'S; — 6°P; F = 1/2 transition, the shift reduced by a factor of 7.7 [71] to

R, =(1.546.9) x 1077 and

(22)

Ry, = (1.245.4) x 1077,
where we kept the original uncertainties as the effect of the laser light power, which had an impact on the
vector light shift, was not quantified. In addition, the direct light shift accounts for the fact that while the
probed atom is in the 6°P; F = 1/2 state, the spin precesses at a different frequency. This will lead to a shift
proportional to the light power and was estimated to be about 0.01 ppm [42] in the nEDM measurement
with the same apparatus still using the 2**Hg discharge lamp. An increase in light power would also result in
a decrease of the transverse depolarization time T, of the mercury precession, which was not observed.

10
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Table 2. Error budget for the overall errors on R resulting from statistics and from systematic effects for both By directions. Note that
the effects resulting from the vertical magnetic-field gradient and the transverse magnetic field were taken into account before the fit for
the crossing point analysis.

Effect /1 x 1077 By up By down
Statistics (uncertainty) +8 +12
Vertical magnetic-field gradient 35+£35 —0.3+59
Residual transverse field 7.34+4.7 6.44+4.1
Mercury light 1.9+6.9 1.6 £5.5

Nevertheless, to account for a possible doubling of the light intensity because of the change to the resonant
laser light, we estimate

R = (0.4+0.8) x 1077, (23)

The contributions from both the vector and the direct light shifts are summed together and shown as the
effect from the mercury light in table 2.

Within the medium of spin-polarized '®Hg vapor, UCNs are subjected to incoherent scattering on the
99Hg nucleus, which can be described as a spin-dependent nuclear interaction. This acts as a
pseudomagnetic field, which is proportional to the incoherent scattering length |b;nc| = 15.5 fm [72, 73]. For
an imperfect 7 /2-pulse of the HgM, a residual polarization along By creates a pseudomagnetic field,
resulting in a frequency shift of UCNs and consequently a shift dipc of R. We estimated the random
fluctuation of "”Hg polarization and quantified the resultant error on R as 0;{‘ i <5 x 10719, This effect is
three orders of magnitude smaller than the light shift djig; hence, we consider it negligible.

The precession of spin-polarized particles is affected by magnetic-field fluctuations resulting from JNN,
originating from thermal motion of charge carriers inside the electrodes. Because of the difference between
adiabatic and nonadiabatic magnetic-field samplings for UCNs and '**Hg atoms, the volume-averaged fields
sampled by both species are slightly different. A finite-element analysis was used to simulate temporal and
spatial noise [74] from which we calculated the time-and-volume-averaged magnetic-field difference sensed
by both particle ensembles. As JNN leads to random magnetic-field fluctuations independent of By polarity,
we assume that this effect djyy only increases the measurement uncertainty but does not shift the central R
value. The corresponding uncertainty was estimated to be U}% t < 1 x 1077, As this effect is two orders of
magnitude smaller than djign., we did not include it in the error budget.

The analysis of the measured data, including all shifts and uncertainties as listed in table 2, results in two
independent R values

R =3.8424563(08),,,, (36),,, and

Sys (24)
RY = 3.8424622(12),, (59,

at the limit of G,y = 0. Both values are in agreement with our previous measurement of the neutron to
mercury gyromagnetic ratio [62],

Yo/ Vg = 3.8424574(30). (25)

4. Interpretation of results

According to equation (2), by was extracted at the limit of Gg,, = 0 after correcting for all systematic
effects ejge,

§ RT — R
bov =BT RE

=

By| = —0.80pT, (26)

where EO‘ —1037.19(2) nT was taken from the average By value of all runs. The uncertainty of by was

calculated by including uncertainties from R', R, and B,,
N 2 . 2 1/2
ZRi‘BO’ T —2R! ’BO‘ ' {RT ~ R

Opr =4 | ———= — 0 ——— 03
bliex R (RT+RJ,)2 R RT+RY Bo

2
—0.96pT. 27
(RT + R4 } P 27)
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Figure 6. Upper limits on the g;g,-coupling of an interaction mediated by a spin-0 axion-like particle as a function of the
interaction range A and the mass of an ALP mrp. A: this work (equation (29)). B: outlook on the n2EDM experiment with
copper layers (section 5). C: clock comparison of *He and '?*Xe [75]. D: clock comparison of ?*Xe and !*!'Xe [76]. E: our
previous experiment with UCNs and "*Hg atoms [48]. F: *He depolarization [50]. Reproduced with permission from [49].

The errors 072 and J% were calculated by summing in quadrature the statistical error and all systematic
effects that contributed to the error budget of R (table 2). o3 was taken from the larger of the two standard

deviations, o E =17 pT and aq = 22 pT, measured within one By direction instead of taking the standard
deviation of all 17 runs. Usmg equatlon (7), g:8p was derived as

_ 2y mn H? _—a/A o —H/A)
8 = bien A2 TH (Noo: — Neop) — 6(2) (Nooq + Nog) | (1 e ) (1 e ) . (28)

With the measured b{jcy (equation (26)) and the estimated error oy, - (equation (27)), a 95% confidence
level limit on gg, gives

28N’ < 8.3 x 107 % m?, (29)

for 5 um < A < 25 mm. On the one hand, the upper limit of this range was defined as the thickness of the
electrodes. Approaching the upper limit, the last two terms in equation (28) depart from 1, and the relation
€8 o 1/A? is not fulfilled anymore, which reduces the measurement sensitivity on g.g,. On the other hand,
the lower end of this range is constrained by the wavelength of UCNs and the surface property of the
electrodes, such as the surface roughness, which was in the range of a few hundred nm, or the
diamond-like-carbon coating that has a thickness of a few ;sm and a nucleon density between those of the
aluminum and the copper electrodes.

Figure 6 shows the upper limits of g,g, constrained by the most recent measurements covering an
interaction range of 1 um < A < 1 mm. The upper horizontal axis displays the corresponding mass of an
ALP m1p, with A = Fi/ (marpc). The figure shows five measurement results, labeled from A to E. A is the
limit obtained from this work (equation (29)), whereas E is obtained from our previous experiment [48].
Both experiments were based on a clock comparison of precession frequencies between polarized UCNs and
99Hg atoms. An improvement in the sensitivity by a factor of 2.7 was accomplished, which is the current best
limit of g,g, obtained with UCNs. Additionally, we estimated the sensitivity of a new experiment, n2EDM,
which is currently under construction at the PSI, to the SRSD interaction. The projected sensitivity is shown
as B, and details of improvements on different statistical and systematic aspects are given in section 5. C is the
result based on the comparison of spin-precession-frequency shifts of cohabiting *He and '?°Xe atoms, in the
presence of an unpolarized mass of BGO (BiyGe;Oy;) crystal [75]. D results from the comparison of
nuclear-magnetic-resonance-frequency shifts of cohabiting polarized 2°Xe and '*!Xe atoms in the presence
of a nonmagnetic zirconium rod [76]. F is the result from the measurement of anomalous spin relaxation of
polarized *He atoms induced by an additional depolarization channel, which might be caused by the
pseudomagnetic field generated from the *He-cell walls [50].
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5. Prospects for ALP measurements in the n2ZEDM experiment

A new experiment, n2EDM, to search for a permanent nEDM is currently under construction at the PSI. The
aim is to search for an nEDM with a sensitivity of about 1 x 10~%” ¢-cm [77, 78]. This will be accomplished
by improved statistical sensitivity and an improved control of systematic effects. The apparatus can also be
used to search for an SRSD interaction mediated by ALPs.

The n2EDM apparatus features two precession chambers mounted on top of each other. This stack is
made of three electrodes from aluminum spaced vertically by a height of 12 cm. In between the electrodes,
cylindrical rings made of isolating polystyrene with a diameter of 80 cm [78] define the two precession
chambers, increasing the volume of each precession chamber by a factor of three (a factor of six in total). The
double-chamber design allows a simultaneous measurement in both chambers with opposite electric-field
polarities while being exposed to the same magnetic-field direction. Without applying an electric field, it
may be used for a refined search for a SRSD interaction with improved statistical and systematic sensitivities.
In the following paragraphs, we estimate possible improvements in statistical and systematic sensitivity with
respect to the above presented measurement.

The statistical sensitivity of R = f; /fug has contributions from neutron counting statistics and the
uncertainty of the mercury-precession signal. With an optimized connection from the UCN source to the
experiment and the double chamber with a factor of six larger total volume for UCN:Ss, the projected number
of detected neutrons after a free precession time of 7 = 180 s will increase by a factor of eight. At the same
time, the fringe visibility « slightly improves to 0.8 [78]. Together, this will result in an improvement on the
sensitivity of f, by a factor of three, corresponding to a magnetic-field sensitivity of 110 fT. The sensitivity of
the mercury magnetometer is expected to be at least o, = 30 fT per cycle [78]. Hence, we expect a factor of
six in statistical improvement to 0.2 ppm. Recall that unexplained noise decreased the expected statistical
sensitivity by a factor of 4-5 in the search presented in this article.

The largest uncertainty in the current result stems from the vertical magnetic-field gradient G,y .
Assuming that G,, will be expanded up to fifth degree (equation (10)), we expect the uncertainties of G ,
G3,0, and Gs o determined by the HgM, the CsM array, and a more reproducible magnetic-field maps,
respectively, to be [78]

06, < V20p, /H ~2.4fTcm™,
06,, <36 x107° fTecm ™, and (30)
<

0G5, <20x 107° fTem™,

where H' = 18 cm is the distance between the centers of the upper and the lower precession chambers.
Summing up all contributions, this implies a systematic uncertainty of o, ~ 50 fT cm~" on the vertical
magnetic-field gradient; an improvement by a factor of 80 from the average uncertainty of about 4 pT cm ™!
presented in this article.

The transverse magnetic field was estimated with field maps [63]. In n2EDM, field maps will be used to
measure all higher gradients above Gs o, with a reproducibility requirement matching the previous

repeatability [78]. This results in a tenfold improvement of the uncertainty o (B2)*
T

By using a linearly polarized light scheme for reading out the mercury precession, we can suppress
entirely the direct light shift. The vector light shift can be partially suppressed and characterized in dedicated
measurements and will not significantly contribute to an overall error budget [79].

In summary, assuming perfect scaling of various aspects described above to hold without introducing
new uncertainties, this results in a measurement of R with a statistical precision of about ¢12EPM =2 x 10~7
and a systematic precision of about o"2EPM — 4 x 1078, more than one order of magnitude improvement

syst

compared to (25) [62]. With the estini’ated improvements on the statistical and, in particular, on
the gradient-induced systematic uncertainties, we anticipate a factor of three improvement to
28 < 3 x 1072 m* when using three electrodes all made of aluminum. This might seem astonishing,
considering the 25 times sensitivity gain on the measurement of the pseudomagnetic field estimated with
equation (27). However, in the new experiment, the center-of-mass offsets individually estimated for each
chamber are both (z) ~ 0.1 cm, which are a factor of four smaller, reducing the sensitivity by a factor of three.

Note, that similar to the current experiment, using an asymmetric nucleon density between the upper
and the lower boundary of each chamber, the sensitivity can be significantly increased. A possible approach
might be placing thin copper sheets on the middle and the lower electrodes. With a 1 mm-thick copper sheet,
the interaction range up to 1 x 10~ m can be covered. In case of a null result, the prospected sensitivity
would result in an upper limit on the product of the couplings of better than g,g,A* < 1 x 1072 m* (95%
C.L., marked as B in figure 6) when using copper having a 3.3 times larger nucleon density compared to
aluminum.
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6. Conclusion

This paper reports on the null result from a search for a hypothetical, SRSD interaction mediated by ALPs.
UCNs were stored simultaneously with *Hg atoms in a cylindrical chamber sandwiched between a copper
and an aluminum electrode in a constant vertical magnetic field in the same apparatus used to measure the
neutron EDM at the PSI. By measuring the precession-frequency ratio R = f,, /fiig between UCNs and '*?Hg
atoms in opposite magnetic-field directions, we searched for the SRSD interaction between nucleons of the
electrodes and stored UCN:Ss.

Systematic effects from magnetic-field gradients influenced the measurement of R. The dominant effect
arose from the center-of-mass offset between the two particle species in an effective vertical magnetic-field
gradient Gg,y. As R is a linear function of Gy;,y, we intentionally applied a vertical magnetic-field gradient in
the measurement and compared R in different Gg,, using the crossing-point analysis. For a better
estimation on Ggr,y, we combined both the online CsM data and magnetic-field maps taken at a different
time using a dedicated device for mapping. The optimal method to incorporate both results was determined
using synthesized data. By applying this optimized method to measurement data, G,y Was estimated with an
unprecedented precision of 4.05 pT cm™1.

By extracting R at Gg,y = 0 after correcting for all known systematic effects, a new limit on the product
of the scalar and the pseudoscalar couplings, corresponding to the monopole-dipole interaction, gives
g < 8.3 x 1072 m* (95% C.L.) in an interaction range of 5 zm < A < 25 mm. This limit improves our
previous experiment by a factor of 2.7, the best limit obtained with free neutrons.

With the n2EDM apparatus at the PSI, we plan to search for a nonzero nEDM with a sensitivity of about
1 x 107?7 - cm . By comparing the precession frequencies of 'Hg atoms and the UCNSs in the new
spectrometer, a new, more than one order of magnitude more accurate measurement of the gyromagnetic
ratios 7, /yug becomes possible. Further, a refined search of ALPs by placing a 1 mm-thick copper layer on
the corresponding bottom electrode of each chamber seems attractive. A new upper limit of
&N <1x 1072 m* (95% C.L.), a factor of 80 better than the result presented here, could be expected.
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