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Abstract: Baryon number violation is a key ingredient of baryogenesis. It has been hypothesized that
there could also be a parity-conjugated copy of the standard model particles, called mirror particles.
The existence of such a mirror universe has specific testable implications, especially in the domain
of neutral particle oscillation, viz. the baryon number violating neutron to mirror-neutron (n− n′)
oscillation. Consequently, there were many experiments that have searched for n− n′ oscillation,
and imposed constraints upon the parameters that describe it. Recently, further analysis on some of
these results have identified anomalies which could point to the detection of n− n′ oscillation. All
the previous efforts searched for n− n′ oscillation by comparing the relative number of ultracold
neutrons that survive after a period of storage for one or both of the two cases: (i) comparison of zero
applied magnetic field to a non-zero applied magnetic field, and (ii) comparison where the orientation
of the applied magnetic field was reversed. However, n− n′ oscillations also lead to variations in the
precession frequency of polarized neutrons upon flipping the direction of the applied magnetic field.
Precession frequencies are measured, very precisely, by experiments searching for the electric dipole
moment. For the first time, we used the data from the latest search for the neutron electric dipole
moment to constrain n− n′ oscillation. After compensating for the systematic effects that affect the
ratio of precession frequencies of ultracold neutrons and cohabiting 199Hg-atoms, chief among which
was due to their motion in non-uniform magnetic field, we constrained any further perturbations
due to n− n′ oscillation. We thereby provide a lower limit on the n− n′ oscillation time constant
of τnn′/

√
| cos(β)| > 5.7 s, 0.36 µT′ < B′ < 1.01 µT′ (95% C.L.), where β is the angle between the

applied magnetic field and the ambient mirror magnetic field. This constraint is the best available in
the range of 0.36 µT′ < B′ < 0.40 µT′.

Keywords: properties of the neutron; neutron lifetime; ultracold neutron; UCN storage bottle; mirror
neutron

PACS: 14.20.Dh; 21.65.+f; 21.10.Tg; 25.40.Dn

1. Introduction

It had already been noted by Lee and Yang, in their landmark paper [1], that ob-
servation of apparent parity violation could be suppressed with the introduction of a
parity-conjugated copy of the same weakly interacting particles. It was later shown by
Kobzarev, Okun, and Pomeranchuk [2] that normal matter would not interact via the strong,
weak, or electromagnetic interactions with their mirror counterparts. Nonetheless, mirror
particles could have their own set of interactions separate from the electromagnetic, weak,
and strong interactions of the Standard Model (SM). However, there may be interactions
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beyond the SM (BSM), between neutral SM particles and their mirror counterparts (SM′),
which mixes the neutral SM particles with their SM′ counterparts. Foot and Volkas showed
that with the introduction of mirror matter, parity and time reversal symmetries could be
restored in the global sense [3–5].

Mixing of SM and SM′ particles can provide answers for several standing issues in
physics today. Mirror matter can act as dark matter candidate [6–12]. Interpretations,
involving mirror matter, of the anomalies in experiments searching for dark matter can be
found in Refs. [13–16]. Gauge bosons [17] can also induce mixing between neutral mesons
that could be used to search for dark matter [18]. Oscillation between neutrinos and mirror-
neutrinos could provide a candidate sterile neutrino in the form of mirror-neutrinos [19–24].
Similarly, mixing of photons and mirror-photons has also been proposed [25–28], and tested
via positronium to mirror-positronium oscillation [29–35].

Baryogenesis requires baryon number violation, CP violation, and interaction out
of the thermal equilibrium [36,37]. Mixing of SM and SM′ particles also could provide
additional channels for CP violation, thereby contributing to baryo/leptogenesis and the
baryon asymmetry of the universe [38–41]. Neutron to mirror-neutron oscillation is one
such process [42]. Neutron to mirror-neutron oscillations could provide a mechanism to
relax the Greisen-Zatsepin-Kuzmin (GZK) limit [43,44], have implications upon neutrons
from solar flares [45], and affect neutron stars [46,47]. Neutron to mirror-neutron oscillations
have also been discussed in the context of neutron to anti-neutron oscillation [42,48–52].

The existence of mirror matter has cosmological implications upon the formation of
the universe, including through baryogenesis and nucleosynthesis [53–60]. Mirror matter
itself could also evolve to form large scale structures [61–66]. Various other cosmological
implications of mirror matter and mixing between the SM and SM′ particles have also been
well explored [67–71]. Comprehensive reviews involving mirror matter can be found in
Refs. [72–76] and in the references therein.

Berezhiani and Bento pointed out that the characteristic time associated with neutron
to mirror-neutron oscillations (n− n′) can be on the order of few seconds, and ergo small
compared to the lifetime of the neutron [77]. The theory of n− n′ oscillation was further
detailed in Ref. [78], in which Berezhiani showed that, as long as neutrons and their mirror
counterparts have the same mass and decay widths, application of a magnetic field equal
to the ambient mirror magnetic field can induce a degeneracy between the |n〉 and |n′〉
states, resonantly enhancing the n− n′ oscillation. The n− n′ oscillation can be described
by a 4× 4 Hamiltonian [78],

H =

[
µnB · σ 1/τnn′

1/τnn′ µnB′ · σ

]
, (1)

where µn = −60.3 neV/T is the magnetic moment of the neutron, τnn′ is the time constant
for the n− n′ oscillation, B(′) is the (mirror) magnetic field, and σ = 〈σx, σy, σz〉, the 2× 2
Pauli matrices with h̄ = 1.

Neutron to mirror-neutron oscillation affects the precession frequency of neutrons
under the influence of a magnetic field. The probability that a neutron flips its polarization
state from aligned to anti-aligned, w.r.t. the magnetic field, after time t, for the Hamiltonian
in Equation (1), is given by [78]

P(+/−)

BB′ (t) = cos4(θ) sin2(2φ) sin2(2ω̃t)

+
1
2

sin2(2θ) sin(2φ) sin
(
2φ′
)

sin(ω̃t) sin
(
ω̃′t
)

+ sin4(θ) sin2(2φ′
)

sin2(2ω̃′t
)
, (2)
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where the angles, θ, φ, and φ′ are defined by

tan(2θ) =
1

τnn′

|ω + ω′|
ω′2 −ω2 =

1
τnn′ω

′

√
1 + η2 + 2η cos(β)

(1− η2)2 , (3)

sin(2φ) =
|ω×ω′|

ω̃|ω + ω′| , (4)

sin
(
2φ′
)

=
|ω×ω′|

ω̃′|ω + ω′| , (5)

and, η = B/B′, ω(′) = µnB(′)/2 = 45.81 (µT · s)−1B(′), and β is the angle between B and
B′. Clearly from Equation (3) it can be seen that the angle θ sets the magnitude of the n− n′

oscillation. The angles of φ and φ′ describe the spin precession and are eliminated when
the probabilities are time averaged. In Equations (3)–(5), ω̃ and ω̃′ are the eigenvalues of
the Hamiltonian in Equation (1), given by

ω̃ =
1
2

√
1

τ2
nn′

+ 2(ω2 + ω′2) + 2(ω2 −ω′2)
√

1 + tan2(2θ), (6)

ω̃′ =
1
2

√
1

τ2
nn′

+ 2(ω2 + ω′2)− 2(ω2 −ω′2)
√

1 + tan2(2θ) . (7)

When there is no n− n′ oscillation, the expression in Equation (2) reduces to show the
usual magnetic field dependent Larmor spin precession, P(+/−)

BB′ (t) = sin2(2φ) sin2(2ωt). But
in the presence of n− n′ oscillation, the neutron may precess, even when the magnetic field
is zero. Also, in the presence of n− n′ oscillation, the precession frequency varies upon
reversing the direction of the magnetic field. For the case where, θ � 1, and (B− B′)� 0,
i.e., far away from resonance, this difference in precession frequency for the neutron-like
state is given by [78]

δω

ω
=

cos(β)

τ2
nn′

fd(η) ; fd(η) =
1

2ω′2η(η2 − 1)
, (8)

where fd(η) is a scaling function dependent on the applied magnetic field and the ambient
mirror magnetic field. Equation (8) has a singularity around B′ = B, and the sensitivity of
the experiment drops when using a magnetic field that is farther away from the ambient
mirror magnetic field. Near resonance, where (B− B′) ∼ 0, an analytic approximation is
used to time average the square of sinusoidal function in Equation (2) [76,79] to obtain

〈sin2(ωt)〉 ≈ 1
2

(
1− exp

(
−2ω2σ2

f

)
cos
(

2ω〈t f 〉
))

, (9)

where σf = 〈t2
f 〉 − 〈t f 〉2, and 〈t f 〉 is the mean free-flight time between two consecutive wall

collisions. However, a more detailed modeling of precession signals near the resonance
field region needs to be investigated.

The local mirror magnetic field at the site of the experiment, may be nonzero [78,80].
A local mirror magnetic field may have terrestrial [79,80] or galactic origins [65,81]. In the
case of terrestrial origins, such mirror magnetic fields may be bound to the reference frame
of the Earth [68], in which case the angle β is constant. On the other hand, such mirror
magnetic fields may have galactic origins, in which case the angle β varies sidereally [78].
In this work, we focus on the case where the mirror magnetic field is assumed to be fixed
to the reference frame of the Earth.

The neutron has a large magnetic moment, and a non-zero electric dipole moment [82,83].
In order to measure the electric dipole moment (EDM) of the neutron, most modern ex-
periments have employed ultracold neutrons (UCNs), while using the Ramsey technique
of separated oscillating fields [84] at room temperature. The magnetic moment, as well as
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the electric dipole moment, affect the precession frequency of the neutrons subject to both
magnetic and electric fields simultaneously, as seen in the equation

h̄ωB↑ ,EU/D = 2|µ · B± d · E|, (10)

where the superscript indices denote the magnetic or electric field along with their relative
direction. Here, the magnetic field is held constant, while the flipping of the direction of the
electric field leads to the variation of the precession frequency that is linked to the electric
dipole moment. The shifts in precession frequency upon reversing magnetic field direction,
on the other hand, can also be measured in neutron EDM experiments, and is sensitive
to n− n′ oscillation according to Equation (8). In this work, we have used the neutron
precession frequency shifts upon flipping the direction of the magnetic field as a means to
gain sensitivity to n− n′ oscillation in experiments measuring the neutron EDM.

2. Prior Measurements in Search of n− n′ Oscillation

Mixing of a neutron and its mirror counterpart allows for the possibility to directly
search for n − n′ oscillation in experiments [85,86]. All but one of the experiments in
search of n− n′ oscillation have employed the disappearance technique (n → n′). Under
the assumption of B′ = 0, the first experiments set the constraints of τnn′ > 103 s (95%
C.L.) [87] and τnn′ > 414 s (90% C.L.) [88], which has since been updated to τnn′ > 448 s
(90% C.L.) [89]. Refs. [90,91] relaxed the condition of B′ = 0, and set a constraint of
τnn′ > 12 s, 0.4 µT′ < B′ < 12.5 µT′ (95% C.L.). However, Refs. [78,80] identified that
a reanalysis of the above experiments resulted in two statistically significant anomalies
indicating n− n′ oscillation. A recent update in Refs. [92,93] shows a persistence of these
anomalies. Ref. [92] set a constraints of τnn′ > 17 s, 8 µT′ < B′ < 17 µT′ (95% C.L.) and
(τnn′/

√
cos(β)) > 27 s, 6 µT′ < B′ < 25 µT′ (95% C.L.). In addition to the two previously

identified anomalies, Ref. [92] also identified a third anomaly. The most recent dedicated
effort, to test these anomalies, was conducted at PSI using the nEDM apparatus [94–96],
and set the constraints of τnn′ > 352 s (95% C.L.), where B′ = 0, τnn′ > 6 s, 0.36 µT′ < B′ <
25.66 µT′ (at 95% C.L.), and (τnn′/

√
cos(β)) > 9 s, 5.04 µT′ < B′ < 25.39 µT′ (at 95% C.L.).

An experiment using the reappearance technique (n → n′ → n) has been demon-
strated, and it set a constraint of τnn′ > 2.7 s (90% C.L.), where B′ = 0 [97]. Furthermore,
there are proposals to improve both the disappearance [98], and reappearance [99,100]
type measurements. In this work, we, for the first time, employ the method of searching
for n− n′ oscillation by measuring the variations in precession frequency by flipping the
direction of the magnetic field, using measurements from an experiment that searched for
the neutron EDM.

3. Measuring the Precession Frequency of the Neutron

A precession frequency shift which may be induced by n− n′ oscillation, when the
magnetic field is flipped, would be detectable in experiments measuring the neutron EDM
(nEDM). But the precession frequency of the neutron must be measured by applying both
the directions of magnetic field. Furthermore, the magnetic field used must be close to the
relevant mirror magnetic fields indicated in Refs. [80,92], i.e., B′ ∈ (0.1, 100)µT′, so that
such a measurement is sensitive to potential ambient mirror magnetic fields of interest. In
the series of nEDM experiments culminating in Ref. [101], the magnetic field was fixed,
while the series of nEDM experiments culminating in Refs. [102–104] were performed using
magnetic fields of B0 = {400, 150, 1700}µT, respectively.

The most recent measurement of the neutron EDM was carried out at the Paul Scherrer
Institute (PSI) in Switzerland. PSI nEDM collaboration performed its measurements by storing
UCNs in a cylindrical chamber of height, h = 12.000(1) cm and radius, R = 23.500(1) cm,
and by subjecting the UCNs to fields of 〈B0〉 ≈ ±1.036 µT and 〈E〉 = ±11 kV/cm. In order
to gain an extra handle on systematics, the PSI nEDM experiment measured the precession
frequency of the neutrons by applying both directions for the magnetic field, with various
magnetic field gradients. The mean magnetic field used is also in a region of interest indicated
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by Refs. [80,92]. Further details about the apparatus [105–109], data collection [110], and
characterization [111] have also been published. For the purposes of this work, we have used
the measurements published in Ref. [112].

3.1. Using Co-Magnetometer: Measuring Ratio of Precession Frequencies

Measurement of the nEDM requires the magnetic field to be held constant, or to
be measured very precisely and independently so that compensation can be made for
any variations in the field strength. In order to account for drifts in the magnetic field,
recent efforts have used a 199Hg vapor co-magnetometer that occupies the same volume
as the stored UCNs to determine the ratio of precession frequencies, R = fn/ fHg. Here,
the neutron precession frequency ( fn) was measured independently from the precession
frequency of the 199Hg atoms ( fHg). The polarized neutron precession frequency was
obtained from fitting the Ramsey resonance to the asymmetry between the number of
spin-up and spin-down neutrons counted, while the precession frequency of the polarized
199Hg atoms was obtained from the intensity modulation of the transmitted light. The
ratio of precession frequencies, R, is affected by various sources (elaborated in the next
sub-section) indicated by

R =
γn

γHg

(
1 + δnn′ + δgrav + (δT + δEarth) + δfalse

EDM +O
)

, (11)

where γi are the gyromagnetic ratios for the respective species in the subscript, and
δnn′ = δω/ω from Equation (8). Neutron to mirror-neutron oscillation only affects free neu-
trons, with the relevant τnn′ much greater than the collision time of the n− n′ superposition
with the walls. The resultant shift in precession frequency, δnn′ due to n− n′ oscillations
should be averaged over the fields experienced by the n− n′ superposition. For this study,
we take that average to be same as B0. We expect a more detailed treatment would reflect
the gravitational shift in the fields experienced by the mirror neutrons relative to the 199Hg
co-magnetometer as well, but we have neglected it here. The precession frequency of 199Hg
atoms effectively remains unaffected, since n− n′ oscillation is heavily suppressed inside a
nuclei [113]. Therefore, the ratioR, preserves the influence of n− n′ upon the precession
frequency of the neutrons, fn, while also compensating for magnetic field drifts.

3.2. Systematic Corrections toR = fn/ fHg

The largest shift, δgrav, comes from a combination of the magnetic field gradient, Ggrav,
and the center-of-mass offset of the ensemble of UCNs w.r.t the 199Hg vapor cloud, 〈z〉. The
gravitational shift is given by [111,112]

δgrav =
Ggrav · 〈z〉

B0
. (12)

Also, the analysis in Ref. [112] accounted for drifts in the value of Ggrav as the data
was collected.

The rotation of the Earth induces precession in the neutrons when measured in the
non-inertial reference frame on the Earth [114]. The amount of precession frequency shift
depends on the magnetic field applied and the latitude of the location on the Earth, but for
a magnetic field of magnitude 〈B0〉 ≈ 1.036 µT and at the latitude of PSI, 47.53648◦ N, it is
δ↑/↓Earth = ∓1.4× 10−6 [115], where the arrows indicate the direction of the applied magnetic
field. Residual transverse fields, BT , perpendicular to the axis of the UCN precession
chamber, also cause a shift in the precession frequency given by δT = 〈B2

T〉/(2B2
0) [111].

Ref. [112] uses a separate offline map of the magnetic field environment to determine the
transverse fields. Both these shifts, δEarth and δT, were accounted for by using a corrected
value of the ratio of precession frequencies,Rcorr = R/(1 + δEarth + δT). The uncertainty
in the precision of the measured values of BT translates to a dilution in sensitivity to the
neutron EDM given in Table 1.
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Table 1. Sources of uncertainty contributions to the determination of δω/ω in Equation (15) to be
used in Equation (8). The top portion represents the statistical uncertainty, and the bottom portion
indicates the quoted systematic uncertainties. Courtesy Ref. [112].

Errors from σdn σδRUD /R
×(10−28) e · cm ×(10−8)

Crossing point analysis 107 138

〈z〉 (×0.6 mm/0.3 mm) 14 18
Ĝ 10 13
δT 5 6
199Hg-EDM 0.1 0.1
Dipole contaminants 4 5
Net rotational motion (dnet) 2 3
δquad 0.1 0.1
Ggrav drifts 7.5 10
δlight 0.4 0.5
δinc 7 9

TOTAL 110 140

False EDM effects, δfalse
EDM, come mainly from linear shifts in the electric field due to

relativistic motion in the field [116] and magnetic field gradients, yielding

δfalse
EDM =

2E
h̄B0γn

(
dnet

n +
h̄|γnγHg|R2

8c2

(
Ggrav + Ĝ

))
, (13)

where γn/(2π) = 29.164705(55)MHz/T [115] and γHg/(2π) = 7.5901152(62)MHz/T [115].
False EDM effects due to net rotational motion of the UCNs inside the precession chamber
was limited to dnet

n < 2× 10−28 e·cm [112]. In Equation (13), Ĝ is higher order gradient
terms which were measured for every configuration and subtracted by correcting the mea-
sured EDM, dcorr

n = dn− h̄|γnγHg|R2Ĝ/(8c2), where dn is obtained using the measured pre-
cession frequencies of the neutrons. The corrections due to the higher order gradient term,
were reported to move the values of measured neutron EDM by (69± 10)× 10−28 e·cm [112].
Lastly, the EDM of 199Hg atoms, d199Hg = (−2.20± 2.75stat ± 1.48sys)× 10−30 e·cm [117],
translates to an uncertainty in the neutron EDM, and also shifts the value of R by an
amount δn←Hg = −2Ed199Hg/h̄|γn|B0. A critical assumption in our analysis is that the
dominant false EDM effect arising from the mercury co-magnetometer is insensitive to the
couplings to the mirror sector.

Other effects in Equation (11) mainly dilute the precision of the measurement of the
neutron EDM, and also affect the uncertainty on the ratio of measured precession frequen-
cies of the neutron to 199Hg atoms. The motional field of the mercury atoms induces a
shift quadratic in E, δquad = −γHgR2E2/(4c2) [118]. The mercury modulation frequency is
shifted proportional to the intensity of the probe light [119], which in turn is translated to a
shift in the value ofR. Precessing polarized atoms of mercury produce a pseudomagnetic
field that is felt by the cohabiting UCNs, B = −4πh̄nhgbincP

√
1/3/(mnγn) [120], where

binc = 15.5 fm [121] is the associated incoherent scattering length, nhg is the density of 199Hg
atoms in the UCN precession chamber, and P is the polarization of the 199Hg atoms. Mag-
netic impurities and dirt may become lodged on the UCN precession chamber, and this also
causes a shift inR and dilutes the precision of the measured neutron EDM. Finally, the EDM
of the neutron itself was constrained to a statistical value of dn < 1.1× 10−26 e·cm [112].
These effects, in terms of the their contribution to the uncertainty on the neutron EDM,
have been summarized in Table 1.
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3.3. Crossing Point Analysis

The shift in the value of R, δgrav given by Equation (12), depends on the direc-
tion of the magnetic field. In the previous section, the effects that lead to shifts in the
value of R, were either constrained to small values (quoted in Table 1) or compen-
sated for directly, with the use of corrected parameters of dcorr

n and Rcorr. The only ef-
fect that remains uncompensated for in the parameters of dcorr

n and Rcorr is from δgrav.
This effect is compensated for by fitting the dcorr

n as a linear function of Rcorr, whose
slope is given by ∂dcorr

n /∂Rcorr = h̄γ2
HgR2B0/(8〈z〉c2) [112]. Similarly, as evident from

Equations (11) and (12), Rcorr can also be fitted as a linear function of Ggrav. The sign of
the slope is determined by the direction of the magnetic field. Such a linear fit is referred to
as crossing point analysis.

In this work, we have fitted,RUD/R− 1 = 2Edfalse
n /(h̄γnB0), as a linear function of

Ggrav, obtained from the {dfalse
n , Rcorr} data in Figure 4 of Ref. [112], jointly for the two

directions of applied magnetic field. The subscript UD here refers to the flipping of the
direction of the electric field to obtain dfalse

n (not the to be confused with the arrow which
usually refers to the direction of the magnetic field). The two fitted parameters involved are
the center-of-mass offset parameter, 〈z〉, which dictated the slope, and a vertical-intercept,
R0. The fit shown in Figure 1 yielded, χ2/nd f = 107/97, and

〈z〉 = (−3.5± 0.6) mm ; R0 = (0.54± 3.75) × 10−6. (14)

Since the value of 〈z〉 also affects Ggrav via Equation (12), we present our choice of 〈z〉
here that ultimately minimized χ2 associated with the crossing point fit. The value of
〈z〉 obtained here is consistent with the value of 〈z〉nEDM = (−3.9± 0.3) mm obtained in
Ref. [112]. The uncertainty associated withR0 is slightly larger than that associated with
the value of R obtained in Ref. [112] at the crossing point, due to the fact that the slope
here is a free parameter. In order to accommodate for a larger uncertainty on the value of
〈z〉 obtained in this analysis compared to the nEDM analysis, the corresponding systematic
effect in Table 1 has been scaled up accordingly.

Figure 1. Crossing point analysis: The corrected value of RUD has been plotted as function of the
magnetic field gradient, Ggrav. The red (square) data points correspond to those where B0 direction
was up, and the blue (circle) data points correspond to those where B0 direction was down, and the
central value of their corresponding linear fit is indicated by pink and purple lines, respectively.
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In our fit, a system unperturbed by n− n′ oscillations, would yield an intersection
point consistent with {0, 0}. The presence of the n− n′ oscillation produces an additional
slope, which is not correctable with a linear fit. The resultant intersection point upon
the addition of n− n′ oscillation is thus displaced from the unperturbed scenario. After
correcting for the δgrav with the help of a crossing-point analysis, we can constrain such
shifts by using the value ofR↑↓UD so obtained where Ggrav = 0, where the arrow indicates
the magnetic field direction. There could be additional offsets in Ggrav, but we expect them
to be negligible.

The shift due to n− n′ oscillation, according to Equation (8), depends on the relative
difference between the precession frequency upon flipping the direction of the magnetic
field. We can therefore use the values ofR↑↓UD(Ggrav = 0) after being corrected for δgrav, for
each of the magnetic field direction, yielding

δω

ω
=

δRUD
R =

R↑UD −R
↓
UD

R , (15)

where R = 3.8424574(30) [115]. Similarly, systematic uncertainties considered for the
neutron EDM measurement in Table 1 also translate to an uncertainty on δR/R. The value
of δω/ω thus obtained through Equation (15) is

δω/ω = (−7± 138stat ± 27sys)× 10−8. (16)

Here, the statistical portion of the uncertainty arises purely from the crossing point fit,
while the systematic portion is a aggregate of the systematic effects associated with δR/R,
mentioned in Table 1, combined in quadrature.

4. Constraints on n− n′ Oscillation

Neutron to mirror-neutron oscillation changes the slope ofR↑↓UD as a function of Ggrav
such that a simple linear fit to the data cannot be used. The null hypothesis condition
involving no n − n′ oscillation leads to the value of R↑↓UD(Ggrav = 0) = 0 with a very
good χ2/nd f . The measurement of δω/ω in Equation (16) is statistically consistent with
a null hypothesis. Therefore, no n − n′ oscillation was observed but we can constrain
the process. In order to obtain a constraint on the oscillation time constant, τnn′ , using
Equation (8), a constraint on the value of

√
1/(δω/ω) = τnn′/(

√
| cos(β)|

√
fd(η)) was

calculated numerically at a 95% C.L. to be,

τnn′√
| cos(β)|

√
fd(η)

> 609. (17)

A constraint upon τnn′/
√
| cos(β)| was obtained by scaling this value with the function√

fd(η) defined in Equation (8). The resulting parameter space is defined by τnn′/
√
| cos(β)|

and B′, given that the applied magnetic field was fixed to 〈B0〉 ≈ ±1.036 µT. This new
constraint has been plotted in Figure 2 along with constraints and anomalies from previous
efforts.

The functional form of the scaling function, fd(η), in Equation (8), implies that the
values of τnn′ are real under the condition B′ < 〈B0〉 or B′ < −〈B0〉. Therefore, these con-
straints are valid in the range of B′ < 1.036 µT′. The singularity at B′ = 〈B0〉 in Equation (8)
was eliminated by using the approximation in Equation (9). This approximation used a
value for mean free flight time, 〈t f 〉, which depends on the free spin precession time. UCNs
were allowed to freely precess in Ref. [112] for a time period of t∗s = 180 s. The values of
〈t f 〉(t∗s =180 s) = 0.0628(27) s and 〈t2

f 〉(t∗s =180 s) = 0.00653(69) s2 from Refs. [95,96] were used
here, since the data employed here was collected in the same apparatus.

Furthermore, the range of B′ for which the constraints have been plotted in Figure 2,
B′ ∈ (0.36, 100)µT, are the same as in Ref. [96]. The lower limit of the region of interest
comes from the condition that ω′〈t f 〉 � 1 which gives B′ > 0.36 µT′ [96], while the upper
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limit of the region of interest, B′ . 100 µT comes from the constraints on UCN losses in the
Earth’s magnetic field [78,92,96].

Figure 2. Lower limits on the n− n′ oscillation time constant, τnn′/
√
| cos(β)|, at a 95% C.L., while

assuming B′ 6= 0. The lower limit from this effort has been shown as a solid purple curve. The dashed
curves are previously imposed constraints: (a) the black curve is the global constraint calculated in
Ref. [92], (b) the blue curve represents the constraint imposed using data in Ref. [90] by Ref. [92],
and (c) the orange curve is the constraint imposed by Ref. [96]. The three hatched regions are the
anomalies (95% C.L. contours): (i) the red region, is calculated in Refs. [80,92] from the 5.2σ anomaly
in Refs. [88,89]; (ii) the brown region is calculated in Refs. [80,92] from the 3σ anomaly in Ref. [87];
and (iii) the gray region comes from the 2.5σ anomaly observed in the B2 series of Ref. [92]. The black
dots indicate the solution consistent with the statistically significant signals as reported in Ref. [80].

5. Discussion of the Results

For the first time, a constraint on n− n′ oscillation was obtained by using the result of
an experiment searching for the neutron electric dipole moment. In order to compensate
for the systematic effects arising from the magnetic field gradients, data was collected by
Ref. [112] using both orientations of the magnetic field, while holding its magnitude nearly
constant. This allowed us to use the neutron EDM result to extract the difference between
the neutron precession frequency when the magnetic field is flipped.

The constraint from this work shown in Figure 2 can be interpreted, at 95% C.L., as

τnn′√
| cos(β)|

> 5.7 s, 0.36 µT′ < B′ < 1.01 µT′. (18)

The constraint from this effort has been plotted along with previous results that also
constrained the parameter of τnn′/

√
| cos(β)| in Figure 2. Other similar parameters used

the asymmetry between the relative number of neutrons that survived storage upon flipping
the direction of the applied magnetic field.

In this effort, we are concerned with terrestrial sources of B′ that are fixed to the
rotating frame of the Earth. Thus, the angle between the applied B0 and the ambient B′, β,
is assumed to be a constant over time. Furthermore, the magnitude of the ambient mirror
magnetic field, |B′|, was also assumed to be a constant over time. However, studying the
sidereal variations of the difference in precession frequencies (∂ω in Equation (15)) could
also be a viable means to search for n− n′ oscillation in the case of galactic origins of the
ambient mirror magnetic field.

All but one experiment thus far, were performed at the Institute Laue-Langevin
(ILL) [80,87–90,92], while the most recent effort was carried out at PSI [96]. This effort uses
data from Ref. [112] which was also collected at PSI. We here present the constraints from
all the efforts on a single plot in Figure 2, despite the possibility of ambient mirror magnetic
fields being different at the two locations. However, under the natural assumption of
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approximate rotational symmetry of a mirror magnetic field bound to the Earth [78], the
components of B′ would vary negligibly between the two locations [96].

Due to the fact that the PSI nEDM effort used a magnetic field of B0 ≈ 1.036 µT,
which is much lower than previous efforts that searched for n− n′ oscillation, this con-
straint is the best available for low values of the mirror magnetic field, in the range of
0.36 µT′ < B′ < 0.40 µT′. However, the best local constraint in the same parameter
space is (τnn′/

√
cos(β)) > 241 s at B′ = 10.2 µT′ (95% C.L.) from Ref. [96], shown as an

orange dashed line in Figure 2 and the best overall constraint is (τnn′/
√

cos(β)) > 27 s,
6 µT′ < B′ < 25 µT′ (95% C.L.) from Ref. [92], shown as a black dashed line in Figure 2.

This effort excludes portions of all three anomalies, indicated in Figure 2, in the range
B′ < 1.0 µT′. But, these regions have been previously excluded by Ref. [90]. There are
regions, in the range of 4 µT′ < B′ < 37 µT′, where at least two of these anomalies overlap,
that are still not excluded. However, reiterating Ref. [96], the three anomalies are not
mutually consistent, i.e., considering any of the two anomalies together excludes the third.
Future planned neutron EDM experiments [122–128] may use larger magnetic fields and
achieve better sensitivity to the neutron EDM. That will allow these proposed experiments
to be sensitive to a larger region of the parameter space in Figure 2.
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