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Baryogenesis requires baryon number violation. Certain extensions to the Standard Model have proposed the
existence of an exact, but parity-conjugated, copy of the ordinary elementary particles called mirror particles.
Several experiments have been conducted to search for 𝑛− 𝑛′ oscillation, a baryon number violating process,
and have imposed very strong constrains on its parameters. Recent analyses of some of these experiments
have identified anomalies that could suggest the detection of 𝑛−𝑛′ oscillation. Neutrons, owing to their large
magnetic moment, precess upon the application of a magnetic field, and similarly, its mirror counterpart is
also affected by the mirror magnetic field. Previous attempts to search for 𝑛 − 𝑛′ oscillation have involved
(i) disappearance experiments, which isolated the magnetic field dependent loss channel in ultracold neutron
storage or transport, (ii) reappearance experiments, which have searched for magnetic field dependent
regeneration of neutrons across a barrier, that could only be traversed by a state invisible to the fundamental
forces of the standard model, like the mirror neutron, and (iii) by studying the variations in the precession
frequency of polarized neutrons upon flipping the direction of the applied magnetic field, which is precisely
measured by experiments searching for neutron electric dipole moment. In this work, we have presented
the statistical sensitivity increase for neutron electric dipole moment measurement based search for 𝑛 − 𝑛′

oscillation by over an order of magnitude compared to [Symmetry 14, 487 (2022)], 𝜏(stat. sens.)
𝑛𝑛′ /

√︁
cos(𝛽) ≳

65 s (0.36 𝜇T′ < 𝐵′ < 1.01 𝜇T′, at 95% C.L., where 𝛽 is a fixed angle between the ambient mirror magnetic
field and the applied magnetic field, as would be the case if the ambient mirror magnetic field has terrestrial
origins. Furthermore, we have for the first time, also presented the statistical sensitivity for modulations of
the difference in the precession frequency, upon flipping the direction of the magnetic field, as a means of
accessing 𝑛 − 𝑛′ oscillations, in the case of a galactic source of ambient mirror magnetic field. This has
allowed us to demonstrate a 95% C.L. sensitivity of 𝜏(stat. sens.)

𝑛𝑛′ ,Ω⊕
≳ 43 s (0.36 𝜇T′ < 𝐵′ < 1.02 𝜇T′) and

𝜏
(stat. sens.)
𝑛𝑛′ ,2Ω⊕

≳ 51 s (0.36 𝜇T′ < 𝐵′ < 1.03 𝜇T′), with existing data. These constraints could be further
improved with the help of the next generation neutron electric dipole moment experiments.
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1. Introduction

In the Standard Model, the weak charged current, which is chiefly responsible for the 𝛽-decay, only
couples to the left handed particles, leading to maximal parity violation. The discovery of parity violation in
𝛽-decay [1], strongly drove the development of the chiral (V-A) theory of 𝛽-decay [2, 3]. The possibility of
parity violation in 𝛽-decay had then already been pointed out [4]; when it was also recognized that there could
very well be a parity-conjugated copy of all particles involved in the weak decay. In the same work, it was
also concluded that particles with opposing parity states, viz. a left or a right handed state, could also oscillate
between each other. Following from this initial seed of an idea, the existence of parity conjugated mirror
matter, sometimes also referred to as shadow matter [5–7], and oscillations between between ordinary matter
and their mirror counterparts, which are degenerate in mass, has been long proposed [8, 9]. Introduction of
such mirror matter was also shown to restore parity symmetry globally [10–12]. Conservation of charge and
continuity of other electromagnetic moments have been remarkably well tested [13], as they are ensured by
Gauge symmetry [14]. Therefore, Gauge symmetry prioritizes oscillation between ordinary matter and their
mirror counterparts in neutral systems.

A consistently parity violating 𝛽-decay, Lee and Yang reasoned, would point to a predominance of one of
the chiral states, forcing the oscillation lifetime between the chiral states to be very long compared to the age
of the universe [4]. Owing to such a long lifetime, an oscillation between chiral states could not be governed
by electromagnetic or strong interactions. However, predominance of one of the chiral states cannot be
concluded in light of chiral symmetry breaking (through QCD [15–19] and the Higgs-mechanism [20–22]).
In fact, fast oscillations between neutrons and mirror-neutrons, with associated lifetimes far below its 𝛽-decay
lifetime, has been proposed [23, 24]. Neutron to mirror-neutron oscillation (𝑛 − 𝑛′) also violates the baryon
number [25], which is a key ingredient of Big-bang baryogenesis, according to the Sakharov conditions [26].
It has been shown to aid in relaxing the Greisen-Zatsepin-Kuzmin (GZK) limit [24, 27], affect neutron stars
[28], and have measurable consequences for neutron to anti-neutron oscillation [25, 29–33], as well as impact
the measurement of the neutron lifetime [34–37]. In this paper, we have focused on 𝑛 − 𝑛′ oscillation, the
underlying theory of which may be found in refs. [23, 38].

Nonetheless, minuscule CP violation restricts interactions between ordinary particles and their mirror
counterparts via conventional strong, weak, or electromagnetic interactions [8, 39]. Cosmic microwave
background observations, which confirm the existence of 3 species of primordial neutrinos [40], also restrict
the abundances of such mirror matter strongly [41, 42]. Diffuse interaction with ordinary matter, even at
very high energies, coupled with extremely small densities can still manifest measurably, eg. as photon
to mirror-photon oscillation [43–46], or as mixing between neutrino and mirror-neutrino, which could be
a candidate sterile neutrino as well [47–50]. Diffuse interaction with ordinary matter also makes mirror
matter good dark matter candidates [51–59]. The co-baryogenesis of mirror matter and its cosmological
implications have been extensively studied [41, 60–63], including formation of large scale structure [64–73].
Further reviews of mirror matter, its genesis, and implications have been summarized in refs. [74–77].

1.1 Theory of shift in neutron precession frequency due to 𝑛 − 𝑛′ oscillation

Neutrons and mirror neutrons form a simple two state system. The 𝑛−𝑛′ two state system is described by
a similar interaction to the 𝑛 − 𝑛̄ system [78]. Being neutral particles, the neutron and its mirror counterpart
may oscillate between each other, described by [38]

H𝑛𝑛′ =

[
−𝜇𝑛 ®𝐵 · ®𝜎 𝜖

𝜖 −𝜇𝑛′ ®𝐵′ · ®𝜎′

]
, (1)

where the off-diagonal terms are the mass splitting related to the inverse of the oscillation time, 𝜖 = ℏ𝜏−1
𝑛𝑛′ =

𝛿𝑚𝑛𝑛′𝑐
2 = (𝑚𝑛 − 𝑚𝑛′ )𝑐2. The diagonal terms include the (2 × 2) Pauli matrices ®𝜎 = ⟨𝜎𝑥 , 𝜎𝑦 , 𝜎𝑧⟩. The

magnetic moment associated with the neutron (mirror-neutron) is 𝜇𝑛(′ ) , and naively 𝜇𝑛′ = 𝜇𝑛 = −60.3 neV/T
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[79]. The time dependent oscillation probability linked to the 𝑛 − 𝑛′ oscillation described in Eq. 1 is [38, 80]

𝑃𝑛𝑛′
𝐵𝐵′ (𝑡) =

sin2 [ (𝜔−𝜔′ )𝑡 ]
2𝜏2

𝑛𝑛′ (𝜔−𝜔′ )2 + sin2 [ (𝜔+𝜔′ )𝑡 ]
2𝜏2

𝑛𝑛′ (𝜔+𝜔′ )2 +
(

sin2 [ (𝜔−𝜔′ )𝑡 ]
2𝜏2

𝑛𝑛′ (𝜔−𝜔′ )2 − sin2 [ (𝜔+𝜔′ )𝑡 ]
2𝜏2

𝑛𝑛′ (𝜔+𝜔′ )2

)
cos(𝛽), (2)

where𝜔 (′ ) = |𝜇𝑛(′ ) 𝐵 (′ ) |/2 is the precession frequency of the neutron (mirror-neutron), 𝜇𝑛 = 45.81 (𝜇T ·s)−1)
[79] is the magnetic moment, and 𝛽 is the angle between ®𝐵 and ®𝐵′.

Neutrons and mirror-neutrons can independently experience Zeeman splitting upon the application of an
ordinary magnetic and a mirror magnetic field, respectively. Neutrons clearly have a large magnetic moment,
and when it oscillates into its mirror counterpart, the ordinary magnetic moment goes to zero. But the two
states of neutron and mirror-neutron can still be degenerate with the application of appropriate magnetic and
mirror magnetic fields [35]. Around the resonance condition, when (𝜇𝑛𝐵 − 𝜇𝑛′𝐵

′) ∼ 0, it can be seen from
Eq. 2, that the oscillation probability is maximized. Consequently, the oscillation probability is suppressed
the further one goes from the resonance condition.

Experiments in search of 𝑛 − 𝑛′ oscillation typically studied the ratio between the number of neutrons
stored under the influence of a finite magnetic field to the same stored under a zero magnetic field, or the
asymmetry between the number of neutrons stored under opposing magnetic fields [81, 82]. A third new
method was demonstrated in ref. [83], which used the shift in precession frequency, when the neutrons are
stored under the influence of opposing magnetic fields, as a means of accessing 𝑛 − 𝑛′ oscillation. This
relative frequency shift, far away from resonance condition, |𝜇𝑛𝐵 − 𝜇𝑛′𝐵

′ | ≫ 0 and for 𝜔′𝑡 ≫ 1, is given by
[38, 83]

𝛿𝜔

𝜔
=

1
2𝜔′2𝜂

(
𝜂2 − 1

)︸             ︷︷             ︸
𝑓𝑑 (𝜂)

cos(𝛽)
𝜏2
𝑛𝑛′

, (3)

where, 𝜂 = 𝐵/𝐵′ and 𝑓𝑑 (𝜂) is a scaling function purely dependent on the ambient mirror magnetic field and
the applied magnetic field. Near the resonance condition, the scaling function is modified by [67, 84]

𝑓
|𝜇𝑛𝐵−𝜇𝑛′𝐵′ |≈0
𝑑

(𝜂) =
𝑓
|𝜇𝑛𝐵−𝜇𝑛′𝐵′ |≫0
𝑑

(𝜂)
2

[
1 − exp

{
−2𝜔2

(
⟨𝑡2𝑓 ⟩ − ⟨𝑡 𝑓 ⟩2

)}
cos

(
2𝜔⟨𝑡 𝑓 ⟩

) ]
, (4)

where ⟨𝑡 𝑓 ⟩ is the mean time of flight between two consecutive bounces of the neutrons during storage.

1.2 Current state of measurements in search of 𝑛 − 𝑛′ oscillations

Ever since refs. [23, 24] pointed out that the lifetime for 𝑛 − 𝑛′ oscillation could be measurably smaller
than its 𝛽-decay lifetime, the search for 𝑛−𝑛′ oscillation has been hotly pursued. Two techniques [85, 86], (i)
disappearence (𝑛 → 𝑛′) and (ii) re-appearence (𝑛 → 𝑛′ → 𝑛) of ordinary neutrons, have both been exploited
to search for 𝑛− 𝑛′ oscillation. In the disappearance technique, usually ultracold neutrons (UCNs) are stored
in material bottles under various magnetic field configurations, and counted after a specific period of time.
Any correlation of the neutron counts with the applied magnetic field can be interpreted as evidence for 𝑛−𝑛′

oscillation. Recently, the disappearance technique has also been applied to a beam of UCN to search for
𝑛− 𝑛′ oscillation [87]. On the other hand, reappearance technique based experiments typically allow a beam
of cold neutrons to pass through a magnetic field before being incident on a wall which absorbs the ordinary
neutrons, but allows mirror neutrons to pass through unimpeded. These mirror neutrons can oscillate back to
ordinary neutrons. Similar to the experiments employing the disappearance technique, any correlation of the
neutron transmission with the applied magnetic field can also be interpreted as evidence for 𝑛−𝑛′ oscillation.

Since the mirror photon is uniquely different from the ordinary photon [43], mirror electromagnetic fields
are also uniquely separate from the electromagnetic fields applicable in a laboratory. The first measurements
in search of 𝑛−𝑛′ oscillation were made using UCNs and employed the disappearance technique determining
𝜏𝑛𝑛′ < 103 s (𝐵′ = 0, 95% C.L.) [88], under the assumption of zero mirror magnetic field. This condition
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was subsequently relaxed, which then was able to constrain the 𝑛 − 𝑛′ oscillation lifetime to 𝜏𝑛𝑛′ < 12 s
(0.4 𝜇T′ < 𝐵′ < 12.5 𝜇T′, 95% C.L.) [89]. Currently the best limits upon the 𝑛− 𝑛′ oscillation lifetime also
come from similar UCN storage experiments culminating in 𝜏𝑛𝑛′ < 448 s (𝐵′ = 0, 90% C.L.) [90, 91].

Even though initial measurements had found no evidence for 𝑛 − 𝑛′ oscillation and only imposed lower
limits on its oscillation time, reanalysis of these data revealed two anomalies [38, 80]: a 3𝜎 anomaly (from
the data in ref. [88]) and a 5𝜎 anomaly (from the data in refs. [90, 91]). A third additional 2.5𝜎 anomaly
was also reported in ref. [84]. In order to test these signals, a dedicated experiment was performed which did
not confirm the anomalies but instead lead to a constraint of 𝜏𝑛𝑛′ > 6 s (0.36 𝜇T′ < 𝐵′ < 25.66 𝜇T′, 95%
C.L.), and (𝜏𝑛𝑛′/

√︁
cos(𝛽)) > 9 s (5.04 𝜇T′ < 𝐵′ < 25.39 𝜇T′, 95% C.L.) [82]. The other current

prevailing best constraints are 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.) [84], and 𝜏𝑛𝑛′ > 1 s (0.030 𝑚T′ < 𝐵′ < 1.143 𝑚T′, 95% C.L.) [87]. All
of the above constraints came from counting UCNs, and searching for correlations of neutron counts with
the applied magnetic field, while employing the disappearance technique.

While the disappearance technique has been used to test 𝑛 − 𝑛′ oscillation in mirror magnetic fields in
the regime of 0.1 𝜇T′ ≲ 𝐵′ ≲ 1 𝑚T′, cold neutron beam based experiments employing the reappearance
technique have been more impactful in the high mirror magnetic field regime. The first experiment using the
reappearance technique demonstrated a sensitivity of 𝜏𝑛𝑛′ > 2.7 s (𝐵′ = 0, 90% C.L.) using cold neutrons
from the FRM2 reactor [92]. Similarly, the MURMUR and STEREO experiments, at BR2 and ILL reactors,
set a constraint of 𝜏𝑛𝑛′ > 2 𝜇s (0 < 𝐵′ < 3.5 T′, 95% C.L.) [93] and 𝜏𝑛𝑛′ > 300 𝜇s (0 < 𝐵′ < 5.9 T′, 95%
C.L.) [94], respectively. An effort at SNS in ORNL, particularly aimed at testing the possibility of 𝑛 − 𝑛′

oscillation contributing to the neutron lifetime crisis [95], also employed the reappearance technique, and
imposed a constraint of 𝜏𝑛𝑛′ > 63 𝜇s (0.16 T′ < 𝐵′ < 7.08 T′, 95% C.L.) [96].

In this paper, we report on a statistical analysis in the search for 𝑛 − 𝑛′ oscillation using the precession
frequency shift technique. The first measurement in search of 𝑛 − 𝑛′ oscillation using this third technique
was conducted using a meta-analysis of the neutron electric dipole moment experiment (nEDM) [97]. It
did not find any evidence of 𝑛 − 𝑛′ oscillation and thereby imposed a constraint of (𝜏𝑛𝑛′/

√︁
cos(𝛽)) > 5.7 s

(0.4 𝜇T′ < 𝐵′ < 1.1 𝜇T′, 95% C.L.) [83]. The Particle Data Group maintains a comprehensive list of the
most impactful measurements in search of 𝑛 − 𝑛′ oscillation [13].

2. Statistical sensitivity of 𝑛 − 𝑛′ oscillations to nEDM experiments

All prior efforts assumed either a zero or a terrestrial source for the ambient mirror magnetic field. In the
case of a terrestrial source for the mirror magnetic field (§2.1), the relative angle between the ambient mirror
magnetic field and the applied magnetic field, 𝛽, is fixed w.r.t time. As evident from Eq. 3, the precession
frequency shift analysis yields a measure of (𝜏𝑛𝑛′/

√︁
cos(𝛽)) as a function of the ambient mirror magnetic

field. The dependence of the result on the cos(𝛽) term, allows searching for modulations in 𝛿𝜔/𝜔 arising
from a galactic source of the ambient mirror magnetic field. In the case of a galactic source of the mirror
magnetic field (§2.2), the relative angle between the ambient mirror magnetic field and the applied magnetic
field varies w.r.t. time, 𝑡, leading to

𝛿𝜔

𝜔
=

𝛿𝑅

𝑅
=

𝑓𝑑 (𝜂)
𝜏2
𝑛𝑛′︸ ︷︷ ︸

F𝐵,Ω

cos(𝛽 = 2𝜋Ω⊕𝑡), (5)

where Ω⊕ = 1/𝑇⊕ = (1/86164.09054) s−1 is the sidereal modulation frequency, and F𝐵,Ω is the modulation
amplitude associated with an applied magnetic field, 𝐵, and modulation frequency, Ω. The ratio of precession
frequencies for the stored neutron and the cohabiting 199Hg atoms [97], which are used to compensate for
drifts in magnetic field, is indicated by 𝑅. Modulations in the precession frequency of the 199Hg atoms is
constrained by over an order of magnitude better than that of the neutrons [98]. Therefore, it is safe to neglect
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the impact of 𝑛 − 𝑛′ oscillations upon cohabiting 199Hg atoms. In this section, we will present (§2.1) a
statistical improvement upon the value of 𝛿𝑅/𝑅 used in ref. [83], and also present (§2.2) the statistical reach
of the modulation of 𝛿𝑅/𝑅 in constraining the 𝑛 − 𝑛′ oscillation.

2.1 𝑛 − 𝑛′ oscillation under the assumption of a terrestrial source of 𝐵′

The shift in precession frequency upon flipping of the direction of the magnetic field, was meta-analyzed
to be 𝛿𝑅0/𝑅0 = (−7 ± 140) × 10−8 in ref. [83]. This value was limited by the precision with which the value
of 𝑅 was known at zero magnetic field gradient, ⟨𝑅0⟩ = 3.8424574(30) [99]. However, the data used in
refs. [83] is statistically far more powerful than that in ref. [99]. The standard deviation of the measured value
of 𝑅 has also been presented in ref. [97], which was meta-analyzed in ref. [83], 𝑅0 = 3.8424546(34) across
54 068 cycles, making standard error a factor of

√
54 068 smaller than the standard deviation. About half

the data corresponds to the up direction of the applied magnetic field while the remaining half corresponds
to the down direction. Therefore, the standard error associated with the difference in the value of ⟨𝑅0⟩
obtainable from the two subsets of data is a factor of 2 larger. Furthermore, considering the relative value of
the shift in frequency, additionally enlarges the standard error by another factor of

√
2. Ultimately, the value

of
√︁

1/(𝛿𝑅0/𝑅0), which is linked to 𝜏𝑛𝑛′ according to Eq. 3, while considering the standard deviation of 𝑅0
in ref. [97], can be constrained at the 95% C.L. to be

𝛿⟨𝑅0⟩
⟨𝑅0⟩

<
34 × 10−7

3.8424546
· 2

√
2

√
54068

=⇒
𝜏

(stat. sens.)
𝑛𝑛′√︁

cos(𝛽)
√︁
𝑓𝑑 (𝜂)

≳ 6876, (6)

where 𝑓𝑑 (𝜂 = 𝐵/𝐵′) is the scaling function defined in Eq. 3. The above constraint is plotted as a function
of 𝐵′ in Figure 1, while assuming that the angle 𝛽 is fixed, as would be the case if the ambient mirror
magnetic field has terrestrial origins. This sensitivity projection is over an order of magnitude better than the
comparable constraint in ref. [83].

2.2 𝑛 − 𝑛′ oscillation under the assumption of a galactic source of 𝐵′

The modulation of the precession frequency of the neutron has already been studied in refs. [100, 101].
Due to 𝜏𝑛𝑛′ depending on

√︁
cos(𝛽) in Eq. 3, the relevant modulation frequencies correspond to both 1 sidereal

day and 1/2 sidereal day. The modulation amplitude associated with 1 sidereal day has been constrained
to 𝜎

1 𝜇T,Ω⊕
𝑅0

< 8.0 × 10−7 (95% C.L.) [100]. By comparing the constraints imposed on the modulation of
nEDM in ref. [101] with the constraint placed upon the modulation at the frequency of Ω⊕ in ref. [100], a
modulation amplitude associated with 1/2 sidereal day can be constrained to 𝜎

1 𝜇T,2Ω⊕
𝑅0

< 5.7 × 10−7 (95%
C.L.) [100, 101]. Similar to the previous subsection, §2.1, since roughly equal amounts of data corresponds
to the two directions of the applied magnetic field, these two constraints upon the modulation amplitudes can
be translated to the corresponding constraints upon the modulation of 𝛿𝑅0/𝑅0 by multiplying by 2

√
2 and

dividing by the ratio of statistical power (uncertainty) of the data in ref. [101], 𝜎
𝑑

(stat.)
𝑛

= 2.7 × 10−25 e.cm,
compared to that in ref. [97], 𝜎

𝑑
(stat.)
𝑛

= 1.1 × 10−26 e.cm.. Note that while the precision of ⟨𝑅0⟩ in Eq. 6
improves as the square root of the number of cycles, it improves linearly with the uncertainty of nEDM
achieved in Eqs. 7-8, since the uncertainty of nEDM also improves as the square root of the number of cycles.
The constraints upon the amplitude for the modulation of the difference in the precession frequency, upon
flipping the direction of magnetic field, at the 95% C.L., is

F1 𝜇T,Ω⊕ <
8.0 × 10−7

3.8424546
· 1.1 × 10−26 e.cm

27 × 10−26 e.cm
2
√

2 =⇒
𝜏

(stat. sens.)
𝑛𝑛′ ,Ω⊕√︁
𝑓𝑑 (𝜂)

≳ 4605, (7)

F1 𝜇T,2Ω⊕ <
5.7 × 10−7

3.8424546
· 1.1 × 10−26 e.cm

27 × 10−26 e.cm
2
√

2 =⇒
𝜏

(stat. sens.)
𝑛𝑛′ ,2Ω⊕√︁
𝑓𝑑 (𝜂)

≳ 5455. (8)
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Figure 1: The 95% C.L. lower limits on the 𝑛 − 𝑛′ oscillation parameters. The solid curves are from previous efforts,
while the dashed curves are the sensitivities demonstrated in this work. The black dots indicate the solution consistent
with the statistically significant signals as reported in ref. [38]. (Top) The lower limit of 𝜏𝑛𝑛′/

√︁
cos(𝛽) as a function

of 𝐵′. This work has been shown as a dashed purple curve, which is an improvement over ref. [83], shown as a solid
purple curve. Other previously imposed constraints are (a) the black curve [84], which is a weighted lower limit using
data from refs. [84, 88–91], (b) the blue curve [89], which was an ILL-PSI effort that also reported modulation data, and
(c) the orange curve [82], which was a dedicated 𝑛 − 𝑛′ oscillation search using the nEDM apparatus at PSI. The three
hatched regions are the anomalies (95% C.I.): (i) the red region [80], from the 5𝜎 anomaly in refs. [90, 91]; (ii) the
brown region [80], from the 3𝜎 anomaly in ref. [88]; and (iii) the gray region comes from the 2.5𝜎 anomaly in the B2
series of ref. [84]. (Bottom) The lower limit of 𝜏𝑛𝑛′ as a function of an expanded range of 𝐵′. This work has been shown
as two dashed gray curves, each corresponding to modulations with a time period of {1, 1/2} sidereal day, as indicated.
Similarly, modulation constraints from ref. [81] for the two indicated frequencies are shown as solid gray curves. Other
previously imposed constraints are (a) the blue curve [89], from an ILL-PSI effort, (b) the black curve [84], using the
same method as in the above figure, (c) the brown curve [88], which is the first ever 𝑛 − 𝑛′ oscillation search conducted
by ILL-PSI, (d) the orange curve [82], (e) the red curve [90, 91], which is an ILL-PNPI effort, (f) the purple curve [94]
from STEREO, (g) the green curve [93] from MURMUR, (h) the magenta curve [96] from SNS, (i) the dark-green curve
[92] from an effort at FRM2, and (j) the pink curve [87], which is an 𝑛 − 𝑛′ oscillation search effort using a beam of
UCNs at ILL.

The above constraints are plotted in Figure 1 as a function of 𝐵′, while assuming that the angle varies as
𝛽 = 2𝜋Ω𝑡, as would be the case if the ambient mirror magnetic field has galactic origins. This sensitivity
projection is the first of its kind available.
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3. Discussion and Conclusion

Both types of constraints presented in Figure 1 use the same data, i.e. the shift in precession frequency of
the neutrons upon flipping the direction of the applied magnetic field. In Figure 1 (Top), all the previous efforts
which have searched for 𝑛 − 𝑛′ oscillation and reported a constraint or an anomaly w.r.t. (𝜏𝑛𝑛′/

√︁
cos(𝛽)),

under the assumption of a terrestrial source of the ambient mirror magnetic field, ensuring a constant value of
cos(𝛽) over time, viz. from refs. [82–84, 88–91], have been plotted. While, experiments in refs. [84, 88–91]
were performed near Grenoble, France, and refs. [82, 83] were performed at Villigen-PSI, Switzerland.
Between Grenoble and Villigen-PSI, there is a longitudinal difference of up to ∼ 3o [81], which results in
a small variation of up to ∼ 5% in the constraints on (𝜏𝑛𝑛′/

√︁
cos(𝛽)), entering through 𝛽 [82]. In Figure 1

(Bottom), we have plotted the result from this work, which involves searching for 𝑛− 𝑛′ oscillation under the
assumption of a galactic source of the ambient mirror magnetic field, viz. based on refs. [100, 101], but since
the modulation absorbs dependence on cos(𝛽), we have also plotted other experiments which have directly
constrained 𝜏𝑛𝑛′ [82, 84, 87–94, 96]. It is important to note that the experiments that directly constrain
𝜏𝑛𝑛′ , also assume a constant ambient mirror magnetic field, but they do not need to make any additional
assumptions regarding the origins of such a field.

The applied magnetic field used by ref. [97] was ⟨𝐵⟩ = 1.035 𝜇T′. Following from ref. [83], the above
constraint is only valid in the range, 𝐵′ > 0.36 𝜇T′ dictated by the condition 𝜔′⟨𝑡 𝑓 ⟩ > 1, under which Eq. 3 is
valid, and where the value of ⟨𝑡 𝑓 ⟩ = 0.0628(27) s is the mean time between two consecutive bounces during
storage for 𝑡∗𝑠 = 180 s long [81, 82, 102]. The constraints in Figure 1 can be summarized at 95% C.L. as,

𝜏
(stat. sens.)
𝑛𝑛′ /

√︁
cos(𝛽) ≳ 65 s (0.36 𝜇T′ < 𝐵′ < 1.01 𝜇T′), (9)

𝜏
(stat. sens.)
𝑛𝑛′ ,Ω⊕

≳ 43 s (0.36 𝜇T′ < 𝐵′ < 1.02 𝜇T′), (10)

𝜏
(stat. sens.)
𝑛𝑛′ ,2Ω⊕

≳ 51 s (0.36 𝜇T′ < 𝐵′ < 1.03 𝜇T′). (11)

The best constraints achieved for each of the three curves summarized in Eqs. 9-11 are 131 s, 88 s, and
104 s, all at 𝐵′ = 0.82 𝜇T′, respectively. The ambient mirror magnetic field can be non-zero and cannot
be experimentally shielded [38, 80]. Therefore, it could affect the measurement. Local mirror magnetic
fields, can have terrestrial [80, 103] or galactic [68, 104] origins. A terrestrial mirror magnetic field maybe
generated similar to Earth’s magnetic field [80] while a galactic source of mirror magnetic field maybe a relic
field generated before hydrogen recombination after the big bang [104]. Such fields could be as large as the
Earth’s magnetic field, and so previous efforts [82–84] were focused on a mirror magnetic field typically in
the range of 𝐵′ < 100 𝜇T′, as shown in Figure 1 (Top). But recent 𝑛− 𝑛′ oscillation searches [87, 93, 94, 96]
have also considered fields in relatively higher ranges of 𝐵′ < 7 T′.

In this work we have presented the statistical sensitivity increase for nEDM experiments to 𝑛 − 𝑛′

oscillation, particularly the constraint on (𝜏𝑛𝑛′/
√︁

cos(𝛽)), by over an order of magnitude. Primarily, the
projection of improvement comes from the more precise measurement of the value of the ratio of precession
frequencies of neutrons to co-habiting 199Hg atoms from existing data. This constraint imposed on 𝑛 − 𝑛′

oscillation using nEDM measurement is already the best constraint in the range of 𝐵′ < 0.4 𝜇T, which
through this work is projected to become the best measurement in the range of 𝐵′ < 1.01 𝜇T. All but a couple
of the existing constraints upon 𝑛 − 𝑛′ oscillation in literature now assume a zero or a non-zero terrestrial
source of ambient mirror magnetic field. The only other modulation studies of 𝑛 − 𝑛′ oscillation in ref.
[81, 89], which considers galactic origins of ambient mirror magnetic field, do not use the nEDM data.
So, we have here for the first time, presented the statistical sensitivity for modulations of the difference in
the precession frequency, upon flipping the direction of the magnetic field, as a means of accessing 𝑛 − 𝑛′

oscillations under the assumption of a galactic source of ambient mirror magnetic field. These sensitivities
could be further improved by another order of magnitude with the help of the upcoming next generation
nEDM experiments [105–111]. Since regions of the three anomalies remain untested [82, 83], it is vital to
perform more experiments to test these anomalies thoroughly.
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