
Eur. Phys. J. C (2018) 78:717
https://doi.org/10.1140/epjc/s10052-018-6189-y

Regular Article - Experimental Physics

New experimental limits on neutron – mirror neutron oscillations
in the presence of mirror magnetic field

Z. Berezhiani1,2,a, R. Biondi1,2, P. Geltenbort3, I. A. Krasnoshchekova4, V. E. Varlamov4, A. V. Vassiljev4,
O. M. Zherebtsov4

1 Dipartimento di Fisica e Chimica, Università di L’Aquila, 67100 Coppito, L’Aquila, Italy
2 INFN, Laboratori Nazionali del Gran Sasso, 67010 Assergi, L’Aquila, Italy
3 Institut Laue–Langevin, 71 Avenue des Martyrs, 38000 Grenoble, France
4 B. P. Konstantinov Petersburg Nuclear Physics Institute of National Research Centre ‘Kurchatov Institute’, 188300 Gatchina, Leningrad Region,

Russia

Received: 23 March 2018 / Accepted: 19 August 2018 / Published online: 5 September 2018
© The Author(s) 2018

Abstract Present experimental and astrophysical limits do
not exclude that the neutron (n) oscillation into mirror neu-
tron (n′), a sterile state exactly degenerate in mass with the
neutron, can be a very fast process, in fact faster than the neu-
tron decay itself, in which case it would have very interesting
implications in cosmology and astrophysics. This process is
sensitive to the magnetic field. Namely, if the mirror magnetic
field B′ exists at the Earth, n−n′ oscillation probability can
be suppressed or resonantly amplified by the applied mag-
netic field B, depending on its strength and on the angle β

between B and B′. We present the results of ultra-cold neu-
tron storage measurements aiming to check the anomalies
observed in previous experiments which could be a signal
for n−n′ oscillation in the presence of mirror magnetic field
B ′ ∼ 0.1 G. From the analysis of the experimental data new
lower limits on n−n′ oscillation time as a function of B ′ were
obtained, assuming that the mirror magnetic field is constant
in time: τnn′ > 17 s (95 % C.L.) for any B ′ between 0.08 and
0.17 G, and τnn′/

√
cos β > 27 s (95 % C.L.) for any B ′ in

the interval (0.06 ÷ 0.25) G.

1 Introduction

The existence of mirror particles was proposed by Lee and
Yang, in the same paper where the possibility of parity viola-
tion was put forward [1], for restoring parity in more extended
sense: for our particles being left-handed, Parity can be inter-
preted as a discrete symmetry which exchanges them with
their right-handed mirror partners. Hence the parity, vio-
lated in each of ordinary and mirror sectors separately, would
remain as an exact symmetry between two sectors. Kobzarev,

a e-mail: berezhiani@lngs.infn.it

Okun and Pomeranchuk [2] observed that mirror particles
cannot have ordinary strong, weak or electromagnetic inter-
actions, and so they must form a hidden parallel world as an
exact duplicate of ordinary one interacting with normal mat-
ter via gravity. This idea was further expanded, with different
twists, in many subsequent papers [3–25]. (See reviews [26–
28]; for a historical overview, see also Ref. [29]).

At the basic level, one can consider a theory based on
a direct product G × G ′ of identical gauge factors which
can naturally emerge e.g. in the E8 × E ′

8 string theory.
Ordinary particles belong to the Standard Model G =
SU (3)× SU (2)×U (1) or its grand unified extension, while
the gauge interactions G ′ = SU (3)′ × SU (2)′ × U (1)′ (or
its respective extension) describes mirror particles. The total
Lagrangian must have a form Ltot = L + L′ + Lmix where
the Lagrangians L and L′, which describe the particle inter-
actions respectively in observable and mirror sectors, can
be rendered identical by imposing a mirror parity G ↔ G ′
exchanging ordinary and mirror fermions modulo their chi-
rality. Thus, if mirror sector exists, then all our particles: the
electron e, proton p, neutron n, photon γ , neutrinos ν etc.
must have invisible mass degenerate mirror twins: e′, p′, n′,
γ ′, ν′ etc. which are sterile to our strong and electroweak
interactions but interact with ordinary particles via universal
gravity.

Mirror matter can be a viable candidate for dark mat-
ter [19–28]. The possible interactions between the parti-
cles of two sectors (encoded in Lmix), as the kinetic mix-
ing between photon and mirror photon [9–13] or interactions
mediated by heavy messengers coupled to both sectors, as
gauge bosons/gauginos of common flavor symmetry [30] or
common B − L symmetry [31,32], can induce mixing phe-
nomena between ordinary and mirror particles. In fact, any
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neutral particle, elementary or composite, might have a mix-
ing with its mirror twin. E.g. the photon kinetic mixing [9–13]
can be searched experimentally via the positronium – mirror
positronium oscillation [33–37] and also via direct detection
of dark matter [38–40]. The gauge bosons of common fla-
vor symmetry [30] can induce the mixing between the neutral
pions and Kaons and their mirror partners, also with implica-
tions for dark matter direct search [41]. Three ordinary neu-
trinos νe,μ τ can oscillate into their (sterile) mirror partners
ν′
e,μ τ [14–18]. The respective mass-mixing terms can emerge

via the effective interactions which violate B−L symmetries
of both sectors. These interactions can be induced via the see-
saw mechanism by heavy gauge singlet “right-handed” neu-
trinos [23–25] which interact with both ordinary and mirror
leptons. On the other hand, the same B − L non-conserving
interactions would induce CP violating processes between
ordinary and mirror particles and thus generate the baryon
asymmetries in both sectors [23–25]. In this way, the rela-
tion between the dark and observable matter fractions in the
Universe, �′

B/�B � 5, can be naturally explained [23–28].
As it was shown in Refs. [42,43], the present probes do not

exclude the possibility that oscillation between the neutron n
and its mirror twin n′ is a rather fast process, in fact faster than
the neutron decay. The mass mixing, ε(nn′ + n′n), emerges
from B-violating six-fermion effective operators of the type
(udd)(u′d ′d ′)/M5 involving ordinary u, d and mirror u′, d ′
quarks, with M being a cutoff scale related to new physics
beyond the Fermi scale. As far as the masses of n and n′ are
exactly equal, they must have maximal mixing in vacuum
and oscillate with timescale τnn′ = ε−1 ∼ (M/10 TeV)5 s.
Existing experimental limits or cosmological/astrophysical
bounds cannot exclude oscillation time τnn′ = τ of few sec-
onds [42].1 It is of key importance that in nuclei n → n′ tran-
sition is forbidden by energy conservation and thus nuclear
stability bounds give no limitations on τ , while for free neu-
trons n−n′ oscillation is affected by magnetic fields and
coherent interactions with matter which makes this phe-
nomenon rather elusive [42,43]. On the other hand, it is strik-
ing that n → n′ transitions faster than the neutron decay can
have far going implications for the propagation of ultra-high
energy cosmic rays at cosmological distances [47–49], for the
neutrons from solar flares [50], for primordial nucleosynthe-
sis [51] and for neutron stars [25].2

1 For comparison, the neutron–antineutron oscillation time is restricted
to be larger than few years by the direct experimental limit τnn̄ > 0.86×
108 s [44] as well as the indirect limits from the stability of nuclei, see
Refs. [45,46] for a recent review.
2 In principle, n−n′ transition can occur not only due to mass mix-
ing term εnn′ + h.c. , but also due to transitional magnetic moment
δμ(Fμν + F ′

μν)nσμνn′ + h.c. between n and n′ states [53,54]. How-
ever, we do not discuss this possibility here and concentrate only on the
mass-mixing effects.

The possibility of fast n−n′ oscillations can be tested in
experiments searching for neutron disappearance n → n′
and regeneration n → n′ → n [42] as well as via non-linear
effects on the neutron spin precession [43]. In the ultra-cold
neutron (UCN) traps n → n′ conversion can be manifested
via the magnetic field dependence of the neutron loss rates.
For the UCN flight times between wall collisions t ∼ 0.1 s,
the experimental sensitivity can reach τ ∼ 500 s [55] (see
also Ref. [56] for a recent status of the UCN sources for
fundamental physics measurements).

Several experiments searched for n−n′ oscillation with
the UCN traps [57–61]. Following the naive assumption [42]
that the Earth has no mirror magnetic field, these experiments
compared the UCN loss rates in zero (i.e. small enough)
and non-zero (large enough) magnetic fields. In this case the
probability of n−n′ oscillation after a time t depends on the
applied magnetic field B as PB(t) = sin2(ωt)/(ωτ)2, ω =
1
2 |μB| = (B/1 mG) × 4.5 s−1, where μ = −6 · 10−12 eV/G
is the neutron magnetic moment.3 For small fields (B < 1
mG or so, when ωt < 1) one has P0 = (t/τ)2, while for
large fields (B > 20 mG or so, when ωt � 1) oscillations
are suppressed, PB < (1/τω)2 	 (t/τ)2. In this way, lower
bounds on the oscillation time were obtained under the no
mirror field hypothesis, the strongest being τ > 414 s at 90%
CL [58] adopted by the Particle Data Group [62].

However, the above limits become invalid in the presence
of mirror matter and/or mirror magnetic field [43]. If the
Earth possesses mirror magnetic field B ′, then it would show
up as uncontrollable background suppressing n-n′ oscilla-
tion even if the ordinary magnetic field is screened in the
experiments, i.e. B = 0. However, if experimental magnetic
field is tuned as B ≈ B ′, then n-n′ oscillation would be reso-
nantly amplified. In addition, in this case one could observe
the strong dependence of the UCN losses on the direction of
magnetic field [43].

Interestingly, some of the experiments have shown that the
UCN loss rates depend on the magnetic field direction at cer-
tain values of magnetic fields, in particular, the measurements
performed with vertical magnetic fields B � 0.2 G reported
in Ref. [60]. The detailed analysis of these experimental data
indicates towards 5.2σ deviation from the null hypothesis
[63] which can be interpreted as a signal for n−n′ oscillation
in the presence of mirror magnetic field B ′ ∼ 0.1 G at the
Earth.

A dedicated experiment [61] tested n−n′ oscillation in the
presence of mirror magnetic field, with a series of measure-
ments at different values of applied (vertical) magnetic field
varied from 0 to 0.125 G with a step of 0.025 G, also altering
its direction from up to down. Its results, yielding the limit
τ > 12 s for any B ′ less than 0.13 G, restrict the parameter

3 Hereafter we use natural units, h̄ = c = 1.
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space (τ, B ′, β) which can be responsible for the above 5.2σ

anomaly but do not cover it completely.
In this paper we report the results of additional measure-

ments aiming to test the parameter space related to 5.2σ

anomaly [63]. We essentially repeated the experiment [60]
with different values of the applied magnetic field. New lim-
its on n−n′ oscillation time were obtained as a function of
mirror magnetic field B ′, which strongly restrict the parame-
ter space relevant for the above anomaly, however still leave
some margins for it. The paper is organized as follows. First
we discuss n−n′ oscillation in the presence of mirror mag-
netic field. Then we describe the experiment and show its
results. At the end we confront our findings with the results
of previous experiments and draw our conclusions.

2 Oscillation n−n′ in the presence of mirror magnetic
fields

The hypothesis that the Earth might possess a mirror mag-
netic field, with the strength comparable to the Earth ordinary
magnetic field, might be a not too exotic possibility. The Earth
may capture some amount of mirror matter [25] if there exist
strong enough interactions between ordinary and mirror par-
ticles, e.g. due to photon–mirror photon kinetic mixing. In
fact, geophysical data on the Earth mass, moment of inertia,
normal mode frequencies etc. still allow the presence of dark
matter in the Earth with a mass fraction up to 4 × 10−3 [64].
Due to a high temperature in the Earth core, the captured mir-
ror matter might be ionized, at least partially. Then the drag
of free mirror electrons by the Earth rotation, induced by their
Rutherford-like scatterings off ordinary matter, again due to
the photon kinetic mixing, could give rise to circular mirror
currents inducing the mirror magnetic field. Such a mech-
anism of the electron drag was proposed in Ref. [65] and
applied to the generation of the galactic magnetic fields. The
dynamo effects could additionally enforce the mirror mag-
netic field at the Earth and also change its configuration, so
that it could also exhibit significant variations in time [25,43].

For free neutrons propagating in the vacuum but in the
presence of ordinary B and mirror B ′ magnetic fields which
are both non-zero and arbitrarily oriented, n−n′ oscillation
is described by the Schrödinger equation with a 4×4 Hamil-
tonian:

i
d�

dt
= H�, H =

(
μBσ ε

ε μB ′σ

)
, (1)

where �(t) = (
ψn(t), ψn′(t)

)
is is the wave function of n

and n′ each containing two (±) spin states, ψn = (
ψ+
n , ψ−

n

)
and ψn′ = (

ψ+
n′ , ψ

−
n′

)
, and σ = (σx , σy, σz) are the Pauli

matrices. The exact calculation of n−n′ oscillation probabil-
ity is given in Ref. [43]. In homogeneous fields B and B′,

the probability of n → n′ transition after a time t can be
conveniently reduced to the formula given in Ref. [63]:

PBB′(t) = PBB′(t) + DBB′(t)

= PBB′(t) + DBB′(t) cos β , (2)

where β is the angle between the vectors B and B ′ and

PBB′(t) = sin2[(ω − ω′)t]
2τ 2(ω − ω′)2 + sin2[(ω + ω′)t]

2τ 2(ω + ω′)2 ,

DBB′(t) = sin2[(ω − ω′)t]
2τ 2(ω − ω′)2 − sin2[(ω + ω′)t]

2τ 2(ω + ω′)2 , (3)

where τ = ε−1, ω = 1
2 |μB| and ω′ = 1

2 |μB ′|. Hence,
for given values of ω and ω′ the oscillation amplitude (2)
becomes maximal or minimal respectively when B and B′
are parallel or anti-parallel, cos β = ±1:

P(+)

BB′(t) = PBB′(t) + DBB′(t) = sin2[(ω − ω′)t]
τ 2(ω − ω′)2 ,

P(−)

BB′(t) = PBB′(t) − DBB′(t) = sin2[(ω + ω′)t]
τ 2(ω + ω′)2 (4)

Hence, using these expressions, the oscillation probability
(2) can be presented also as

PBB′(t) = P(+)

BB′(t) cos2 β

2
+ P(−)

BB′(t) sin2 β

2
. (5)

In the experiments one cannot control the mirror magnetic
field. However, ordinary magnetic field can be varied and
thus the dependence of n−n′ conversion probability on B
can be detected. In particular, by reversing the magnetic
field direction B → −B (i.e. β → π − β) the probabil-
ity (2) becomes P−BB′ = PBB′ − DBB′ cos β. Therefore,
PBB′ − P−BB′ = 2DBB′ cos β is non-zero unless cos β = 0.
On the other hand, the sum of probabilities PBB′ + P−BB′ =
PBB′ does not depend on the angle β, and it can be com-
pared with the oscillation probability in zero magnetic field,
P0B′ = P0B′ . In particular, if the mirror magnetic field is
large enough, so that ω′t > 1, which for flight times t ∼ 0.1 s
implies B ′ > 1 mG or so, the averaged oscillation probabil-
ity is P0B′ = 1

2 (ω′τ)−2. On the other hand, at B ≈ B ′,
when |ω − ω′| t < 1, oscillation probability will resonantly
amplify, PBB′ ≈ 1

2 (t/τ)2 � P0B′ .
When the neutrons are stored in the UCN traps, the oscil-

lation probability (2) should be averaged over the distribu-
tion of neutron flight times t between the wall collisions. For
averaging sinusoidal factors in (4) one can use the analytic
formula suggested in Ref. [63]:

〈sin2(ωt)〉t = S(ω) = 1

2

[
1 − e−2ω2σ 2

f cos(2ωtf)
]
, (6)

where tf = 〈t〉 is the neutron mean free-flight time between
wall collisions and σ 2

f = 〈t2〉− t2
f . For an UCN trap of given
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geometrical form and sizes these characteristic times can be
computed via Monte Carlo simulations, and typically one has
tf , σf ∼ 0.1 s. Eq. (6) gives a correct asymptotic behavior for
the average probabilities (4):

P
(±)

BB′ = S(ω ∓ ω′)
τ 2(ω ∓ ω′)2 . (7)

In the limit |ω−ω′| tf � 1 the second term in Eq. (6) is neg-
ligible and one can set S(ω±ω′) = 1/2, which is equivalent
to averaging of sin2 factors in (4). So we get

P BB′ = ω2 + ω′2

2τ 2(ω2 − ω′2)2 , DBB′ = ωω′

τ 2(ω2 − ω′2)2 . (8)

Explicit form (6) of S(ω − ω′) is relevant close to the reso-
nance, when |ω−ω′| tf 	 1, or |B − B ′| < 1 mG. Then one

gets S(ω − ω′) ≈ (ω − ω′)2〈t2〉 and thus P
(+)

BB′ ≈ 〈t2〉/2τ 2.
As we show below, in traps with the homogeneous mag-
netic field the mean probabilities calculated with the analytic
approximation (6) agree very well (about a per cent accuracy)
to that obtained via Monte-Carlo simulations.

Oscillation n−n′ can be tested via magnetic field depen-
dence of UCN losses. In the absence of n−n′ conversion the
number of neutrons N (t∗) survived after effective storage
time t∗ in the trap from the initial amount should not depend
on B, as far as the usual UCN losses during the storage as
are the neutron decay, wall absorption or upscattering are
magnetic field independent in the standard physics frame-
work . However, if a neutron between the wall collisions
oscillates into a sterile state n′, then per each collision the
latter can escape from the trap. Hence, the amount of sur-
vived neutrons in the UCN trap with applied magnetic field
B after a time t∗ is given by NB(t∗) = N (t∗) exp(−n∗PBB′),
where N (t∗) is a “would be” amount of survived UCN in
the absence of n−n′ oscillation, PBB′ is the average proba-
bility of n−n′ conversion between the wall scatterings and
n∗ = n(t∗) is the mean number of wall scatterings for the neu-
trons survived after the time t∗. If the magnetic field direction
is inverted, B → −B, then the amount of survived neutrons
would become N−B(t∗) = N (t∗) exp(−n∗P−BB′). Since the
common factor N (t∗) cancels in the neutron count ratios,
asymmetry between NB(t∗) and N−B(t∗),

AB(t∗) = N−B(t∗) − NB(t∗)
N−B(t∗) + NB(t∗)

, (9)

should directly trace the difference PBB′ − P−BB′ = DBB′
[43]. Assuming n∗DBB′ 	 1, we get

AB(t∗)/n∗ = DBB′ = DBB′ cosβ . (10)

On the other hand, one can compare the average NB(t∗) =
1
2

[
NB(t∗)+ N−B(t∗)

]
with the counts N0(t∗) acquired under

zero magnetic field:

EB(t∗) = N0(t∗) − NB(t∗)
N0(t∗) + NB(t∗)

. (11)

This value measures the difference between the probabilities
in zero and non-zero magnetic fields. Since PBB′ + P−BB′ =
2P BB′ , we have

EB(t∗)/n∗ = P BB′ − P0B′ = �BB′ , (12)

which should not depend on the magnetic orientation but
only on its modulus B = |B|, and it can be resonantly ampli-
fied if B ≈ B ′. Therefore, measuring EB at different values
of B, one can obtain direct limits on n−n′ oscillation time
τ , while by measuring AB one in fact measures the value
τβ = τ/

√| cos β|, i.e. is the oscillation time corrected for
the unknown angle β between ordinary and mirror magnetic
fields B and B ′. Once again, in ideal conditions these mea-
surements should have no systematic uncertainties: measur-
ing the neutron counts in different magnetic configurations
but otherwise in the same experimental conditions, the effects
of the regular UCN losses should cancel in the count ratios
AB and EB , and scanning over different test values of applied
magnetic field B with appropriate statistics, one can obtain
pretty stringent limits on τ and τβ as a function of mirror
magnetic field B ′.

3 Experiment and measurements

Our experiment was carried out at the Research Reactor of
the Institute Laue–Langevin (ILL), Grenoble, using the EDM
beam-line of the UCN facility PF2. The vacuum chamber of
PNPI spectrometer was used, the same that in previous exper-
iments on n−n′ transitions [58,60]. The experimental set up
consisting of a neutron guiding system, the UCN storage trap
with valves for filling and emptying, two UCN detectors D1
and D2, and magnetic shielding is shown in Fig. 1. The trap
of 190 � volume capable of storing about half million UCN
has a form of cylinder with a length 120 cm and diameter
45 cm. Its inner surface is coated by beryllium. The trap is
located inside a shield which screens the Earth magnetic field
(for more details, see Refs. [58,60]).

A controlled magnetic field B was applied inside the trap
using electric circuits placed on the top and bottom of the
chamber (red contours in Fig. 1). For a given electric current
in the circuits, the value of the induced magnetic field and
its direction at each position inside the trap were calculated
theoretically, by approximating the interior of the trap by a
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Fig. 1 Scheme of the UCN chamber used in the experiment. Positions
of entrance valve from the neutron guide and exit valves to detectors
D1 and D2 are shown. Electric circuits inducing magnetic field in the
trap are shown by red contours

cubic lattice, with coordinates x, y, z from the center of the
trap taken with 1 cm steps. The obtained results were also
checked with a magnetometer at center and some character-
istic lateral parts of the chamber. The induced magnetic field
B had practically vertical direction everywhere but its magni-
tude B = |B| had wide distribution varying from the value Bc

in the center by about ± 0.5 Bc at peripheral regions. The dis-
tribution of magnetic field inside the trap is shown in Fig. 2.
In the following, for describing different experimental con-
figurations we shall use the central value of magnetic field Bc

induced by a proper electric current. Direction of magnetic
field was periodically inverted by changing the direction of
current.

The scheme of the experiment is the following. Each mea-
surement consists of five phases: monitoring, filling, storage,
emptying and background fixing. Typical time per measure-
ment including the turbine waiting time is about 10 min. The
monitoring phase is used to check the stability of the UCN
flux from the reactor. After the entrance valve is open, neu-
trons flow into the trap via the UCN guide while the exit
valves towards two detectors D1 and D2 remain open, and
their counts during monitoring time tm = 50 s are used as
estimators of the incident UCN flux. Then the exit valves are
closed for a filling time of 100 s, after which the entrance
valve is closed and the UCN are confined inside the trap for
a holding time ts = 250 s. Then the exit valves are reopen
and the survived UCN are counted by two detectors during
the emptying time of 150 s. The background phase is for
checking that no excess of neutrons remain inside the trap
that could influence the subsequent measurement.

In first three series of experiments (B1, B2, B3) the
asymmetry AB (9) was measured employing only large
magnetic fields (Bc = 0.21 G, Bc = 0.12 G and
Bc = 0.09 G respectively), repeating the cycles {B} =
{−B,+B,+B,−B;+B,−B,−B,+B}, with the
UCN holding time ts = 250 s (signs ± correspond to the

Dist. B
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Mean   1.002
RMS  0.2364

cB/B
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Fig. 2 Upper panel: distribution of magnetic field around the central
value Bc inside the trap. Lower panel: distribution of | cos θz | values
where θz is the angle between vector B and vertical z axis

fields directed up and down). In last part of series B4, again
with Bc = 0.12 G, we used the {B}-mode measurements
only for initial period and then switched to the measurement
sequences {0|B} = {0,+ B,− B, 0; 0,− B,+ B, 0}, alter-
ing zero and non-zero values of magnetic field. For technical
reasons, in all series B4 only one detector (D1) was used and
the holding time was reduced to ts = 150 s. Time gap between
the series B3 and B4 was devoted to calibration measure-
ments for testing possible systematic effects that could ren-
der the detector counts sensitive to the magnetic field strength
and its orientation, as e.g. influence of the alternating current
on the counting electronics. These measurements were per-
formed with high statistics in continuous flow regime for {B}
mode at Bc = 0.09 G and Bc = 0.12 G, with entrance and
both exit valves of the trap open during 200 s so that the
neutrons entering the trap were finishing in one of two detec-
tors after a short diffusion time. Asymmetries AB of neutron
counts NB and N−B acquired in this regime by both detectors
D1 and D2 were compatible with zero, making it clear that the
switching of magnetic fields had no influence. After series
B4, the similar calibration measurements were performed
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also in {0|B} mode with Bc = 0.12 G and Bc = 0.21 G,
using only detector D1.

The averaged number of wall collisions n∗ and mean prob-
abilities of n−n′ oscillation (3) between collisions were esti-
mated via a Monte Carlo (MC) simulation. It consisted of two
steps which we briefly describe here. (The detailed descrip-
tion is given in Ref. [66].)

First we estimated the average number of wall scatter-
ings taking into account that the initial velocity spectrum of
the UCN [67] entering the trap gradually degrades during
the storage time due to regular neutron losses. Therefore, a
MC simulation was performed, first without considering the
effects of n−n′ oscillation, in order to obtain the mean value
of free flight time tf = 〈t〉, its variance 〈t2〉, etc. In this way,
the distribution of above values were computed by averag-
ing them over the individual neutron trajectories in the trap,
using well-known formulas [68] for the UCN losses per scat-
tering. The fit parameters which were the slope of the initial
(Maxwellian) spectrum of the neutrons and the UCN loss fac-
tor η, were adjusted for reproducing the experimental data
as characteristic time constants for the neutron counts during
the phases of monitoring, trap filling, UCN storage, and the
trap emptying. The obtained values are in good agreement
with the parameters used in the previous experiments with the
same trap [58,60]. In this way, for the obtained fir parameters,
for a given storage time ts we computed an average amount
of wall scatterings n∗ that survived neutrons suffered starting
from the moment they enter the trap in the stage of filling,
to the moment when they hit the detectors in the emptying
phase.4

Namely, we get n∗ = 2068 ± 18 for ts = 250 s in
B1, B2, B3 modes and n∗ = 1487 ± 15 for ts = 150 s
in B4 mode with one detector. The above error-bars related
to fitting uncertainties introduce about 1 % systematic errors
in the determination of n−n′ oscillation time. In the follow-
ing, for deducing our limits in more conservative way, we
use the lower values of n∗.

At second step, we computed average oscillation proba-
bilities (2) over the neutron flight time. Given that the applied
magnetic field in our experiment was not homogeneous, the
empirical formula (6) cannot be used: for given central value
Bc in the trap, the neutrons during their diffusion can cross
resonant values B = B ′ with some probability if the value
of mirror magnetic field falls inside the distribution profile
of the experimental magnetic field in the trap . Therefore,
for each experimental series, we calculated the oscillation
probability between wall scatterings as a function of B ′ fol-

4 Since n−n′ oscillation can take place not only during the UCN hold-
ing time ts but also during filling and emptying of the trap, the effective
exposure time can be estimated as t∗ = ts + 70 s, as in previous experi-
ments with the same trap [58,60]. Let us remark that for us the relevant
parameter, rather than t∗, is n∗ computed directly via the MC simulation.
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Fig. 3 Examples of time evolution of n−n′ oscillation probabilities
P±
BB′ (t) (4) between wall scatterings for an UCN with v = 4 m/s.

For definiteness, the central field is taken as Bc = 0.21 G and n−n′
oscillation time is set as τ = 10 s. Mirror field (shown by horizontal dash
lines in Tesla units) is taken as B ′ = 0.2 G (upper panel) or B ′ = 0.3 G
(lower panel). Green curves show the profile of applied magnetic field
(also in Tesla) which the neutron crossed during its diffusion in the trap.
Red and blue curves correspond to P+

BB′ (β = 0) and P−
BB′ (β = π ). At

each wall scattering (marked by black vertical lines) the wave function
resets to the pure neutron state. In insets we show the corresponding
average probabilities per wall scattering

lowing the neutron trajectories in the trap. The interior of the
trap was represented by a cubic lattice with 1 cm3 elemen-
tary volumes, the magnetic field B was calculated in every
node of this lattice, and in this way the distributions shown
in Fig. 2 were obtained. Inside each elementary cm3 volume
the magnetic field was taken as a constant value obtained
by averaging between 8 calculated values at its vertices. The
Schrödinger equation (1) was numerically integrated along
the neutron trajectories. Every neutron leaving an elementary
cube with a given value of magnetic field with a wave-vector
� = (ψn, ψn′), while crossing the adjacent cube was evolv-
ing with the another magnetic field value corresponding to
this adjacent cube. At each wall scattering the wave vector
was reset to the pure state of neutron � = (1, 0). The typ-
ical evolution of n−n′ oscillation probabilities P(±)

BB′(t) (4)
for a 1 s period of the neutron diffusion in the trap is shown
in Fig. 3, where in insets we show the average value of this
probabilities per wall scattering during this period.

In this way, via MC simulations we computed mean val-

ues P
(±)

BB′ of the probabilities (4) between wall scatterings,
averaged over distribution of the neutron flight time t and
distribution of the magnetic field B in the trap for a given
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Fig. 4 Upper panel: Red and blue points show results of MC simula-
tion respectively for S+(B ′) and S−(B ′) in our trap with Bc = 0.21 G,
and green points results for S0(B ′) (when magnetic field in trap is van-
ishing, B = 0). Lower panel: The results of the same MC simulations
the case of homogeneous magnetic field B = 0.21 G and B = 0. Black
solid curves show the results obtained via empirical formula (6), in
perfect coincidence with the MC results

value of Bc. In addition, we computed also the mean oscil-
lation probability P0B′ for the case when no magnetic field
was applied, B = 0.

P
(±)

BB′ =
〈

sin2[(ω ∓ ω′)t]
τ 2(ω ∓ ω′)2

〉
t,B

=
(

1 s

τ

)2

S±(B ′) ,

P0B′ =
〈

sin2(ω′)t
τ 2ω′2

〉
t
=

(
1 s

τ

)2

S0(B
′) . (13)

In upper panel of Fig. 4 we show S±(B ′) and S0(B ′) as func-
tions of mirror field strength B ′. As we see, these factors
correspond to mean values of the respective probabilities nor-
malized to n−n′ oscillation time τ = 1 s.

For checking the consistency of our MC simulation, we
also computed average oscillation probabilities (13) in the
case of homogeneous magnetic field in the same trap (lower
panel of Fig. 4). As we see, the results of MC simulation per-
fectly coincide with the results (black solid curves) obtained
via the empirical formula (6) with the corresponding MC
values of tf = 〈t〉 and σ 2

f = 〈t2〉 − t2
f . As we see from Fig.

4, wide profile of magnetic field distribution as in Fig. 2 has
certain advantages: while the function S+(B ′) in homoge-

neous magnetic field has larger “peak” sensitivity close to
the resonance B ′ ≈ Bc than in inhomogeneous field, in the
latter case it is sensitive to much wider range of B ′.

4 Data analysis

Different datasets B1, B2, B3 and B4 were independently
analyzed and the values of asymmetries AB (9) were com-
puted via comparing the neutron counts NB and N−B between
subsequent measurements. For each individual measurement
under given applied field B we take NB as a sum of counts
of both detectors, NB = N (1)

B + N (2)
B , while the count ratios

between two detectors N (1)
B /N (2)

B were also controlled as the
stability check. Assuming Poisson statistics, the errors can
be estimated as �NB = √

NB. For eliminating the effects of
drift, in our analysis we use the values of AB averaged within
the measurement octets {B} for series B1, B2, B3 and {0|B}
for series B4. Hence, a cycle {B} of 8 measurements yield an
average of 4 measured values for AB while 8 measurements
of cycle {0|B} yield 2 values of AB and 2 values of EB . In this
way, for series B4 also the values EB (11) were computed.
In addition, the UCN counts MB and M−B in the monitor-
ing phase were also controlled, and detector-to-monitor nor-
malized asymmetries Anor

B between the ratios (N/M)B and
(N/M)−B, and analogously Enor

B . In this way, the average
values of AB and EB obtained in each measurement series,
were transformed into mean probabilities DB = AB/n∗ (10)
and �B = EB/n∗ (12) taking the mean amount of wall
scatterings computed via MC simulations as n∗ = 2050 for
configurations B1, B2, B3 and n∗ = 1472 for B4.

The results obtained per each measurement series are
shown in Table 1 and also on Fig. 5 where the measured
asymmetries are combined in bins of comparable size. The
first column of Table 1 indicates the values measured in a
given series, and corresponding amount Noct of the measure-
ment octets {B} or {0|B}. Let us remind that for canceling the
effects of drift, each data unit is taken as value of AB or EB

averaged within a given octet of measurements. Thus for a
constant fit the amount of degrees of freedom per each series
is Noct −1. The second column of Table 1 shows DB and �B

deduced respectively from the average values of AB and EB

in each series, and the expected statistical errors (with statis-
tical fluctuation for every count N taken as

√
N ). However,

the corresponding values of χ2/d.o.f. (in parenthesis) are
too large which indicates that these fits are not that good and
experimental results have larger dispersion than one expects
from statistics Third column shows the mean values of AB

and EB and respective variances obtained directly from the
distribution of their measured values in each series. As we
see, the central values in third column are consistent to that
of second column, however the error bars are larger. In fact,
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Table 1 Results for DB and �B obtained from the average values
of AB and EB measured in respective experimental cycles (in square
brackets the amount of measurement octets in each cycle) taking into
account only statistical errors (in parenthesis the quality of constant fit
(χ2/d.o.f.) is shown). Last column shows the mean values and variance
reconstructed directly from the distribution of the experimental results

Series [Noct] Stat. [×10−8] Dist. [×10−8]
AB1/n∗ [74] −1.59 ± 5.40 (1.57) −1.12 ± 7.09

Anor
B1 /n∗ [74] 0.43 ± 5.89 (1.73) 0.99 ± 7.67

AB2/n∗ [124] −14.9 ± 3.80 (2.90) −14.9 ± 6.40

Anor
B2 /n∗ [124] −16.6 ± 4.14 (2.84) −16.6 ± 6.70

AB3/n∗ [57] −0.03 ± 5.79 (1.92) −1.54 ± 8.39

Anor
B3 /n∗ [57] 1.93 ± 6.32 (1.83) 0.96 ± 9.07

AB4/n∗ [43] 4.18 ± 7.47 (2.20) 4.57 ± 12.1

Anor
B4 /n∗ [43] 8.61 ± 9.28 (2.50) 8.67 ± 14.3

EB4/n∗ [28] 13.0 ± 13.0 (2.20) 12.8 ± 20.4

Enor
B4 /n∗ [28] 13.7 ± 13.7 (1.94) 13.7 ± 22.4

the latter errors well coincide with the respective statistical
errors enlarged by the respective value of

√
χ2/d.o.f.

Wide black crosses in Fig. 5 show the mean values of
AB/n∗ and Anor

B /n∗ and respective errors per each series
obtained directly from the dispersion of the measured val-
ues, in correspondence to third column of Table 1. The
dashed black crosses show the same for EB/n∗ and Enor

B /n∗,
and grey crosses show results of calibration measurements.
Shaded squares show mean values per each bin and statistical
errors, while the larger error-bars indicate the data dispersion
in each bin.

In ideal situation, our measurements should have no
systematical uncertainties since the regular neutron losses
should not affect the values of AB or EB measured in the
same experimental conditions. Hence, in the absence of n−n′
oscillations one expects that the values AB and EB should be
consistent with zero within statistical errors. Table 1 shows
that average values measured in each experimental series are
consistent with null hypothesis within 1σ statistical errors
except that of largest series B2, comprising over 200 hours
of continuous measurements, where the values AB and Anor

B
both show about 4σ deviation from zero. On the other hand,
the quality of constant fits presented in Table 1 is not that
good (namely, χ2/d.o.f. = 2.9 for series B2) which means
that some unaccounted external factors were influencing our
measurements.

As one can see on Fig. 5, the results of series B2 (and
to some extent also of series B1) show a strong dispersion
between different bins which should be a main reason for bad
constant fit. (In contrast, the results of series B3 show no sig-
nificant dispersion between different bins.) Second column of
Table 1 for series B2 shows almost 4σ deviation from null-
hypothesis if only statistical errors are taken into account,

t[hours]
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Fig. 5 Binned results for DB (upper panel) and Dnor
B (lower panel)

from the data acquired in configurations B1 (Bc = 0.21 G, blue), B2
(Bc = 0.12 G, cyan), B3 (Bc = 0.09 G, green) and B4 (Bc = 0.12 G,
again cyan). Shaded squares correspond to expected statistical errors,
while the data dispersion in bins are indicated by longer error bars.
Magenta squares and error bars indicate the results for �B and �

nor
B

from {0|B}-mode measurements of series B4. Grey crosses in upper
panel correspond to calibration series

namely the values AB2/n∗ and Anor
B2 /n∗ are deviated from

zero respectively by 3.9and4.0σ . On the other hand, even
with enlarged error bars (third column of Table 1) both values
AB and Anor

B of series B2 still have respectively 2.3 and 2.5σ

deviations from zero. The same result can be obtained by
averaging between the bins of series B2 with enlarged error
bars which shows that this discrepancy is pretty robust against
the methods of the analysis. In principle, this situation could
be interpreted as a signal of n−n′ oscillation in the presence
of mirror magnetic field B ′ ∼ 0.1 ÷ 0.2 G with a direction
varying in time. However, duration and acquired statistics of
our experiment is not enough to draw such a far going con-
clusion. Therefore, we take more conservative attitude, and
in the following we use the mean values and their variances
obtained directly from the distribution of the measured val-
ues of AB and EB per each series, shown in third column
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of Table 1. In addition, we average between the results of
series B2 and B4 performed under the same magnetic field
Bc = 0.12 G and thus obtain

DBB′ [Bc = 0.12 G] = (−10.4 ± 5.70) × 10−8,

Dnor
BB′ [Bc = 0.12 G] = (−11.8 ± 6.10) × 10−8 . (14)

This averages have less than 2σ deviation from zero and thus
can be used for setting 95 % C.L. on the oscillation time τβ

as a function of mirror magnetic field B ′ assuming that the
vector B′ was constant in time.

5 Results for n−n′ oscillation parameters

Experimental values of EB/n∗ = �BB′ and AB/n∗ =
DBB′ = DBB′ cos β shown in Table 1 can be transformed
into the n−n′ oscillation parameters τ 2 and τ 2/ cos β via
Eq. (13):

1

τ 2

[
s−2] = �

exp
BB′

[
S+(B ′) + S−(B ′)

2
− S0(B

′)
]−1

cos β

τ 2

[
s−2] = Dexp

BB′
[
S+(B ′) − S−(B ′)

]−1
. (15)

The obtained results are shown in Fig. 6. Dash magenta curve
shows values of 1/τ 2 as function of B ′ reproduced from
central values of EB/n∗ in Table 1, while solid magenta
curve corresponds to 95 % C.L upper limit on 1/τ 2 obtained
via taking into account respective error-bars of third column.
Dash cyan curve shows central values of cos β/τ 2 obtained
from central value ofDBB′ in (14), an average result between
the measurements B2 and B4 with about 2σ deviation from
zero, while solid cyan contours confine corresponding 95 %
C.L. area. (let us remind that cos β can be positive or negative;
here β = 0 corresponds to mirror magnetic field directed to
the Earth center.) Blue and green solid contours show 95 %
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Fig. 6 Exclusion regions for 1/τ 2 and cos β/τ 2 extracted from our
measurements of EB and AB . Curves of different colors, corresponding
to the colors of bins in Fig. 5 confine regions excluded by measurements
at different values of Bc, respectively for positive and negative cos β in
upper and lower parts of this Figure
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Fig. 7 upper panel: our lower limits on τ (black solid) and τβ (black
dashed). The parameter areas excluded by the previous experiments
are shaded in dark green for τ and light green for τβ while the yellow
shaded area corresponds to new regions excluded in this work (all exclu-
sion limits correspond to 95 % C.L.). Solid red curve corresponds to
lower limit on τ from experiment Serebrov et al. [60] while dashed red
contours confine 2σ region of τβ relevant for 5.2σ anomaly in vertical
magnetic fields with Bc = 0.2 G [60,63]. The wavy blue curves show
lower limits on τ (solid) and τβ (dashed) from the results of Altarev
et al. [61]. Orange dashed contour corresponds to the limit from Sere-
brov [58]. Solid brown curve corresponds to lower limit on τ from
experiment Ban et al. [57] while the dotted brown curves confine 2σ

region for τβ relevant for 3σ deviation of AB in the same experiment.
The parameter areas relevant for these anomalous deviations that are
not excluded are shaded in pink. Dashed grey contours confine the 2σ

parameter region corresponding to 2.5σ deviation in our measurements
of B2 series. Lower panel: the same in linear scale, as the blow up of the
exclusion regions covered by our experiment and previous experiments

C.L. limits on cos β/τ 2 deduced from results for AB/n∗ for
series B1 and B3, third column of Table 1.

In Fig. 7 we show results of global fit of our experimen-
tal data, 95 % C.L. lower limits on τ (black solid) and τβ

(black dashed), and confront them with the results of pre-
vious experiments. The parameter areas excluded by previ-
ous experiments are shaded in green and additional areas
excluded by our experiment are shaded in yellow.

In particular, the first experiment Ban et al. [57] search-
ing for n−n′ oscillation compared the UCN losses between
measurements in zero magnetic field B = 0 and homoge-
neous non-zero field B = 0.06 G while the direction of the
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latter was altered between vertical up (+B) and down (-B).
No significant deviation from zero was found in the value of
EB (11). The corresponding 95 % C.L. lower limit on τ as a
function of B ′ is shown by solid brown curve in Fig. 7. On the
other hand, the data reported in Table 1 of Ref. [57], indicate
towards a non-zero asymmetry between the counts NB and
N−B in all measurement series with different storage times
(see also Table 1 of Ref. [43]). In overall, this corresponds to
3σ deviation of AB (9) from zero which can be interpreted via
n−n′ oscillation in the presence of mirror magnetic field Ref.
[43]. The 2σ allowed area corresponding to this deviation is
shown by dash brown contours.

The second experiment Serebrov et al. [58] used zero
magnetic field B = 0 and homogeneous non-zero field
B = 0.02 G directed horizontally. It obtained strongest limit
under vanishing mirror field assumption, τ > 414 s at 90
% C.L. (or τ > 386 s at 95 % C.L.). Since the direction of
non-zero field was not altered in this experiment, one cannot
obtain direct limits on τ and τβ for B ′ �= 0. Nevertheless,
in Fig. 7 we show the indicative parameter area (confined
by dashed orange curve) which would be excluded at 95 %
C.L. under assumption that mirror field had a strictly vertical
direction, independently up or down.

The next experiment Serebrov et al. [60] performed mea-
surements in {0|B} mode using horizontally directed homo-
geneous magnetic field B = 0.2 G. The 95 % C.L. lower limit
on τ as a function of B ′ resulting from these measurements
is shown by red solid curve in Fig. 7. However, in the same
experiment Serebrov et al. [60], the part of measurements
were performed also in in {B} mode with vertical magnetic
field with central value Bc = 0.2 G, which has shown sub-
stantial asymmetry between the counts NB and N−B. The
detailed analysis of these experimental data performed in
Ref. [63] for the asymmetry AB indicate towards 5.2σ devi-
ation from the null hypothesis, which can be interpreted as a
signal of n−n′ oscillation in the background of mirror mag-
netic field B ′ � 0.1÷0.2 G. Let us remark that in Ref. [63] the
consequences of this anomaly for τβ as a function of B ′ was
deduced assuming the homogeneity of the applied magnetic
field and using the profile of functions S±(B ′) (13) calculated
via the analytic formula (6), as shown on lower panel of Fig.
4. However, as we realized while performing our experiment
in the same conditions, the magnetic field distribution was
rather wide, and so the parameter area corresponding to the
observed 5.2σ deviation as reproduced in Ref. [63] was not
quite correct. Therefore, as far as the experiment Serebrov et
al. [60] and our experiment were performed using the same
UCN chamber, in the present paper we recalculated τβ as
a function of B ′ using properly the functions S±(B ′) com-
puted via our MC simulations (upper panel of Fig. 4). The
red dashed contours in Fig. 7 confine the obtained 2σ area
corresponding to this anomaly.

The experiment Altarev et al. [61] was performed to search
n−n′ oscillation in the presence of mirror magnetic field, by
varying the values of applied magnetic field (vertical) from 0
to 0.125 G with a step of 0.025 G and also altering its direction
from up to down. In Fig. 7 we show 95 % C.L. lower limits
on τ (blue solid) and τβ (blue dashed) as functions of B ′
obtained via fitting the data reported in Fig. 1 or Ref. [61].
Overally, these limits exclude τ < 12 s and τβ < 15 s at
95 % C.L. for any B ′ in the interval from (0 ÷ 0.13) G. For
mirror fields smaller than 0.01 G, the lower limits on τ or
τβ are stronger, τ > 80 s at 95 % C.L. for B ′ = 0.01 G and
approaching τ > 386 s for B ′ = 0, as obtained in Ref. [63]
by combining the results of Ref. [61] with that of Ref. [58].
The limits that can be obtained from the results of Ref. [59]
are much weaker and completely covered by above discussed
limits, so we do not show them here.

In Fig. 7 parameter areas excluded by the previous exper-
iments in overall are shaded in dark green for τ and light
green for τβ = τ/

√
cos β while the yellow shaded areas cor-

respond to new regions excluded in our work. Namely, solid
and dashed black contours confine the 95 % C.L. excluded
areas respectively for τ and τβ . Short dashed grey contours
limit 2σ area corresponding to 2.5σ deviation in Anor

B2 /n∗ in
our measurements of series B2, see Table 1, which actually
corresponds to 4σ deviation at level of statistical errors but
we treated it more conservatively due to large χ2/d.o.f. The
pink shaded areas correspond to parameter regions relevant
for 5.2σ anomaly of Refs. [60,63] which still remain allowed
by the present experimental limits. As we see from Fig. 7,
this latter anomaly measured with Bc = 0.2 G is compat-
ible with our 2.5σ deviation in measurements of series B2
with Bc = 0.12 G (see the region between two grey dashed
curves) for a small parameter area around B ′ = 0.16 G and
τβ = 30 s corresponding to the left part of the pink shaded
region in Fig. 7).

6 Conclusions and outlook

The aim of this experiment was to test the results of exper-
iment Serebrov et al. [60] with vertical magnetic fields at
Bc = 0.2 G, showing 5.2σ deviation from the null hypothe-
sis [63] that could be interpreted as a signal for n−n′ oscilla-
tion in the presence mirror magnetic field (see the parameter
area confined between two red dashed curves in Fig. 7 which
in fact implies an upper limit τ ≤ τβ < 57 s at 95 % C.L.).
The results of other experiments restrict the parameter space
relevant for this anomaly but cannot exclude it completely. In
particular, lower limits on τ obtained from the same experi-
ment [60] with horizontal and homogeneous magnetic field
B = 0.2 G (solid red contour in Fig. 7) are compatible with
the above anomaly for the range B ′ = (0.08 ÷ 0.35) G with
respective values of τ ranging from 5 s to 55 s. Results of
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Ref. [61] (blue solid and dashed contours in Figs. 7) yield
the lower limits τ > 12 s and τβ > 15 s for any B ′ less than
0.13 G. Combined with the above bounds of Ref. [60] with
“horizontal” measurements, the limit τβ ≥ τ > 12 s can be
extended got the range of mirror fields up to B ′ = 0.25 G.

Our experimental results enhance these experimental lim-
its, and also for a wider range of possible values of B ′ (see
yellow shaded regions in Fig. 7). Namely, for any B ′ in the
interval (0.08 ÷ 0.17) G we get a lower limit on n−n′ oscil-
lation time τ > 17 s (95 % C.L.), and τβ > 27 s for any
B ′ in the interval (0.06 ÷ 0.25) G. Assuming that the mir-
ror magnetic field B ′ is constant in time, or in more precise
terms, that its value and direction did not change significantly
in time during the years passed from previous experiments
to our measurements, we can combine our results with lim-
its of previous works. Yet, we could not completely exclude
the parameter areas of interest, and pink shaded regions in
Fig. 7 correspond to regions which still can be relevant for
above mentioned 5.2σ anomaly. (Interestingly, the left part
of the pink shaded area, with B ′ = (0.15 ÷ 0.17) G and
τβ = (28 ÷ 35) s, is also compatible with 2.5σ deviation
observed in B2 series of our measurements.) For larger val-
ues of B ′ the limit on τ and τβ is considerably weakened and
for B > 0.35 G the values of n−n′ oscillation time as small
as few seconds remains allowed.

The following remark is in order. The results of different
experiments performed in different times can be combined
only if one assumes that mirror magnetic field is constant
in time. However, this is the most naive assumption, which
means that rotations of the Earth and the Baby “mirror Earth”
in its interior are completely synchronous, so that the orien-
tation of the mirror magnetic field in the given experimental
site does not change in time. On the other hand, if the axis of
mirror dipole is deviated from its rotation axis, and there is
some difference between angular velocities by which ordi-
nary and magnetic fields precess, then the periodic variation
of the signal can be expected. In addition, the captured mir-
ror matter in the deep interior of the Earth can come into
thermal equilibrium with the normal matter and thus can be
present in the ionized form, due to a temperature of the Earth
core of several thousand K. This can cause other periodic
effects related to the Moon tides on the mirror gas inside the
Earth. In addition, the dynamo mechanism in the differen-
tially rotating mirror plasma could play a substantial role,
mirror magnetic field can strongly increase and also its con-
figuration can change from dipole to multipolar or toroidal
configuration, with the subsequent inversion of the direction
of the mirror dipole. In this the mirror magnetic field of the
Earth may have also substantial large period time variation,
perhaps of few years, like the sun’s magnetic field. and it can
be increased up to several Gauss. Unfortunately, time dura-
tion of our experiment (one reactor cycle) is not enough to
place limits on possible long period time variation of mirror

magnetic field. However, the possibility of time varying mir-
ror field background should be taken in consideration while
planning the next experiments searching for n−n′ oscillation,
as e.g. n → n′ → n regeneration experiment with cold neu-
trons at the stage of preparation at HFIR Reactor of the Oak
Ridge national Laboratory [69,70] or any future experiments
with the UCN storage chambers.
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