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Abstract Transformation of a neutron to an antineutron
n — n has not yet been experimentally observed. In prin-
ciple, it can occur with free neutrons in the vacuum or with
neutrons bound inside the nuclei. In a nuclear medium the
neutron and the antineutron have different potentials and for
that reason n—n conversion in nuclei is heavily suppressed.
This transformation can also be suppressed for free neutrons
in the presence of an environmental vector field that distin-
guishes the neutron from the antineutron. We consider the
case of a gauge field coupled to the B — L charge of the
particles (B — L photon), and we show that discovery of
n—n oscillation in experiment will lead to few order of mag-
nitudes stronger limits on its coupling constant than present
limits from the tests of the equivalence principle. If n—7 oscil-
lation will be discovered via nuclear instability, but not in free
neutron oscillations at a corresponding level, this would indi-
cate the presence of such environmental fifth forces. In the
latter case the B — L potential can be measurable by vary-
ing the external magnetic field for achieving the resonance
conditions for n—n conversion. As for neutron—mirror neu-
tron oscillation, such potentials should have no effect once
the fifth forces are associated to a common quantum num-
ber (B — L) — (B’ — L’) shared by the ordinary and mirror
particles.

1 Introduction

The oscillation phenomenon between the neutron and
antineutron was suggested in the early 1970s by Kuzmin [1].
The first theoretical scheme for n—n oscillation was proposed
by Mohapatra and Marshak [2], followed by other models as
e.g. [3-5]. Experimental observation of the transformation
of neutron to antineutron, n — 7, would be a manifesta-
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tion of baryon number violation by two units, from B = +1
for the neutron to B = —1 for the antineutron. This will
also be a demonstration that one of the Sakharov conditions
[6,7] required for the generation of baryon asymmetry in the
Universe is indeed realized in nature. So far n — n conver-
sion was not experimentally observed, however, this does not
exclude the possibility that it can be a rare/suppressed pro-
cess. For areview of the present theoretical and experimental
situation on n—# oscillation; see [8—10].

The neutron—antineutron mixing which violates baryon
number by two units is induced by a small Majorana mass
term %8”;[ (nTCn + h.c.) = %Enﬁ (Fn + h.c.), where
n® =i = Cn! is the antineutron field. As far as the neu-
tron is a composite particle, n—n mixing can be induced
by six-fermion effective operators involving the first fam-
ily quarks. In terms of the standard model ingredients, left-
handed ¢ = (u,d)r and right-handed u = ug, d = dp
quarks, these D = 9 operators read

1
%(uddudd + qqdqqd + uddqqd) + h.c. )

where .# is some large mass scale of new physics beyond the
standard model. These operators can have different convolu-
tions of the Lorentz, color and weak isospin indices which
are not specified, and the coupling constants in front of dif-
ferent terms are suppressed.! Models of Refs. [2—5] are just
different theoretical realizations for these operators. Taking
matrix elements from these operators between the neutron
and antineutron states, one can estimate

' Needless to say, the combination gg in the third term in (1) must
be in a weak isosinglet combination, gg = %e“ﬂqaqﬁ =urdr, where
o, B = 1,2 are the weak SU (2) indices, while in the second term g¢q
can be taken in a weak isotriplet combination as well.
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A$ 1PeV’
£ ~ jQ/CSD ~< ,/;/ ) x 10725 eV, )

The Clebsch coefficients of the matrix elements
(n|luddudd|n) for different Lorentz and color structures of
operators (1) were studied in Ref. [11], but we do not con-
centrate here on these details and take them as O (1) factors.
More generally, having in mind that all quark families can be
involved, operators like (1) can induce the mixing phenom-
ena also for other neutral baryons, e.g. between the hyperon
A and the anti-hyperon A.

Concerning the bounds on the n-n oscillation time
T, = 1/&u;, the direct limit from experiment with free
neutrons yields 7,; > 0.86 x 1085 [12]. The nuclear sta-
bility limits, with uncertainties in the evaluation of nuclear
matrix elements, translate into 7,; > 1.3 x 108s [13] and
Tpi > 2.7 x 108 s [14]. The latter sets the strongest upper
limit on n—7 mixing, &,; < 2.5 x 1072* eV. The future long-
baseline experiment with cold neutrons at the European Spal-
lation Source (ESS) can improve the existing limits on t,,;; by
more than an order of magnitude [8], reaching the sensitivity
for n—ii mixing down to &,;3 ~ 1072 eV, and thus can test
underlying B-violating physics producing operators (1) up
to the effective scales .# ~ 1PeV.

One can consider a scenario when baryon number is bro-
ken not explicitly but spontaneously. Such a baryon sym-
metry can be global or local, with different physical impli-
cations. The possibility of spontaneous violation of global
lepton symmetry after which the neutrinos can get non-zero
Majorana masses was widely discussed in the literature. As a
result, a Goldstone boson should appear in the particle spec-
trum, named majoron [15]. Spontaneous violation of global
baryon number in connection with the Majorana mass of the
neutron was first discussed in Ref. [16], in the context of
the Mohapatra—Marshak model [2]. Recently the discussion
was revived by one of us in Ref. [17], where also the see-
saw model for the n—n transition with low-scale spontaneous
violation of baryon number was suggested. An associated
Goldstone particle — a baryo-majoron — can have observable
effects in n—n transitions in nuclei or dense nuclear matter.
The low-scale baryo-majoron model [17] has many analogies
with the low-scale Majoron model for the neutrino masses
[18]. By extending baryon number to B — L symmetry, the
baryo-majoron can be identified with the ordinary majoron
associated with the spontaneous breaking of lepton number,
with interesting implications for neutrinoless 28 decay with
the majoron emission [18-20], for matter-induced effects of
the neutrino decay [21-25] and for the active—sterile neutrino
oscillations in the early Universe [26,27].

In this paper we discuss a situation when baryon number
is related to a local gauge symmetry. The idea to describe the
conservation of baryon number B and lepton number L simi-
lar to the conservation of electric charge by introducing gauge
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symmetries U(1) p and U (1), i.e. in terms of baryon or lep-
ton charges coupled to the massless vector fields of leptonic
or baryonic photons with tiny coupling constants, was sug-
gested a long time ago [28-30]. Their effects for the neutron
oscillations were discussed in Refs. [31-33]. Nowadays the
limits on such interactions are very stringent. The best limits
on the coupling strength of baryonic and leptonic photons
were obtained from the E6tvos type of experiments testing
the equivalence principle [34]. Then the common sense argu-
ment used here was that coupling of such photons is many
orders of magnitude weaker than the gravitational interaction
between baryons or leptons and therefore such photons are
likely non-existent. We will try to revise this concept.

Since baryon number B and lepton number L separately
are not conserved due to non-perturbative effects, it is difficult
to promote them as gauge symmetries without altering the
particle content of the standard model, i.e. without introduc-
ing new exotic particles just for cancellation of electroweak
anomalies. However, in the standard model B — L symmetry
is anomaly free and respective current is conserved at the non-
perturbative level as well. Therefore, we discuss not baryonic
and leptonic photons separately but the vector field b, asso-
ciated with U (1) p_r. gauge symmetry. Clearly, sucha B — L
photon couples with opposite charges not only between the
baryons and anti-baryons (and between the leptons and anti-
leptons), but also between the baryons and leptons. Thus,
B — L charge of the neutral hydrogen atom is zero while the
B — L charge of heavier neutral atoms is determined by the
number of neutrons in the nuclei, and so the regular matter
built by nuclei heavier than hydrogen is B — L charged.

On the other side, n—n mixing cannot be induced with-
out violating B and B — L, and thus its existence would
imply that gauge symmetry U (1)p_7, if it exists, should be
spontaneously broken, which should also render the B — L
photon massive. However, if its gauge coupling constant is
very small, it can remain extremely light, and it can mediate
observable long-range forces (fifth force) between material
bodies even at large astronomical distances.

2 Experimental limits on B-L photons

The baryophoton b, associated with U (1)p_; gauge sym-
metry is coupled as gb, QYy"y to a current of fermion
Y bearing a non-zero charge B — L = (Q, where g is the
gauge coupling constant.” Namely, with the neutron, proton,
electron and neutrino it interacts as gb, (ny*n 4+ py"p —

2 Let us remark that, for promoting U(1)p_;, as a gauge symmetry,
along with the gauge symmetry SU (3) x SU (2) x U (1) of the standard
model, in addition to the quarks g7 = (u,d)r, ugr, dg with Q = 1/3
and leptons /7, = (v, €)1, eg with O = —1, also right-handed neutrino
fields, vg, with Q = —1 should be introduced per each generation for
cancellation of U(l)*};_L triangle anomalies.
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eyte—vy™v). As far as the existence of n—n mixing implies
violation of U (1) 1, baryophoton cannot remain massless.

In particular, D = 9 effective operators (1) are now for-
bidden by U (1) ;. symmetry. One can consider instead the
higher-order effective operators involving a complex scalar
field x bearing two units of B — L charge, 0, = 2:

.
% (uddudd + qqdqqd + uddgqd) + h.c. 3)

where M is some large mass scale. These operators can be
effectively obtained via renormalizable couplings, e.g. in the
context of seesaw-like scheme suggested in Refs. [4,17].

At low energies operators (3) reduce to the Yukawa cou-
pling of scalar x with the neutron,

%( wlcn + h.c.) %)

with the coupling constant y ~ (Aqcp/ A)6. Let us assume
that x gets a non-zero vacuum expectation value (VEV)
(x) = vy //2 from the potential V(x) = % (x"x — vi/Z)z.
In the vicinity of the ground state the field x can be expanded
as x = 2_1/2(vx + p) exp(iB/vy ), where p is the massive
(Higgs) mode withamassm, = s vy and B is the massless
Goldstone mode, so that the Yukawa coupling (4) reads’

g(vxr?n + pnn + iBny°n + h.c.). &)

Hence, the VEV v, induces n—i mass mixing,

6 6
Ux AQep vy 100 TeV s
Enfi = YUy ™~ 76 N(lGeV)( i ) x 107 eV.
(6)

For a benchmark value v, = 1GeV, the neutron—antineutron
mixing can be within the experimental reach at the ESS, i.e.
Enii > 1025 eV, for the scale M as large as 100 Te V. A priori,
the scale v, could be much smaller. E.g., ¢,; = 1072V
could be obtained for v, = 1keV and M = 10TeV, or even
for vy, = 1073eV and M = 1TeV. However, as we show
below, for a given value of ¢,; the scale v, is limited by
the nuclear stability bounds, namely by the bounds on the
neutron decay into antineutron in dense nuclear matter, a

3 Here we commit some simplification (which however will not affect
our results) neglecting another possible coupling x fn”y>Cn, which
could emerge along with the coupling (4) as far as in general the effec-
tive operators (3) do not respect parity and also violate CP. The corre-
sponding ‘pseudo-scalar’ mass term induced by the VEV (x) can be
rotated away [35], however both p and 8 generically will have both
scalar and pseudo-scalar couplings. Unfortunately, the effects of P and
CP violation in these couplings can be hardy detectable in experiments.

phenomenon resembling the matter-induced neutrino decay
with the majoron emission [21,22].

Our reasoning goes as follows. While in vacuum these
transitions are suppressed since the neutron and antineutron
states are degenerate, in nuclei their energy levels are differ-
ent and thus the neutron state can decay into the antineutron
one with emission of p and 8. Then antineutron promptly
annihilates with other nucleons producing pions with total
energy roughly equal to two nucleon masses. The decay
rate per neutron can be estimated as I'(n — n + p, 8) =
(y%/4m)AE,j; [17], where AE,; is the energy gap the neu-
tron and antineutron states in the nucleus. which is typically
~100 MeV for heavier nuclei.*

The present limits on the n—n transition lifetime in nuclei
are at the level of 1032 year. Namely, the experimental limits
imply [ > 7.2x 103! yrforiron[13]and "' > 1.9x10%
yr for oxygen [14]. Taking into account that, for both ele-
ments, AE,; >~ 100MeV [36], the latter bounds translate
into a conservative upper limit on the Yukawa coupling con-
stant y < 103! or so [17]. Thus, in view of the relation
Y = &,7i/vy, we obtain the following limit on the U (1)p_ .
symmetry breaking scale:

31 Enii
vy > 107" ¢g,; = (

m) 1 MeV. %)

Hence, n—n mixing exists at the level experimentally acces-
sible at the ESS, ¢,; = 1072 eV or so, then the nuclear
stability bounds will give the limit v, > 1MeV.

On the other hand, the VEV (x) = v,/ V/2 spontaneously
breaks U (1) p—; and induces the baryophoton mass. In prin-
ciple, other scalars n; with non-zero B — L charges Q; and
non-zero VEVs v; can also contribute in breaking U (1)p_p .
In this case, the baryophoton mass would be

Mp =2gv, 12

v=[v; +(Qi/Q*}] "= v  ®
Thus, v, defines the minimal possible value of M}, fora given
coupling constant g. Contributions of the other scalars 7; can
only make M), larger.

The exchange of massive baryophoton mediates a spin-
independent Yukawa-type fifth force between the material
bodies. The potential energy of the interaction between the
test particle a with non-zero B — L charge Q,, in our case the
neutron or antineutron, and an attractor A (a massive body
as e.g. Earth or sun) with overall B — L charge Q 4, reads

Vo = ap_y 20924 i, ©)
r

4 For U(1)p_y being a local gauge symmetry, the majoron is ‘eaten’
via the Higgs mechanism. However, the decay n — 71 + B inside the
nuclei will still occur, with 9, 8 constituting the longitudinal component
of the massive vector field b;,. As for the decay n — 71 + p, it will take
place if the mass of massive (Higgs) mode p is less than AE,;.

@ Springer
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where ap_; = g2/4m, and X is the Yukawa radius:

1 1009\ '/? /1 Gev
xz—:< ) < ¢ >x8.8-109cm. (10)
(07 5 v

The B — L charge of the massive body Q4 depends on its
chemical composition, and it is determined by the overall
amount of neutrons in this body: due to electric neutrality,
the amount of protons and electrons should be equal and their
contributions cancel each other. Hence, neglecting less than
1% corrections due to binding energies and due to difference
between the neutron and proton masses, we get

M
A —, (11)
m

n

O =YaNps =~

where Y, 4 is the average neutron fraction per baryon in the
attractor and Np4 is its overall baryon charge, m, being the
neutron mass. In particular, Q = 0forhydrogenand Q ~ 0.5
for a typical heavy nuclei.

Different from universal gravity, the B — L force induces
for the neutron (Q, = 1) and antineutron (Q; = —1)
potential energies of different sign, V; = —V,, < 0, which
can be related to their gravitational potential energy Vf;l =
—GmuMy/r, G being the Newton constant, as

Vai/ Ve =+aqa e =daYue !, (12)

where &« = ap_1/ Gm,zl is a dimensionless parameter and
qga = Qa/(Ma/m,) is the massive objects B — L charge per
neutron mass unit which according to Eq. (11) is roughly the
average fraction of neutrons in the attractor body, g4 ~ Y, 4.

The results of torsion-balance tests of the weak equiva-
lence principle from Ref. [34] can be interpreted as limits
on fifth forces, and in particular, for the force mediated by
the B — L photon. The upper limits on the parameter & as a
function of the Yukawa radius X are given in Fig. 6 of Ref.
[34]. (Let us note that in Ref. [34] this value is normalized
per atomic mass unit, 1 amu= 0.99 m,, a negligible differ-
ence.) In Fig. 1 we show these limits translated directly for
ap_r. As we see, for the values of A much larger than the
Earth radius, > > Rg = 6- 108 ¢m, the upper limiton ap_y,
becomes practically independent on A and it corresponds to
ag- <107%, ora < 1.7 x 10711 [34],

Now we can estimate the neutron potential energy V,, as
produced due to the baryophoton field by the Earth, sun and
our galaxy, relative to the corresponding gravitational poten-
tial energies which in fact are substantial. Namely, the Earth
induces the gravitational potential energy for the neutron on
the Earth’s surface as Vfg = —Gm,Mg/Rg ~ —0.66eV.
The sun’s contribution is bigger by an order of magnitude,

@ Springer
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Fig. 1 Limits on ap_ as a function of the Yukawa radius A. Region
above the red curve is experimentally excluded by the results of Wagner
etal. [34]. The correlation between a g and A of Eq. (10) for different
values of U (1) p—;, breaking VEV v are shown for the sake of demon-
stration of the possible scale of the mechanism. Light and dark shaded
regions are excluded by the nuclear stability limits, Eq. (15), respec-
tively, for g,,; > 2.5 x 1072 eV and g,; > 10720V, The region above
the blue curve can be excluded if the ESS experiment will discover n—n
mixing at the level ¢,; > 10725 eV (see Sect. 3)

VE = —Gm,Mg/AU ~ —9.3eV. Finally, the galaxy itself
induces even bigger potential Vfg ~ —1keV.?

Let us discuss first the potential V,, g induced by the Earth
on its surface. Since the Earth is built by heavy nuclei, B — L
charge of the Earth is approximated as 50% of the number
of baryons in the Earth, i.e. Y;,g >~ 0.5. Then, assuming that
A is much larger than the radius of the Earth, A > Rg =
6.4 x 108 cm, and taking the upper bound &@ < 1.7 x 107!
[34], we get an upper limit:

Vg = =@ Yup VS < 5.6 x 10712 eV, (13)

For A smaller than the Earth diameter, the limits of Ref. [34]
allow for larger values of «p_ (see Fig. 1) but the available
volume of the source drops roughly as (1/Rg)> and thus
the limit on V,, sharply decreases. The upper limit on V, g
as a function of A corresponding to the limits on ap_y of

> Notice that one deals with the gravitational potential which behaves
as o« 1/r, while the torsion-balance experiments test gravitational force
which falls as 1/r2. Thus the hierarchy between the gravitational forces
induced by the Earth, sun and the galaxy, becomes reordered in an oppo-
site way with respect to the hierarchy of corresponding potentials. This
is the reason why for A exceeding the Earth diameter, the experimental
limits of Ref. [34] become independent of A.
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Fig. 2 Potential energy V,, of the neutron in B — L field of Sun and
Earth (see text for explanations). The region of potentials V,, above the
red curve is excluded by torsion-balance experiment limits [34]. The
claimed sensitivity limit of the canceled space-mission project STEP
[38] is also shown for comparison

Ref. [34], obtained by the integration over the Earth density
profile, is shown on Fig. 2.

The sun dominantly consists of hydrogen with vanishing
B — L, and thus its fifth force is essentially determined by
the mass fraction of heavier nuclei (helium, etc.), yielding
Y,s >~ 0.13 as one can estimate from the known chemical
composition [37]. Hence, taking the upper bound & < 1.7 x
10711, we obtain®

Vs = —@ Vus VEexp(—AU/A) <2 x 107 eV, (14)

which upper limit can be approached provided that A >
1 AU, where AU= 1.5 x 10'3 cm is the sun—Earth distance
(astronomical units). The sun’s contribution as a function of
A is shown by a red dashed curve on Fig. 2.

The Yukawa radius A is related to the baryophoton cou-
pling constant g and the B — L symmetry breaking scale v
via Eq. (10). A priori, this scale could be arbitrarily small,
and thus for given g the Yukawa radius could be very large,
eventually covering the whole galaxy and even the whole
Universe. However, in the presence of n—n mixing, the scale
v > v, is limited by the nuclear stability bound (7). In fact,
Eq. (10) can be conveniently rewritten as

© We neglect annual modulation of VSgr due to a small variation of the
sun—Earth distance, as well as potentials induced by other planets and
the Moon.

ag_i\1/2 A 0.6MeV  6-10720 ¢V
( ) = < . (15)
10—49 1 AU

v - Enit

This dependence is shown on Fig. 1 for various values of
v from 1keV to 1PeV. Thus, discovery of n—n oscillation
with free neutrons at the present experimental limit ¢,; =
2.5 x 10724 eV would imply v > 25MeV. (Let us recall that
this limit is set by nuclear stability, while the direct limit on
the n—n oscillation time [12] is about three times weaker,
enii < 7.8 x 107%*eV.) For ag_; = 10~*° this implies A <
0.024 AU, so that the sun’s contribution (14) is exponentially
suppressed and becomes negligible with respect to the Earth-
induced potential (13). Even for &,; > 102> eV, within the
reach of the ESS experiments, we have v > 1 MeV and the
sun-induced B — L potential is still less than the Earth’s
contribution (13), so that V,, = V,,g + V,,5 in total cannot be
higher than 10~ eV or so.

In a hypothetical experiment with very cold neutrons
vertically falling in 1km length mine with magnetic field
reduced below 1 nT one could approach the sensitivity down
to £,; ~ 1072%¢V, but better limits can hardly be achieved
even in the far future. Then nuclear stability limits would
allow for v ~ 100keV or so, in which case the sun-induced
potential (14) could reach its maximal value and hence the
total potential V,, = V,g 4+ V,s could amount to up to
2.5 x 107 eV

In any case, provided that n—1 mixing exists at the exper-
imentally testable level &,; > 1072 eV or so, the limit (15)
excludes the Yukawa range A to be much larger than the size
of the solar system. By this reasoning, the contributions of
the galaxy and more distant cosmological objects become
insignificant. Due to the limited interaction length X also the
contribution of relic neutrinos would be irrelevant even if the
latter could store a large leptonic asymmetry. By the same
reasoning, the contribution of dark matter is irrelevant even
though some dark matter candidates, as e.g. mirror matter
discussed in Sect. 4, could have common B — L interactions
with ordinary matter.

3 B — L fifth force and n—n oscillation

CPT invariance implies that the neutron and antineutron
should have exactly equal masses and thus also their grav-
itational potentials should be equal, while their magnetic
moments should have the opposite signs. Therefore, omit-
ting universal contributions, the Hamiltonian that describes
n—n oscillation in a magnetic field B in the presence of B— L
potentials V,, = —Vj; can be presented as a4 x4 matrix acting
on the state vector (ny,n_, ni4, 1) containing the neutron
and antineutron states of two spin polarizations:

H:<Vn+MnBU3 Enii )’

16
Enii Vi — unBoj (16)

@ Springer
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where p, = —6 x 10717 eV/nT is the magnetic moment
of the neutron and o3 is the third Pauli matrix as far as the
spin quantization axis can be chosen as the direction of the
magnetic field. In this basis one has no spin precession and
the Hamiltonian (16) is diagonal:

V., — Qp 0 Enii 0
0 Vi + Qp 0 Enn
H = 17
Enit 0 -V, + Qp 0 an
0 Enii 0 -V, — Qp

where Qp = |, B| = (B/nT) x 6- 10717 eV is the Zeeman
energy shift induced by the magnetic field, and V,, = —V; >
0 is the B — L (repulsive) potential for the neutron.

Let us consider first the case when the fifth force is absent,
Vn = 0. In this case the probability of n—n oscillation for a
free-flight time ¢ reads

2
N Cni ) [ > 2
Pnn(t) = m S ([ Enn + QB) (18)

nn

This probability depends on the value Qpt = 0.1(B/nT)(t/s).

If Qpt < 1, then the argument of sine wave is small and
probability (18) becomes independent on Q2p:

Poi(1) & (enit)? = (t/T0i)* (19)

The latter condition, Qp < 1/¢, is known as the “quasi-
free” condition since the oscillation probability becomes in
practice the same as for vanishing magnetic field. On the
other hand, when Qpt > 1, the probability (18) should be
averaged in time, and so we get P,; = 8rzlﬁ /202, by a factor
2(Q2p1)? less with respect to Eq. (19).

Hence, for rendering n—n oscillation effective during a
flight time ¢, the magnetic field should be reduced to a certain
necessary degree to achieve the quasi-free limit Qp < 1/1,
and its further suppression makes no sense for improving
experimental sensitivity. The level of the magnetic field
needed depends on the neutron free flight time under exper-
imental conditions. In realistic experiments ¢ cannot be very
large, e.g. it was ~0.1s in the experiment [12], it can be
up to ~1s in the experimental setup for cold neutrons at
the ESS [8], and in principle it could reach ~10s in the far
future experiments with the neutrons vertically falling down
in a deep mine. For t = 1s, the condition Qpt < 1 implies
Qp < 10719 eV, and thus one needs B < 10nT. Thus, reduc-
tion of magnetic background to the level of a few nT would
be sufficient for realistic experimental times order 1 s for dis-
covering the n—i oscillation at the level &,; ~ 1072 eV.

Let us consider now the case with non-zero potential
energy V, induced by the Earth and perhaps also the sun

@ Springer

for a neutron experiment at the Earth surface. The red curve
in Fig. 2 shows the upper limit on V,, as a function of the
Yukawa radius A, which is calculated via integration of Eq.
(12) over the Earth density profile for a given value of A and
by taking the experimental upper limit on &(A) as a func-
tion of A from Fig. 6 of Ref. [34] (shown also directly for
ap—r on our Fig. 1.) For X larger than the Earth diameter
the limit on «p_7, becomes independent of A (see Fig. 1) and
it corresponds to ag_; < 107*, or@ < 1.7 x 107!, in
which case the Earth-induced potential reaches the maximal
value (13), V,z = 5.6 x 10712eV shown by the red curve
in Fig. 2 as a plateau starting at A > 10° cm. At the smaller
values of A the limit shown in the red curve is a result of the
interplay of weaker limits &(A) provided by Ref. [34] and
fast reduction of the available mass due to the Yukawa term
in the integration of the Earth potential for A smaller than
the Earth diameter. For larger values of A, approaching the
sun—Earth distance, the sun-induced potential (14) shown by
dashed line starts to contribute building up the total potential
up to 2.5 x 10~ eV corresponding to a plateau at A > 10'3
cm or so. The parameter areas of Fig. 1 excluded by condi-
tion (15) for &,; = 2.5 x 1072* eV and ¢,; = 10720 ¢V,
respectively, are shown by shaded regions, while the limit for
enii = 10722 eV corresponding to the sensitivity of the ESS
long-baseline experiment passes in the middle.

The presence of the B — L potential V,, ~ 107!l eV
is equivalent to a Zeeman energy 2p for the magnetic field
B ~ 10° nT. Thus, as far as B — L forces cannot be screened,
n—n oscillation can remain strongly suppressed even if the
magnetic field is reduced to the level Q2p¢ < 1. In this case
the oscillations still should be averaged and one would have
P,; = siﬁ/ZVnz, by a factor of 2(V,1)? less with respect to
the value (19) expected in the absence of the B — L potential,
if Vot = 1.5 x (V,/10" 15 eV)(1/s) > 1.

Therefore, if n—n oscillation will be discovered in free
neutron experiments with the values of the magnetic field
satisfying the quasi-free condition Qpt < 1, this would
mean that the quasi-free condition is satisfied also by B — L
potential, i.e. V,;t < 1. Levels of potential energy V, cor-
responding to quasi-free conditions for n — n observation
time r = 0.1 sand ¢t = 1 s are shown in Fig. 2 in compar-
ison with Qp corresponding to the magnetic field 1 nT. We
see that V}, can exceed the limit of the quasi-free condition,
in which case n — 7 oscillation will be suppressed, in the
range of A between 109 —10'% cm. Thus, the discovery of n—n
oscillation at the experiment with ¢ = 1s would exclude the
B — L potentials V,, > 10~13 eV or so. This, in turn, would
lead to the upper limit on the U (1) p_;, gauge coupling con-
stant being much stronger than the limit of Ref. [34] which is
shown by a blue curve on Fig. 1. As we see, for the range of A
between 10°-10"3 ¢cm these limits are stronger by up to four
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orders of magnitude than the limits of the torsion-balance
experiments [34].7

On the other hand, if a considerably large B — L potential
is indeed present, with V,, > 10~ eV or so, it would lead to
a ,strong suppression of n—n oscillation even if the magnetic
field value meets the quasi-free condition while n—7 mixing
indeed exists at the level €,; ~ 10~2*eV. One can envisage
e.g. a situation where n — 71 will be discovered in large
underground experiments via intranuclear transformations
n — n for which tiny fifth forces have no effect, although it
will not be observed in experiments with free neutrons at the
corresponding level in magnetic quasi-free conditions, e.g.
at the ESS. This can be an indication that some extra poten-
tial different between the neutron and antineutron is in play,
which could be the one mediated by B — L photons.

Nevertheless, even in this case one can continue experi-
ments with free neutrons and discover free n—n oscillation
if, instead of suppressing the magnetic field, one would vary
it in the range up to 1 G or so, to adjust to the value of Zee-
man energy 2p to the value of the fifth potential V,,. In fact,
the Hamiltonian (17) with V,, and €2 both non-zero leads to
n—n oscillation probabilities different between the + and —
polarization states:

2

£y G2, [0 2
Pnﬁ(t) = m Nt (f gnﬁ + Ai) s (20)

where At = |V,,  Qp|. Therefore, for achieving the quasi-
free condition for n—n oscillation, A+t < 1, which is dif-
ferent for the 4+ and — polarization states, the value of the
magnetic field should be tuned with a precision of 10-100nT
to a resonance value, for achieving Qp = V), with the preci-
sion of 10715 eV or so. Let us notice that, since the oscilla-
tion probabilities of 4+ and — polarization states are different,
see Eq. (20), resonance can occur only for one polarization,
namely for the + polarization since V,, > 0. This situation
can be checked by applying the magnetic field with the pro-
grammed magnitude and direction in the whole neutron flight
path and by varying it to find the resonance value for which
Qp would compensate the effect of B — L potential V,,. An
example of such a variation of the magnetic field is shown in
Fig. 3.

The following remark is in order. If n—n oscillation will
be discovered under these conditions, this could be inter-
preted as an indication for the CPT violation due to differ-

7 A potential energy V, — V; smaller than 1071%¢V, i.e. below the
quasi-free condition limit, practically will not be sensed by n — n
oscillation and therefore cannot be excluded in this way. The STEP
experiment for satellite proposed some years ago claimed a sensitivity
of testing the equivalence principle to the level 10~'8 [38]. The STEP
mission was not pursued. The corresponding levels of magnitude of the
B — L potential energy that could be excluded by the STEP test are also
shown in Fig. 2.

6x10™"°
19

o 5x10 7 [ g7 = 2 x 107 2%eV
1 1ol | Va=1x10712ev
o 4x10 " | At = 0.25 sec
“6 19
Zz x10 = 122nT
S 2x10™°
Q0
o
o NAA

0.15 0.16 0.17 0.18
Magnetic field, Gauss

Fig. 3 Variation of the external magnetric field that would compensate
for the effect of the B — L potential V;,, = 102 eV for flight time 0.25 s

ent masses of the neutron and antineutron, m, — m; # 0
[39]. In this case, however, one has to renounce at least
one of the basic principles of quantum field theories: local-
ity, unitarity and Lorentz invariance. In our interpretation,
CPT violation is simulated by environmental effects without
renouncing consistency of the field-theoretical description,
as a fifth force mediated by B — L gauge field: in fact, a
non-zero difference of the B — L potentials for the neutron
and antineutron, V,, — V; = 2V,,, imitates their mass differ-
ence m, —mj; # 0. However, the fundamental CPT violation
would imply m, — mj to be constant everywhere whereas
the value of V, is environment dependent and it must vary
in space, depending on the distance to the gravitating bodies
and their masses. Hence, for compensating the effect of V,,
in the experiments proposed above to achieve the resonance
conditions Q2p = V,,, one has to adjust the magnetic field
B at different values depending on whether experiments are
done at the surface of the Earth, inside the Earth or on the
Moon.

4 B — L forces and neutron—mirror neutron oscillation

For ademonstration, let us discuss the example of a consistent
renormalizable model for n—n mixing via the operators (3)
in which B — L is spontaneously broken at rather low scales,
so that the baryophoton couplings to the neutron can have an
effect on the laboratory search of the n—# oscillation.

One can consider a simple seesaw-like scenario along the
lines suggested in Ref. [4,17]. We introduce a couple of gauge
singlet right-handed Weyl fermions, N with Q = —1 and N’
with Q = 1. These two together form a heavy Dirac particle
with alarge mass M p, while both of N and N’ can be coupled
to the scalar x (Q = 2) and get the Majorana mass terms from
its VEV ~ (x) = vy. Let us introduce also a color-triplet
scalar S with Q = —2/3, having the mass Mg and precisely
the same gauge quantum numbers as the right down-quark
d(r). Consider now the Lagrangian terms

@ Springer
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U (7
S\\ Moy M /S

N N N N
d d
u u/
d ‘\/ /A/d/
\{9 B My, /ﬁ

/N‘ N\
d d’

Fig. 4 The upper diagram with Mp being the Dirac mass of heavy
fermions generates n—n mixing after inserting the B — L symmetry
breaking VEV (x). The lower diagram with twin mirror quarks u’, d’,
connected to N’, induces (without insertion of y field) n—' mixing

which conserves the combination of charges Q = (B— L) — (B’ — L)

Sud +Sqq+STdN+MpNN'+ x'N>+ x N> +h.c.
(21)

(Yukawa constants are omitted). After integrating out the
heavy fermions N, N’, this Lagrangian induces the D = 10
operators (3) with M® ~ M%M?, as shown in the upper
diagram of Fig. 4.

Such a scenario of low-scale baryon violation was sug-
gested in Ref. [4], in a model which was mainly designed
for inducing neutron—mirror neutron oscillation. This model
treats N and N’ states symmetrically: they get equal Majo-
rana masses from Yukawa couplings with x in (21), while
in addition to the couplings (21), there are analogous terms
that couple N’ to ¢’, u’, d’ and S states, partners of u, d and
S from the hidden mirror sector which has a particle con-
tent exactly identical to that of ordinary one (for a review,
see, e.g. [40-43]). One can prescribe to mirror particles the
respective quantum numbers Q' = B’ — L’. The mass term
MpNN' violates Q = B — L and Q' = B’ — L’ separately
but conserves a combined quantum number 0 = Q — Q'.
Hence, in this context one can promote U (I)Q as a local
gauge symmetry rather than U(1)p_; and U(1)p/_/ sep-
arately, so that both ordinary and mirror particles couple to
the gauge field b, of U (1) ; proportionally to their quantum
number Q = Q — Q' (mirror particles have Q of the opposite
sign with respect to their ordinary partners). Then the lower
diagram of Fig. 4 induces the D = 9 operators

1
— (uddu'd'd’ + qqdq’q'd' + uddq'q'd’ + qqdu’d’d’) + h.c.
(22)

@ Springer

with .73 = MDMé, which gives rise to n—1’ mixing:

(10 Tev>5 % 10715 ¢V 23)
~ (]
M

A?)CD
Enit ™ V%
For definiteness, one can call the mirror neutron a state n’
consisting of three valence mirror quarks u’d’d’, so that the
ordinary neutron n should oscillate into a mirror antineu-
tron state 77’ [44]. As far as n—’ mixing conserves Q =
(B—L)— (B’ —L’), the baryophoton associated with U (1) o
should interact symmetrically with the ordinary neutron n
and mirror antineutron 7', and thus the corresponding envi-
ronmental potential should have no effect on n—" (or 7i-n")
conversion.®

Hence, in this case n—1" mixing can be a dominant effect
since it can be induced without breaking of U (1) 5 symmetry,
while n—i (and n’—i1") mixings which break Q are suppressed
by the small VEV v,. Assuming that both n—i" and n—n
mixings are induced by the diagrams of Fig. 4 and setting,
respectively, .#/°> = MpMj in Eq. (23) and M® ~ M7 M}
in Eq. (6), we obtain

Enit’_ Enit (24)
MD Uy '

Therefore, assuming that €,; > 107> eV and taking into
account the nuclear stability limit v, > 1MeV (7), we find
that e.g. for Mp ~ 100 TeV the n—n’ mixing mass can be as
large as &, ~ 10717 eV, corresponding to an n—i’ oscilla-
tion time ,; = sn_ﬁl, of the order of 100s.

As amatter of fact, n—72’ mixing can indeed be much larger
than n—n. Existing experimental limits [47-52] allow the n—
n oscillation time to be less than the neutron lifetime, with
interesting implications for astrophysics and particle phe-
nomenology [4,44,53-56].

Concluding this section, let us remark about the possibility
of the kinetic mixing of B — L photons with the regular QED
photons. Such mixing could make the equivalence principle
tests potentially different for electrically neutral and charged
objects, e.g. neutrons and also neutrinos having non-zero B —
L could acquire also tiny electric charges. As a matter of fact,
the considered B — L potentials can have no effect on the
oscillations between the three neutrinos v,, v, and v; since
their B — L charges are equal, but they can be relevant for
the active—sterile neutrino (e.g. mirror neutrino) oscillations
and can suppress them in certain situations. Also, the B — L
charge of the Earth would create a B — L magnetic field
due to the rotation of the Earth, which could have observable
effects.

8 One has to note, however, that n—’ oscillation can also be affected
by environmental effects if ordinary and mirror worlds are associated
with different gravities, in the context of bigravity models [45,46].
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In the case that a mirror world exists, the photon associ-
ated with U (I)Q should have equal kinetic mixings with both
ordinary and mirror photons, along with the direct kinetic
mixing between the latter. The interplay of kinetic mixings
between three vector fields have interesting cosmological
implications e.g. for the direct search of dark matter [57,58]
or for generating large-scale magnetic fields due to the rel-
ative flow of ordinary and mirror matter components in the
early Universe [59].

5 Conclusions

U(1)p—r can be a local gauge symmetry, and the relative
gauge boson — B — L photon or baryophoton — can have a tiny
gauge coupling constant and long-range interaction radius
which are limited by experimental tests of the weak equiv-
alence principle [34]. Discovery or the neutron—antineutron
oscillation would mean that B — L is spontaneously broken,
and thus this baryophoton should be massive. Namely, for a
B — L symmetry breaking scale v varying between 100keV
and 1 TeV, the limits of Ref. [34] imply that the baryophoton
mass, respectively, should be larger than 10~19—10"!eV.
Nevertheless, these limits still allow for B — L potentials
induced by the Earth and sun to be considerably large, up
to ~10~!! eV, which can suppress n — 7 oscillation even
if n—i mixing exists at the level g,; > 1072 eV which is
experimentally accessible in the future long-baseline exper-
iments at the ESS.

If these experiments will discover n—7 oscillation in quasi-
free conditions, with properly suppressed external magnetic
fields, this would exclude the neutron B — L potential at the
Earth surface down to the values of about 10~1%¢eV, inde-
pendently on the interaction radius A of the baryophotons.
This in turn will imply limits on the B — L photon coupling
constant considerably stronger than the present limits from
the tests of the equivalence principle [34].

If instead n-n conversion will be discovered via nuclear
instability, but not in free neutron oscillations at the cor-
responding level, this would indicate that free n—n oscilla-
tion is suppressed by such an environmental potential distin-
guishing between the neutron and antineutron states. Then
this suppression in principle can be removed by the tuning
of the external magnetic field in the experiment, in which
case free n—n oscillation can be discovered but for only
one polarization state, whereas for the other polarization
it will remain suppressed. Namely, a potential mediated by
B — L baryophotons would imply that n—n oscillation will be
observed only for neutrons polarized towards the magnetic
field.

Concluding, if the neutron—antineutron oscillation will be
discovered in free neutron oscillation experiments, this will
imply much stronger limits on fifth forces mediated by the

B — L photon than the present limits from the tests of the
equivalence principle. If instead n—n oscillation will be dis-
covered via nuclear instability but not in free neutron experi-
ments at the corresponding level, this would indicate the pres-
ence of a fifth force mediated by such baryophotons; these
could be revealed in experiments with controlled magnetic
fields.

Acknowledgements Z.B. and Y. K. thank Arkady Vainshtein for use-
ful discussions. The work of A. A. and Z. B. was partially supported by
the MIUR triennal Grant for the Research Projects of National Inter-
est PRIN 2012CPPYP7 “Astroparticle Physics”, and the work of Y. K.
was supported in part by US DOE Grant DE-SC0014558. This work
was reported by Y.K. at the Third Workshop “NNbar at ESS”, 27-28
August 2015, Gothenburg, Sweden and, in its preliminary version, by
A.A. at the XIII Conference “Incontri di Fisica delle Alte Energie”,
IFAE 2014, 9-11 April 2014, L’ Aquila, Italy [60]. After this work was
completed, it was communicated to us by R. N. Mohapatra and K.S.
Babu that they also prepared work on a similar subject [61]. We thank
them for this communication. Our results, however, disagree with their
claims, since we show that the possibility of detecting experimentally
the neutron—antineutron mixing in itself excludes the interaction range
of B — L photon exceeding the sun—Earth distance so that far away
galaxy clusters and even our galaxy can have no influence on the neu-
tron to antineutron conversion at the Earth.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

Funded by SCOAP3.

References

1. V.A. Kuzmin, Pisma. Zh. Eksp. Teor. Fiz. 12, 335 (1970)

2. R.N. Mohapatra, R.E. Marshak, Phys. Rev. Lett. 44, 1316 (1980).
Erratum: R.N. Mohapatra, R.E. Marshak, Phys. Rev. Lett. 44, 1643
(1980)

3. K.S. Babu, R.N. Mohapatra, Phys. Lett. B 518, 269 (2001).
arXiv:hep-ph/0108089

4. Z. Berezhiani, L. Bento, Phys. Rev. Lett. 96, 081801 (2006).
arXiv:hep-ph/0507031

5. K.S.Babuetal., Phys. Rev. D 87, 115019 (2013). arXiv:1303.6918

[hep-ph]

A.D. Sakharov, Pisma Zh. Eksp. Teor. Fiz. §, 32 (1967)

A.D. Sakharov, JETP Lett. 5, 24 (1967)

8. D.G. Phillips II et al., Phys. Rep. 612, 1 (2016). arXiv:1410.1100
[hep-ex]
9. K.S. Babu et al., arXiv:1311.5285 [hep-ph]

10. K.S. Babu et al., arXiv:1310.8593 [hep-ex]

11. S. Rao, R. Shrock, Phys. Lett. B 116, 238 (1982)

12. M. Baldo-Ceolin et al., Z. Phys. C 63, 409 (1994)

13. J. Chung et al, Phys. Rev. D 66, 032004

arXiv:hep-ex/0205093
14. K. Abe et al. [Super-Kamiokande Collaboration], Phys. Rev. D 91,
072006 (2015). arXiv:1109.4227 [hep-ex]

15. Y. Chikashige, R.N. Mohapatra, R.D. Peccei, Phys. Lett. B 98, 265
(1981)

16. R. Barbieri, R.N. Mohapatra, Z. Phys, C 11, 175 (1981)

N o

(2002).

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/hep-ph/0108089
http://arxiv.org/abs/hep-ph/0507031
http://arxiv.org/abs/1303.6918
http://arxiv.org/abs/1410.1100
http://arxiv.org/abs/1311.5285
http://arxiv.org/abs/1310.8593
http://arxiv.org/abs/hep-ex/0205093
http://arxiv.org/abs/1109.4227

301 Page 10 of 10

Eur. Phys. J. C (2017) 77:301

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
217.
28.
29.
30.

31.
32.

33.

34.

35.

37.

38.

39.

Z. Berezhiani, Eur. Phys. J.
arXiv:1507.05478 [hep-ph]

Z. Berezhiani, A.Y. Smirnov, J.W.F. Valle, Phys. Lett. B 291, 99
(1992). arXiv:hep-ph/9207209

H.M. Georgi, S.L. Glashow, S. Nussinov, Nucl. Phys. B 193, 297
(1981)

M. Doi, T. Kotani, E. Takasugi, Phys. Rev. D 37, 2575 (1988)

Z. Berezhiani, MLI. Vysotsky, Phys. Lett. B 199, 281 (1987)

Z. Berezhiani, A.Y. Smirnov, Phys. Lett. B 220, 279 (1989)

K. Choi, A. Santamaria, Phys. Rev. D 42, 293 (1990)

Z.G. Berezhiani, G. Fiorentini, M. Moretti, A. Rossi, Z. Phys. C
54, 581 (1992)

Z. Berezhiani, A. Rossi, Phys. Lett. B 336, 439 (1994).
arXiv:hep-ph/9407265

L. Bento, Z. Berezhiani, Phys. Rev. D 64, 115015 (2001).
arXiv:hep-ph/0108064

L. Bento, Z. Berezhiani, Phys. Rev. D 62, 055003 (2000).
arXiv:hep-ph/9908211

T.D. Lee, C.N. Yang, Phys. Rev. 98, 1501 (1955)

A. Pais, Phys. Rev. D 8, 1844 (1973)

L.B. Okun, Leptons and Quarks. World Scientific Publshing Co.,
pp. 161-172, ISBN:978-981-4603-00-3 (2014)

F. Massa, Europhys. Lett. 2, 87 (1986)

A. Bottino, V. de Alfaro, M. Gasperini, Phys. Lett. B 215, 411
(1988)

S.K. Lamoreaux, R. Golub, J.M. Pendlebury, Europhys. Lett. 14,
503 (1991)

T.A. Wagner, S. Schlamminger, J.H. Gundlach, E.G. Adelberger,
Class. Quantum Gravity 29, 184002 (2012). arXiv:1207.2442 [gr-
qc]

Z. Berezhiani, A. Vainshtein, arXiv:1506.05096 [hep-ph]

E. Friedman, A. Gal, Phys. Rev. D 78, 016002 (2008).
arXiv:0803.3696 [hep-ph]

M. Asplund, N. Grevesse, A.J. Sauval, P. Scott, Ann. Rev. Astron.
Astrophys. 47, 481 (2009). arXiv:0909.0948 [astro-ph.SR]

J. Overduin, F. Everitt, P. Worden, J. Mester, Class. Quantum Grav-
ity 29, 184012 (2012). arXiv:1401.4784 [gr-qc]

Y.G. Abov, ES. Dzheparov, L.B. Okun, JETP Lett. 39, 493 (1984)

C 76(12), 705 (2016).

@ Springer

40

41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.

60.
61.

. Z. Berezhiani, D. Comelli, FL. Villante, Phys. Lett. B 503, 362
(2001). arXiv:hep-ph/0008105

Z. Berezhiani, Int. J. Mod. Phys.
arXiv:hep-ph/0312335

Z. Berezhiani, Eur. Phys. J. ST 163, 271 (2008)

Z. Berezhiani, Through the looking-glass: Alice’s adventures in
mirror world, in From Fields to Strings, vol. 3, pp. 2147-2195, ed.
by M. Shifman. arXiv:hep-ph/0508233

Z. Berezhiani, arXiv:1602.08599 [astro-ph.CO]

Z. Berezhiani, L. Pilo, N. Rossi, Eur. Phys. J. C 70, 305 (2010).
arXiv:0902.0146 [astro-ph.CO]

Z. Berezhiani, F. Nesti, L. Pilo, N. Rossi, JHEP 0907, 083 (2009).
arXiv:0902.0144 [hep-th]

G. Ban et al., Phys. Rev. Lett. 99, 161603 (2007)

A. Serebrov et al., Phys. Lett. B 663, 181 (2008)

I. Altarev et al., Phys. Rev. D 80, 032003 (2009)

K. Bodek et al., Nucl. Instrum. Meth. A 611, 141 (2009)

A. Serebrov et al., Nucl. Instrum. Meth. A 611, 137 (2009)

Z. Berezhiani, F. Nesti, Eur. Phys. J. C 72, 1974 (2012).
arXiv:1203.1035 [hep-ph]

Z. Berezhiani, L. Bento, Phys. Lett. B 635, 253 (2006).
arXiv:hep-ph/0602227

R.N. Mohapatra, S. Nasri, S. Nussinov, Phys. Lett. B 627, 124
(2005). arXiv:hep-ph/0508109

Z. Berezhiani, Eur. Phys. J. C 64, 421 (2009). arXiv:0804.2088
[hep-ph]

Z. Berezhiani, A. Gazizov, Eur. Phys. J. C 72, 2111 (2012).
arXiv:1109.3725 [astro-ph.HE]

A 19, 3775 (2004).

R. Cerulliet al., Eur. Phys. J. C77(2), 83 (2017). arXiv:1701.08590
[hep-ex]
A. Addazi et al., Eur. Phys. J. C 75(8), 400 (2015).

arXiv:1507.04317 [hep-ex]

Z. Berezhiani, A.D. Dolgov, LI. Tkachev, Eur. Phys. J. C 73, 2620
(2013). arXiv:1307.6953 [astro-ph.CO]

A. Addazi, Nuovo Cim. C 38(1), 21 (2015)

K.S. Babu, R.N. Mohapatra, Phys. Rev. D 94(5), 054034 (2016).
arXiv:1606.08374 [hep-ph]


http://arxiv.org/abs/1507.05478
http://arxiv.org/abs/hep-ph/9207209
http://arxiv.org/abs/hep-ph/9407265
http://arxiv.org/abs/hep-ph/0108064
http://arxiv.org/abs/hep-ph/9908211
http://arxiv.org/abs/1207.2442
http://arxiv.org/abs/1506.05096
http://arxiv.org/abs/0803.3696
http://arxiv.org/abs/0909.0948
http://arxiv.org/abs/1401.4784
http://arxiv.org/abs/hep-ph/0008105
http://arxiv.org/abs/hep-ph/0312335
http://arxiv.org/abs/hep-ph/0508233
http://arxiv.org/abs/1602.08599
http://arxiv.org/abs/0902.0146
http://arxiv.org/abs/0902.0144
http://arxiv.org/abs/1203.1035
http://arxiv.org/abs/hep-ph/0602227
http://arxiv.org/abs/hep-ph/0508109
http://arxiv.org/abs/0804.2088
http://arxiv.org/abs/1109.3725
http://arxiv.org/abs/1701.08590
http://arxiv.org/abs/1507.04317
http://arxiv.org/abs/1307.6953
http://arxiv.org/abs/1606.08374

	Gauged B-L number and neutron–antineutron oscillation: long-range forces mediated by baryophotons
	Abstract 
	1 Introduction
	2 Experimental limits on B-L photons
	3 B - L fifth force and n–tilden  oscillation
	4 B-L forces and neutron–mirror neutron oscillation
	5 Conclusions
	Acknowledgements
	References




