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Abstract

The neutron, besides its f-decay n — pe?,, might have a new decay channel n — n’X into mirror neutron
n’, its nearly mass degenerate twin from parallel dark sector, and a massless boson X which can be ordi-
nary and mirror photons or some more exotic particle. Such an invisible decay could alleviate the tension
between the neutron lifetimes measured in the beam and trap experiments. I discuss some phenomenolog-
ical and astrophysical consequences of this scenario, which depends on the mass range of mirror neutron
n'. Namely, the case m,y < mp + m, leads to a striking possibility that the hydrogen atom 'H (protium),
constituting 75 per cent of the baryon mass in the Universe, could in fact be unstable: it can decay via the
electron capture into n’ and v,, with relatively short lifetime ~ 1021 yr or so. If, instead m,y > mp + m,,
then the decay n’ — pe?, is allowed and n’ can represent an unstable dark matter component with rather
large lifetime exceeding the age of the Universe. Nevertheless, this decay would produce substantial dif-
fuse gamma background. The dark decay explanation of the lifetime puzzle, however, has a tension with
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the last experimental results measuring f-asymmetry in the neutron decay.
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1. The neutron, a long-known particle which constitutes half
of the mass in our bodies, may still reserve many surprises.
While the free neutron is unstable, there still remains a problem
to understand what is its true lifetime. According to Standard
Model (and common wisdom of baryon conservation) the neu-
tron can have only B-decay n — pe?, (including the subdom-
inant daughter branch of radiative decay n — pe,y with the
photon emission). Hence, its lifetime can be measured in two
different ways, known as the trap and beam methods. The trap
experiments are based on disappearance of the ultra-cold neu-
trons (UCN) stored in material or magnetic traps. They mea-
sure the true lifetime T,, equivalent to its total decay width
I'n =1, 1 via counting the survived UCN for different stor-
age times and reproducing the exponential time dependence
exp(—t/Ty) after accurately estimating and subtracting other
effects of the UCN losses related to the wall absorptions, up-
scattering etc. The beam experiments are the appearance ex-
periments, measuring the p-decay width I'; by counting the
protons produced via decay n — pev, in the monitored beam
of cold neutrons. Clearly, in the absence of new physics both
methods should measure the same value, I';, = L.

However, as it was noticed quite a time ago [1], the neu-
tron lifetimes measured with two methods have some discrep-
ancy. Careful re-analysis of the previous experimental results
and new measurements with increased precision rendered this
discrepancy more evident [2].

Fig. 1 summarizes results of the neutron lifetime mea-
surements performed from 1988 till now (experiments which
results were removed and the ones reporting error-bars ex-
ceeding 10 s are not included). The trap experiments, Refs.
[3,4,56,7,8,9, 10, 11, 12, 13], are in good agreement with
each other, and their average reads

Tirap = (879.4+0.5) s. 1)

The results of beam experiments, Refs. [14, 15, 16], also are in
fine agreement and their average yields

Theam = (888.1+2.0) s. @)
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FIGURE 1: Results of the trap (red) and beam (blue) measure-
ments and respective averages.

The discrepancy is about 9 s. Formally the beam result (2) is 40
away from the trap result (1).

It is instructive to follow the time evolution of the neutron
lifetime as it is reflected in the Particle Data Group (PDG) edi-
tions of last years. PDG 2010 [17] summarises available experi-
mental results and adopts the world average T = 885.7 £ 0.8 s.
However, it discards the result of most accurate measurements
reported by the Serebrov’s group in 2005, T = 8785+ 0.8 s
[6], with the following comment: “SEREBROV 05 result is 6.5¢
deviations from our average of previous results and 5.60 deviations
from the previous most precise result (that of ARZUMANOV 00)”,
since by that time results of all beam and trap experiments (ex-
cluding that of Serebrov’s) were in good agreement. However,
already the next edition, PDG 2012 [18], adopted a world av-
erage T = 880.1 & 1.1 s, rather distant from the previous PDG
2010 one, and also with larger error-bars. This value suffered
only minor changes in following PDG editions [19, 20]. Namely,
PDG 2018 quotes its value as T = 880.2 + 1.0 s [21], without the
latest results of Refs. [10, 12, 13] being included. What has hap-
pened between PDG 2010 and PDG 2012 editions? First, the re-
sult of Serebrov’s experiment [6] was included, and second, in
2010 Serebrov and Fomin critically reanalyzed the results of all
trap experiments performed before 2005 and found a system-
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atic error of about 6 s [22]. In consequence, many experimen-
tal groups themselves reevaluated their previous results and
adopted new corrected values (see Refs. [8, 9]). By the time,
results of new trap measurements [7] were also published, all
consistent with the previously discarded result of Ref. [6].

On the other side, the beam results showed quite an op-
posite trend. The re-analysis of previous beam measurements
brought to larger value of 75 with smaller error-bars [16]. In
this way, the discrepancy between the neutron lifetimes mea-
sured in the trap and beam experiments became rather evident
what renders the situation more enigmatic.

2. The fact that Tyeam (2) is larger than Tirap (1) with about one
percent difference:

ATy = Tpeam — Ttrap = (8.7 £2.1) s, (3)

may suggest that apart of usual p-decay n — pe?,, the neutron
may have a new decay channel, invisible or semi-invisible (i.e.,
in principle detectable but not yet excluded experimentally). In
this case, the trap experiments would measure the neutron to-
tal decay width, Ty = T'g + Tnew = Tyrap, = 7485 x 1072 GeV,

where B-decay width I'y = 7 im measured by beam experi-
mentts should constitute a dominant part of it, with the branch-
ing ratio Br(n — pet,) = Tg/Tn = Tirap/ Theam = 0.99. There-
fore, the new decay channel with about 1 per cent branching ra-
tio would suffice for resolving the discrepancy. Namely, given
the error-bars in (1) and (2), for reconciling the situation at
about 1o level one would need

Tnew = (7£2) x 107 GeV. (4)

For example, the neutron could decay in two invisible particles,
n — n' + X, where n’ is a “dark” fermion with a mass mj, <
my and X is a massless (or light enough) “dark” boson, while
the “yet-invisible” mode could be n — 1’ + 7 with the photon
emission.

Clearly, new particle n’ cannot be arbitrarily light, and the
mass splitting Am = m, — m,y is limited by the stability of
chemical elements with precision of about a MeV. While allow-
ing the decay n — n’ + X for a free neutron, i.e., m, < my,
this decay should be forbidden for a neutron bound in that
nuclei which are known to be stable. The strongest bound
comes from the stability of “Be which has a rather fuzzy nu-
clei, having the minimal neutron separation energy among all
stable elements. Transition n — n’, if allowed by phase space,
would transform ?Be, M (9Be) = 8394.79535 MeV, into SBe,
M(8Be) = 7456.89447 MeV, which is a-unstable with decay
time ~ 10716 s. In fact, the stability of 9Be atom against the
removal of extra neutron n — #n’ implies that m, should
be larger than the mass of 9Be minus twice the mass of *He,
M(*He) = 3728.40132 MeV. In this way, one can set a lower
limit

my > 937992 MeV, ie., Ammax = 1.573 MeV 5)

Other stable elements do not give competitive limits, e.g.,
Deutrium 2H stability implies m,, > M(*H) — M('H) =
937.3358 MeV or Am < 2.230 MeV, while the limits from other
elements are yet weaker.

A sterile particle n’ so closely degenerate in mass with the
neutron, with precision of Am /m;, ~ 1073 can be introduced ad
hoc as an elementary fermion but this sort of fine tuning does

not look very appealing. In addition, for #’ being an elemen-
tary fermion with negligible self-interaction, rapid n — n’ + X
transition would have disastrous consequences for the neutron
star stability: the stars made of degenerate gas of free fermions
can have a maximal mass Mmax = 0.627 M, (1 GeV /m,,)? [23]
which for m/, >~ m, gives Mmax ~ 0.71 Mg.! But the typical
masses of neutron stars are about twice as larger, and more-
over at least two pulsars of 2 M were observed. For achiev-
ing that large masses, one has to introduce strong repulsive
force between fermions n’ mediated by a vector boson I with
large coupling constant g. In this case, the maximal mass can
be increased to Mmax = (0.7 + 0.3yn/)(mn/mn/)2 Mg where
the parameter y = (g/+/2)m, /m describes the interaction
strength [23]. In the case for the neutrons, this repulsive force
can be induced by p — w mesons, and taking m, ~ 0.8 GeV
and gon =~ 13, one has y, ~ 10 and the compact objects can be
as heavy as 3.7 M .2 This suggests that for avoiding the neu-
tron star destabilization due to rapid n — n’X decay, n’ can
be considered as composite fermion subject to short-distance
repulsive forces of nearly the same strength as the repulsive
forces acting between the neutrons. Namely, one can envisage
that n’ is composed of three hypothetical ‘quarks’ bounded by
some new color SU(3) forces. However, there remains a ques-
tion why it is so nearly degenerate in mass with the neutron.

In this view, it would be natural to consider new fermion n’
as a dark twin of the neutron # from a parallel hidden sector,
coined as mirror world, which is an identical copy of ordinary
particle sector (for reviews, see e.g. Refs. [26, 27]). The identical
form of two sectors can be ensured by a discrete symmetry, Z,
parity. In this picture, all ordinary particles: the electron e, pro-
ton p, neutrinos v etc., should have exactly mass-degenerate
invisible twins: ¢/, p/, v/, etc. which are sterile to our strong
and electroweak interactions SU(3) x SU(2) x U(1) but have
their own gauge interactions SU(3)" x SU(2)’ x U(1)’. Mirror
matter, with its features of being baryon-asymmetric, atomic
and thus dissipative, can represent part or even entire amount
of dark matter in the Universe, with specific implications for
the cosmological evolution, formation and structure of galax-
ies and stars, etc. [28, 29, 30].

Interestingly, the baryon asymmetries in both ordinary and
mirror worlds can be generated by particle processes that vio-
late B—L and CP in both sectors [31] which can explain the re-
lation between the dark and visible matter fractions in the Uni-
verse, Q/B /Qp ~ 5. On the other hand, the same interactions
can induce mixing phenomena between ordinary and mirror
particles. In fact, any neutral particle, elementary or composite,
may have a mixing with its mirror twin. E.g., three ordinary
neutrinos v, can be mixed with their mirror partners Vé%r
which in fact are most natural candidates for the role of sterile
neutrinos [32].

The mixing between the neutron n and its mirror twin n’
was introduced in Ref. [33], assuming that two states are ex-

n fact, this is well-known since 1939 from the original work of Oppenheimer
and Volkoff [24] which obtained Myax =~ 0.7 M., for maximal mass neutron stars
considering neutrons as degenerate Fermi gas (see also in textbook of Shapiro
and Teukolsky [25]).

20f course, for real neutron stars this is only a rough approximation. In a real-
istic approach, along with the repulsive vector interaction also attractive scalar in-
teraction should be included which reduces Mmax. Unfortunately, the true equa-
tion of state of dense nuclear matter is of difficult determination and real value
of maximal mass of neutron stars remains unknown, though experimentally we
know that it should be larger than 2 M.
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actly degenerate in mass, and its astrophysical and cosmolog-
ical implications were discussed in Refs. [33, 34]. This mixing
is similar, and perhaps complementary, to neutron-antineutron
(n — 71) mixing [35]. However, in difference from the latter, it is
not restricted by the nuclear stability limits since n — n’ tran-
sition for a neutron bound in nuclei cannot take place sim-
ply because of energy conservation [33]. Possible experimen-
tal strategies for searching n — n’ oscillation were discussed in
Refs. [31, 36], and the results of several dedicated experiments
can be found in Refs. [37].

In this paper, we consider the situation when mirror sym-
metry is softly or spontaneously broken and n and n’ states
are not exactly degenerate in mass but have a mass splitting
of about a MeV, so that n — n’'X decay of free neutron be-
comes possible. This concept suggests intriguing connection
between the neutron lifetime and dark matter puzzles. In par-
ticular, dark matter can present entirely in the form of mirror
neutrons, without an atomic component, if mirror proton pis
heavier than mirror neutron r’, and it decays as p’ — n'e'v,.
We shall discuss implications of n — n’ decay in the light of
the neutron lifetime puzzle and other issues as are the matter
stability, dark matter decay, etc.

3. One can consider a theory based on the product G x G’ of
two identical gauge factors (Standard Model SU(3) x SU(2) x
U(1) or some of its extension), ordinary (O) particles belong-
ing to G and mirror (M) particles to G’ (mirror Standard Model
SU(3)" x SU(2)" x U(1)’ or its equivalent extension).

In the Standard Model, the quark fields are represented
as Weyl spinors, the left-handed (LH) ones transforming as
weak isodoublets and the right-handed (RH) ones as isosin-
glets, whereas the anti-quark fields § which are CP conjugated
to g (7r,L = C0q] r) have the opposite chiralities and opposite
gauge charges:

qL:(ZI[_: )/ QR:uR/dR,
‘7R:<Z'§>/ gr =y, dp (6)

(the family indices are suppressed, and the lepton fields are
omitted for brevity). In addition, we assign to quarks qr, ugr, dr
a global baryon charge B = 1/3. Then antiquarks g, i, d;
have B= —-1/3.

The parallel M sector G’ = SU(3)’ x SU(2)’ x U(1)’ has
the analogous quark content

- i _ g
= () h=ad ?

For definiteness, we name {, ii},d} as mirror quarks and as-
sign them a mirror baryon number B’ = 1/3. Then mirror anti-
quarks g}, uy,dy have B’ = —1/3.

The Lagrangian of two systems has a generic form

Ltot =L+ ['/ + Emix . (8)

where £ and £’ respectively are the Standard Lagrangians of O
and M sectors, including the gauge, Yukawa and Higgs parts,
while Ly stands for possible interactions between the parti-
cles of two sectors. The identical forms of £ and £’ can be en-
sured by discrete Z, symmetry under the exchange G + G’

when all O particles (fermions, Higgs and gauge fields) ex-
change places with their M twins (‘primed’ fermions, Higgs
and gauge fields). Such a discrete symmetry can be imposed
with or without chirality change between the O and M fermions
[26]. However, this difference will have no relevance for our
further discussion; what is important that this symmetry en-
sures that the gauge and Yukawa coupling constants are the
same in two sectors. Hence, if Z; symmetry between two sec-
tors is unbroken, i.e., O and M Higgses ¢ and ¢’ have ex-
actly the same vacuum expectation values (VEVs), then mirror
world will be an exact replica of ordinary particle sector, and
all O particles: the electron ¢, proton p, neutron n etc., would be
exactly mass-degenerate with their M twins: ¢/, p’, 1/, etc.

However, one can envisage a situation when Z, is spon-
taneously broken. E.g., one can introduce a real scalar field #
which is odd under Z; symmetry, i.e., transforms as 7 — —7
[28]. If this scalar acquires a non-zero VEV, then its coupling to
O and M Higgses will give different contributions to their mass
terms. In this way, the O and M Higgses can get different VEVs,
and so the masses of O and M quarks would be different.

Let us consider a situation when each of the O and M
sectors are represented by the models with two Higgs dou-
blets ¢1» and ¢} ,, responsible for the masses of up and down
quarks, as motivated by e.g., supersymmetry. In this case, the
couplings of Zy-odd scalar A1 (¢ ¢y — ;T p}) and Ao (Pl —
@5 9h), with A; , being dimensional couplings, would lead to
different VEVs, v} # v1 and v/, # v,. For evading the strong hi-
erarchy problem and related fine tunings, we can assume that
all of these four values are in the range of few hundred GeV,
with Ve = (‘U% + v%)l/ 2 determining the (known) ordinary
weak scale and v}, = (v + v)"/2 # Ve determining the
mirror weak scale; one can take e.g., 12 ~ 1 GeV and (1) in
the range of few TeV.> Due to renormalisation group effects,
the difference between the O and M Higgs VEVs can induce
some difference between the QCD scales in two sectors but for
Vb ~ Uew, We expect that A’QCD ~ Aqcp- In this case, the light
quark masses of both sectors are expected to be of few MeV and
so the mass splitting between M and O nucleons can be in the
MeV range.

In particular, one can envisage a situation when m,; > m,
butmy < mzand m, < m,. Let us take a simple example when
v}y ~ 2vq but v, ~ v,/2. Given that the Yukawa coupling con-
stants in two sectors are the same, for the reference masses or
our light quarks m, ~ 2 MeV and m; ~ 4 MeV, the mirror
light quarks masses are just inverted, m;, ~ 4 MeV and m/; ~ 2
MeV, while for the electrons we have m), ~ m, /2. Therefore, it
could occur pretty naturally that the mirror neutron and pro-
ton have masses different from their ordinary twins by a MeV
or so, but to different sides arranged as m;, > My > My > M.
Namely, if m,y > m,s + m,, then free M proton p’ would be un-
stable so that mirror world would contain no hydrogen. How-
ever mirror neutron n’ would be stable and thus represent a
self-scattering dark matter with just a perfect cross-section over
mass ratio, o/my, ~ 1 bn/GeV. In the following, we consider
this case as a reference model. In other possible situation when
|1y — | < my, both p" and n’ will be stable and one would

*More generically, if two sectors contain scalar fields other than the Higgs dou-
blets ¢, and ([74'2, as e.g. color scalars S and S’ discussed in next section, then
the couplings of Z, odd scalar Ay (StS — $*S") would induce different masses for
them, M§ # M. In particular, for achieving e.g. Mg ~ 1 TeV and Mg ~ 100 GeV,
we would need rather large values of A approaching TeV scale.
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have dark matter in two forms, self scattering component n’
and dissipative components in the form of mirror hydrogen H’
and helium He'.

4. Let us concentrate on the system of two neutrons, ordinary n
and mirror n’. The relevant terms of the generic Lagrangian (8)
are the low energy effective terms related to their masses and
magnetic moments:

L = munn + %Fwﬁcﬂ”’n
£/ = mnrﬁn/ =+ %FLVWU‘}WT[/
/
_ K _ K _
Linix = €7’ + ’é"/ Functn' + DEF, o'’ +he. (9)

where F,, = 0, Ay — 9y Ay, is the electromagnetic field strength
tensor, and Fj, = 9, A}, — dy A}, is the same for mirror electro-
magnetic field, m, = 939.5654 MeV and u, = —1.912uy re-
spectively are the neutron mass and magnetic moment, uy =
e/2my, being the nuclear magneton, and m, and y, are those
of mirror neutron. We assume that due to Z, breaking, thereis a
small mass splitting between n and n' states, Am = my, —m,y ~
1 MeV. The magnetic moments y, and yu,/ should also have
some tiny difference but this is irrelevant for our discussion and
one can safely take j1,; = y, as a good approximation. In addi-
tion, unlike the case of neutron-antineutron system, transitional
magnetic (or electric dipole) moments ,,,,» and «/, , between the
neutron and mirror neutron are not forbidden by fundamental
symmetry reasons [38]. Lagrangians £ and £’ in (9) conserve
baryon numbers B and B’ separately, while the mass term in
L mix mixing the states n (B = 1) and n’ (B’ = 1) conserves the
combination of baryon charges B = B + B'.

The mixing term Lpix can be induced by the effective six-

quark operators with different Lorentz structures involving LH
and RH quarks u r,dp g and mirror antiquarks u} p,d] p in
gauge singlet combinations [33]:
% (add) (' d'd') + hec. (10)
The Lorentz, gauge and family indices are suppressed. These
operators transform the neutron state n (three valent quarks
udd, B = 1) into mirror neutron n’ (three mirror quarks
i'd'd, again B = 1). Taking the matrix elements (n|udd|0) =
KA%CD ~ K x 0.015 GeV3, with K being an order 1 coefficient,
and equivalently for the mirror neutron, we obtain the n — n’
mixing mass as € ~ (K/2)2(10'0 GeV®/ M%) x 1010 MeV.

Operators (10) can be induced via seesaw-like mechanism
[33, 39] from the following Lagrangian terms:*

L =gSugpdr + huS‘LdRNRa + h.c.
L' =gS'uf i | +haS"dR Ng, +hec.

Lonix = MW NgoNp, +hc;  a=12,.. 11)

involving a color-triplet scalar S (B = —2/3) with mass Mg and
and its mirror partner S’ (B = 2/3) with mass Mg . It also in-
volves gauge singlet RH fermions Ng, with B = —1 and Np,

4Color indices and charge conjugation matrix C are suppressed. ud;, can enter
in weak isosinglet combination e“ﬁqmqu; where a, B = 1,2 are the weak SU(2)
indices. For simplicity we take the constants of couplings Surdr and Su;d; equal,
g1 = gr = g, and take K ~ 2.

Uu u/
/
d*\f S M "
N D 07

< >
N N’
d d’

FIGURE 2: Seesaw diagram generating n — n’ mixing

with B = 1, so that the mass terms in (11) conserves the com-
bined charge B = B + B'. In fact, these mass terms Mp are the
Dirac mass terms: one can say that RH components Ny of Dirac
spinors N + Ny belong to ordinary sector and LH components

Ni, = CNy  belong to mirror sector.

Integrating out the heavy fermions and scalars, the dia-
grams shown on Fig. 2 effectively induce operator (10) and for
n — n’ mixing mass, we get

§2h?Nyg¢ x 1010 GeV?
MZMZ,Mp

€~ x 10710 MeV (12)

where N, is the effective number of N, N’ states which takes
into account that the latter can have different masses, i.e.,
WNy/Mp = ¥, hZ/MI(:L;). The masses of S and S’ are split
due to the couplings with Z, odd scalar 7, 7(StS — §'tS’), so
that Mg # Mg For having large enough €, one has to take
into account the LHC limits on the color triplet S involved
in the game (for more details, see Ref. [39]). Namely, the first
term in £ (11) induces the contact operators §g7q which are
restricted by the compositeness limits. Namely, the LHC limit
A7} rr > 22 TeV [21] translates to (Ms/g)? > 0.75 x 108 GeV?
or so which can be saturated for Mg ~ 1.7 TeV and g ~ 0.2.
Therefore, € ~ 10~1% MeV can be achieved by taking Mg ~ 50
GeV, Mp =~ 5 GeV and h?Nyg ~ 102. While this parameter
space looks rather marginal, it is not excluded by the present
experimental bounds.

This mass term induces small mixing between n — n’, with
a mixing angle # = e€/Am. For our benchmark values € =
10719 MeV and Am = 1 MeV, we have § = 10710, This mix-
ing in turn induces transitional magnetic moment p,,,; = Ouy
between the mass eigenstates n; = n+ 6n’ and ny = n’ — 0n,
Therefore, the heavier eigenstate 1y ~ n can decay into the
lighter one ny =~ n’ with the photon emission:

J2(m2 — m2,)3 2
T — ') — Mo 0 )7 %ﬂiw (13)

8mms

In addition, as far as the mirror photon is also massless, n —
n'y’ decay should take place with the same width, I'(n —
n'y") = T(n — n'7y) (once again, one can neglect the dif-
ference between the ordinary and mirror magnetic moments
and take p, = p,). Thus, the total rate of n — n’ decay is
T(n — n') = 20%u2Am3 /= 2u2e*Am/m, with a photon
and mirror photon ' channels both having equal ratios = 1/2.

5. There can be additional decay channels with emission of
some other massless bosons. Let us discuss the possibility when
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n — n’ mixing emerges not at tree-level as in Fig. 2 but by loop
mechanism shown in Fig. 3.

Let us assume that the heavy Dirac Fermions N are not
gauge singlets but are multiplets of some gauge group SU(Nc¢)
say in fundamental representations, N* and N}, a = 1,2,..N¢
being the SU(N¢) index, so that we have N¢ Dirac fermions
with equal masses MpN?N! + h.c.. In this case, the Yukawa
terms STdN and S"*d’N’ in (11) are forbidden by SU(Nc)
symmetry. However, one can introduce the additional color-
triplet scalars T% and T also in fundamental representations
of SU(N¢), and modify the Lagrangian terms (11) to the fol-
lowing:

L = Sud + Sqq + T'dN + h.c.
L£'=8ud +5¢q + TN +hec
Lmix = stsrr’ + MDNN/ +h.c. (14)

In this case n — n’ mixing is induced via the loop-diagram
shown in Fig. 3 in which diagram would also induce the tran-
sitional moments x,,,; and K:m, between the neutron and mirror
neutron as in (9). One can imagine that there is also a gauge
U(1) symmetry in addition to SU(N¢), with rather large cou-
pling constant. In this way, in addition to ordinary and mir-
ror photons, also a “third” photon 73 associated with the U(1)
gauge field A,(f) enters the game. Then attaching the respec-
tive external photon line to the diagram of Fig. 3, one also
obtains a transitional magnetic moment between n and n’ re-
lated to “third” photon, %Knn/Fﬁ)ﬁUWn' + h.c. where Fﬁ) =
Iy A1(/3) - B,,A;,s). In this way, there emerges an invisible decay
channel n’ — n<3 with a width

2
X
T(n— n'ys) = —pam’ (15)

where x = «,,, / ity is the ”third” transitional magnetic moment
in units of u,. For large N, large gauge constant g3 of extra
U(1), and large coupling constants in (14), x can be comparable
or even larger then 6. In addition, the mass term induced by the
loop can be suppressed by symmetry reasons making use of
Voloshin’s symmetry. In this way, the invisible decay channel
n' — nvys can become dominant.”
For total decay width of n — n’ decay we have

92
Thew = (1 + Ainv);V%Am?’ =

6 10-20 \ 1.57 MeV

where the decay width is normalized to the maximal mass dif-
ference Ammax (5) allowed by 9Be stability, and Ajn, denotes
effective contribution of invisible decay channels as n — 1’7/,
n — n'vs etc. which should be compared to the value (4)
needed for explanation of the neutron lifetime discrepancy. The
branching ratio of “yet-invisible” decay channel (with ordinary
photon v) is

@ 3
14 Ainy 0 ( Am )><7-10’30GeV (16)

Tn—on'y) 1 17)
1+ Ainy

1—‘l’leW

5Yet another invisible decay channel can be n — n’ + B where B is the Gold-
stone particle related to spontaneous breaking of B and B’ baryon numbers to a
diagonal combination B + B’ at some scale V (implications of such Goldstones are
discussed in Ref. [39]). This massless  interacts between n and n’ states with the
Yukawa coupling constant g5 = €/V, and thus n — n'B decay rate can exceed
thatof n — n'y if V < few GeV.

d d

FIGURE 3: Loop diagram generating n — n’ mixing through the
strongly coupled SU(N,) system

In particular, in the absence of “third” photon, and massless
mirror photons coupled as ordinary one, i.e., Ajny = 1, we have
Br(n — n'7y) = Br(n — n’%’) = 0.5. If mirror and third pho-
tons are massive, we have Aj,, = 0 and only n — n’~ remains.
(e.g., due to Zy-symmetry breaking, the VEVs of two doublets
@1 , could break also mirror electric charge and thus render mir-
ror photon massive). But for x > 0 the invisible decay into
third photon becomes large and the decay channel with ordi-
nary photon becomes subdominant.

Solid curves in Fig. 4 show the parameter space (mixing
angle 0 vs. mirror neutron mass m,y = m, — Am) needed for
achieving I'new = 7 X 10730 GeV for different Ajpy. Namely,
the black solid curve corresponds to the case when Aj,, = 0,
i.e, only n — n'y decay is operative: I'(n — n'y)/Tnew = 1.
The solid purple corresponds to a benchmark case Aj,, = 1
when n — n’ decay occurs symmetrically with the ordinary
and mirror photon emission, I'(n — n’y) = I'(n — n’y’). The
brown and green curves show the cases when contribution of
“third” photon 73 becomes dominant, respectively with Aj,, =
3and Ay = 9.

6. Let us discuss now implications of n — n’/ mixing and n — n’
decays provided that m,, < m, (but m,, > my; — Amax =
937.99 MeV as it is required by nuclear stability bound (5))
which crucially depend on the mass range of dark neutron 7’.

Namely, if m), > my, + m, = 938.783 MeV, then mirror
neutron 7’ (more precisely, the lighter mass eigenstate n; =
n’ — 6n) is not stable against -decay n’ — p + e + 7,. Thus, the
B-decay rates of n and n’ can be directly compared:

Gy +3gi)my L Q
[(n — pev,) = 503 F(ﬁ)
02G% (1+3g%)m2 _ Qf
I'(n' 7p) = — LS4 C (= 1
(n" = pete) 73 (o) (18)
where Gy = Gg|V,y| is the Fermi constant corrected by

Cabibbo mixing, g4 ~ 1.27 is the axial coupling constant,
Q = my —mp —m, = 0.7823 MeV and Q" = m), — m, + m, <
0.7823 MeV are respective Q-values. The function

2
F(x) = %(Zfl +8x3 4+ 322 — 10x — 15)
x+1
+ In (14 x + V22 4 2x) (19)

describes the phase space factor for the given Q-value. There-
fore, the lifetime of n’ can be related to the neutron lifetime and
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FIGURE 4: The allowed regions for the mirror neutron mass n’
vs. n — n’ mixing angle 6. The black, purple, brown and green
solid curves, all normalised to the needed decay width I'new =
7 x 10730 GeV (4), correspond respectively to the n — n'y
branching ratios ['(n — 1n’7y) /Tnew = 1,0.5,0.25,0.1. The verti-
cal solid line separates regions m,, > mp + m, (unstable dark
neutron n') and m,, < m, + m, (unstable hydrogen atom). The
black dashed curves in the latter region correspond to 'H life-
times T('H — n'v,) = 102°,10%! and 10? yr (from up to down),
while the blue dashed curves in the region m;, > my + m, cor-
respond to n’ lifetimes T(n' — pev,) = 10™,10'%,10' and 107
yr (again from up to down). The shaded regions are excluded
by ?Be stability (pink), by limits on cosmic 7 background in the
0.1 +1 MeV range (yellow), and by photon counting in the en-
ergy range of 780 + 1600 keV in recent experiment by Tang et
al. (orange).

it can be estimated as

, _\_ FQ/m.) T(n — peve)
T(n' — peve) = F(Q/me) 5 =
F(Q/m,) (10710
F(Q'/me) 6

2
> x 2.8 x 101 yr (20)

The instability of dark matter is not a problem in itself once its
decay time exceeds the age of the Universe t;; = 1.4 x 1010 yr.
In fact, a few percent fraction of dark matter decaying in invis-
ible mode before present days could even help to reconcile the
discrepancy between the Hubble constant value determined
from the CMB measurements by Planck Satellite from one side,
and its value obtained by direct astrophysical measurements
from other side [40]. The problem is that #n’ decays into visi-
ble particles (proton and electron), together its radiative decay
channel n’ — pef,7y with a branching ratio ~ 10~2, would con-
tribute to cosmic diffuse y background at MeV energies.

The blue dash curves in Fig. 4 mark the parameter space
which can lead to n’ decay time in the range 10* — 10! yr.
Yellow shaded region corresponds to excluded region obtained
by requiring, rather conservatively, that the -y fluxes produced
by these decays should not exceed their experimental values
obtained by direct observations [41]. Taking into account that
main contribution to 7y-background in the MeV range is sup-
posedly produced by the Seyfert galaxies and blazars, one
should expect that real limits will be more stringent.

Dark neutron n’ would be stable if its mass is small enough.
Namely, if m,, < mp + m, = 938.783 MeV, the decay n’ — pev,

L L L L
937.5 938.0 9385 939.0 939.5 940.0

is forbidden and n’ would be a stable dark particle. However,
this situation would imply that the hydrogen atom 'H (pro-
tium) should be unstable, and it would decay into dark neutron
and ordinary neutrino via electron capture, p + e — 1’ + v,. Its
decay width can be readily estimated as®

6°Gy (1+3g7%)

r'('H — n'v,) =
( ) 2123

(mp +me — ml,)?

o mp + Me — My
- 0.783 MeV

2
) x 1.23-1073 GeV (21)

where ag = (am,) —1is the Bohr radius. Thefore, for the lifetime
of the hydrogen atom we get

(*H) = 17 yx (

(22)

0.783 MeV 2
92

Mp + Me — My

Black dashed curves in Fig. 4 correspond to protium lifetimes
in the range of 102 — 10? yr.

Surprisingly, no direct experimental limits are available on
the protium dark decay into a dark particle n’ and (in prac-
tice invisible) neutrino. Very existence of our universe limits
the hydrogen decay time to be larger than the present cos-
mological age t, = 1.4 x 1010 yr. Disappearance of more
than 1% of the hydrogen in the Universe would affect the
Big Bang Nucleosynthesis tests. Thus, from the primordial hy-
drogen abundance one can infer a conservative lower bound
7('H — inv) > 1.4 x 10'? yr or so.

Somewhat stronger bounds can be obtained from the elec-
tron capture process p + ¢ — n’ + v, in the sun which pro-
duces mono-energetic neutrinos with E, ~ My + Me — My Let
us take the maximal value E = 0.78 MeV which corresponds
to the lower extreme m,; = 937.992 MeV in (5). Let us assume
that flux ¢!, of ve produced in this way is no larger than one
fifth of the "Be solar neutrino flux Ppe = 5 X 10° cm=2 57!
(Eg. = 0.862 MeV) - otherwise it would be detected by BOREX-
INO experiment (this assumption on the BOREXINO sensitiv-
ity is of course is an exaggeration). In other words, we infer that
¢y < 10° em~2 s~! which puts the lower limit on the proton
lifetime T, against the electron capture process pe — n'v, in
the sun, Tpe > 7 x 101 yr or so. For the sake of comparison, the
proton lifetime against the dominant reaction pp — de™v,, alias
the hydrogen burning time in the sun, is tpp ~ 1.2 X 1010 yr,ie.,
practically the age of the Universe.

The rate of p + ¢ — n’ + v, reaction in the sun can be ob-
tained from the hydrogen atom decay rate (21) roughly by sub-
stituting the electron density in atom 1/ ag by the electron den-
sity in solar plasma n, = pX/m,. More precise calculation of
the unbound electron capture rate, obtained by integration over
the Maxwell-Boltzmann distribution of electrons, gives

T(pe —n've)  [2m3m, 3
TOH Sy~ V1 @)

105 K\ /2 e
e () () o

Taking typical temperature as T =~ 107 K, typical density
p =~ 100 g/cm?® and the hydrogen mass fraction X ~ 0.5 and

©It should be stressed that we talk about the hydrogen atom and not its nucleus
(proton). In fact, the proton decay p — n’e*v, would occur if m,;, < m, —m, =
937.761 MeV which is already excluded by °Be stability, m,, > 937.992 MeV (5).
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thus 1, ~ 25 x 10%* cm~3 in solar interior within the radius
0.2Rg, we get T(pe — n'v,)/T(*H — n'v,) ~ 250. Therefore,
the bound Tpe > 7 x 1011 yr inferred for mono-energetic neu-
trinos with E, = 0.78 MeV is roughly equivalent to T('H) >
2 x 10! yr or so. Applying the same consideration for smaller
values of E, = mp + m, — my, e.g., E, = 0.4 MeV, the v, flux
produced by p + e — n’ + v, process should be compared with
the dominant pp neutrino flux, which would render this limit
more than an order of magnitude weaker, around 1013 yI.

On the other hand, the reaction p +¢ — n' + v, produces
dark fermions n’ right inside the sun. Their presence, if abun-
dant, would change the thermal conductivity of solar inte-
rior and this be tested by the helio-seismological data which
requires a specific study. By inferring that the overall mass
of n’ produced in the sun from its birth is smaller than e.g.,
107% Mg, we would get tpe > 105 yr or so which translates
into T('H) > 2.5 x 10 yr. Thus, it seems that the solar physics
cannot exclude the protium lifetime as large as T('H) = 10! yr
typical for our model.

One can discuss also the electron capture processes by nu-
cei (Z,A)+e - (Z—1,A—1)+n' 4+ v, in the electron-
degenerate cores of the heavier stars. Let us consider carbon
white dwarfs with a central densities p ~ 10° g/cm3 at which
densities electrons become relativistic, i.e., their Fermi momen-
tum pr = 3.1n} /3 becomes comparable to the electron mass 1,.
However, it is not enough to overcome the energy threshold of
12C 4 ¢ -1 B+ n' + v, reaction which is above 15 MeV. The
same applies to the case of oxygen, 1°0 +e¢ —15 N+’ + v,
which has threshold energy of about 12 MeV. Therefore, such
processes can start only at densities approaching 10° g/cm?,
as e.g. in heavy white dwarfs with masses saturating Chan-
drasekhar limit or in dense pre-supernova cores of very mas-
sive stars. The question whether this can have any observable
consequences or whether it can set stronger limit on the hydro-
gen lifetime deserves special consideration.

A “silent” disappearance of hydrogen atom 'H — n'v,
leaving the party without saying “Good Bye” is difficult to de-
tect experimentally. Even the daughter radiative branch 'H —
1’ vy, with emission of a single photon with the energy up to
0.78 MeV, can be hardly discriminated from the background.
The intriguing possibility that hydrogen, the most abundant
chemical element in the Universe constituting about 75 % of its
visible mass, can in fact be metastable remains as a challenge
for future experiments.

In principle, some other elements (Z, A) could also decay
via the electron capture ep — n'v,. However, for any sta-
ble element (apart the hydrogen) the 9Be stability condition
(5) does not leave an available phase space for the transition
(Z,A) = (Z—-1,A—1) + n' + v,. Perhaps it would be inter-
esting to address exotic decays of some unstable proton-rich
elements for which such transitions are allowed.”

Consider for example, “*Ni which has a doubly-magic nu-
clei (Z = 28,A = 48), and decay time 2.1 ms. There is no
bound nuclei (Z = 27, A = 48) to which *Ni could transform
via B1-decay or electron capture, and there is no bound nuclei

7Let us remark that at the lower edge of allowed range (5), namely for 1,/ <
938.06 MeV, the deuterium atom decay 2H — 21’ + v, + X becomes cinematically
allowed, as a combination of electron capture p + ¢ — 1’ + v, and neutron decay
n — n’ + X. However, due to a minuscule phase space and double suppression ~
6*, the deuterium lifetime will be extremely large, beyond any practical interest.
For any other stable element even such a double decay is cinematically forbidden.

(Z = 27,A = 47) to which it can transform by expelling one
proton. In fact, **Ni can decay via double processes, electron
capture by one proton accompanied by f-decay of another
proton, ¥¥Ni — *8Fe (Z = 26, A = 48) or via expelling simul-
taneously two protons, ¥Ni — 40Fe +2pe (Z = 26, A = 46).
The electron capture ep — nv, with outflowing neutron and
simultaneous expelling of proton *Ni — 4°Fe +n + p + e is
marginally allowed by phase space but it is suppressed kine-
matically since my, > mp + m.. However, in the case of m, <
my + me such transition with emission of dark neutron n’ will
not be suppressed and thus “8Ni — 40Fe transition without or-
dinary neutron n could take place at detectable level accom-
panied by only one proton. Unfortunately, not much is known
about *®Ni decay channels. Some other elements also can be of
interest. For example, %°Co (T} /2 = 38.8 ms) via electron cap-
ture ep — n'v, could be transformed into Fe, if m,y < 938.615
MeV. Analogously 12N (T;,, = 11 ms), apart of its usual g+
decay into the stable 12C, would have a new decay channel
N — C 40’ + v, if my < 938.182 MeV, with easily de-
tectable 1C (T}, = 20 m). Another example, relatively stable
8B (Ty /2 = 770 ms) has usual Bt decay into 8Be which then
promptly decays in two a-particles. In the case, m,, < 938.646
MeV, it could have a decay channel into 7Be. Via the electron
capture, the latter would end up in ’Li after 53 days or so.

Concluding this section, provided that the beryllium bound
(5) is fulfilled, n — n’ decay has no strong observable con-
sequences for nuclei besides the intriguing possibility that the
hydrogen atom can be unstable. However, it will have dramatic
consequences for neutron stars (NS). Given that the equation of
state (EoS) of mirror nuclear matter, despite a MeV range mass
difference between ordinary and mirror nucleons, should be es-
sentially the same, n — n’ conversion would rapidly transform
the ordinary NS, after its birth, into a mixed star with half of
its mass constituted by mirror matter. Now two components
with the same EoS can be “packed” inside the same volume
which changes the pressure - mass balance in the star and thus
changes the mass-radius relations. Namely, the mixed NS will
be more compact than the initial pure neutron star of the given
mass. with the radius of about a factor of /2 smaller than the
initial radius of the newborn NS. On the other hand, also the
maximal mass of the mixed NS will be reduced by a factor of
/2 with respect of the pure NS. For example, a realistic EoS of
Ref. [42] for pure NS can support Mmax =~ 2.1 M, in which
case maximal mass of mixed NS is about 1.5 M; any NS with
a larger mass should collapse to black hole. Therefore, NS of
2 Mg could not exist unless the EoS is so stiff that can support
Mmax =~ 3 Mg for a pure NS. One can consider also a possibil-
ity that after the supernova explosion the newly born NS suf-
fers a matter infall, its mass rapidly reaches a critical value and
within days it transforms into a quark star dominantly com-
posed of deconfined quark matter, which could also explain
the events of delayed GRB events correlated with the super-
nova explosions [43]. In this case, the observed NS with larger
masses reaching 2 M can be considered as quark stars. The
implications of n — 7’ transition will be addressed in more
details elsewhere [44].

7. The suggested scenario implies that the neutron has two de-
cay channels, B-decay and hypothetical invisible decay. There-
fore, the beam experiments measure its f-decay width I'; =

The im, while trap experiments measure the total decay width,
I, = Tt;alp' However, one can question whether this hypoth-
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esis is compatible with other precision measurements regard-
ing the determination of the Fermi constant G, the CKM mix-
ing element V;; and the ratio of axial and vector constants
ga=—-Ga/Gy.

The neutron p-decay n — pev, is described by the Fermi
Lagrangian

Gy _ _
7‘% Py (1= gar’ neyu(1—7°)v. (24)

where g4 is the axial coupling constant. In the context of the
Standard Model, we have Gy = G¢|V,y|, where V,; is the
CKM mixing element. Then, for Gr determined from the muon
decay, i.e, G = G, = 1.1663787(6) x 107> GeV 2 [21], the
neutron pB-decay lifetime T3 is given by the well-known for-
mula T,|V,4>(1 + 3¢%) = (4908.7 £ 1.9) s which includes
Coulomb corrections as well as external radiative corrections
[45]. In more generic form, having in mind possible effects of
new physics beyond Standard Model and without assuming
Gy = Gy|Vy4l, it can be presented as

L (49087£19)s
P (Gy/Gu2(1+382)

(25)

The constant Gy is experimentally measured by the study of
super-allowed 07 — 01 nuclear B-decays which are pure
vector transitions, modulo theoretical uncertainties due to nu-
clear Coulomb effects and radiative corrections. For Gr = Gy,
these measurements yield the world average |V,,;| = 0.97417 £+
0.00021 [20] which value is also well-compatible with the uni-
tarity of the CKM mixing matrix. In more general BSM context,
without taking Gy = G|V,,4|, we have:

(Gv/Gy)? = 0.94901 + 0.00041 (26)
Therefore, Eq. (25) can be presented as

75 = (51712f 3i 50) s 27
SA
where the value (26) is substituted for (Gy /Gy )?.

The axial coupling constant g4 involving non-perturbative
contributions is poorly determined theoretically. But it is well
determined experimentally via measuring -asymmetries. The
world average g4 = 1.2723 £ 0.0023 reported in PDG [20]
then implies 7, = 883.2 + 3.0 s, compatible with both trap
and beam within 1. However, the average value obtained by
last two most precise experiments [46, 47] imply higher value
g4 = 1.2764 £0.0013 gives 7, = 878.5 £ 1.9 s which is consis-
tent with Tirap but it is in tension with Tpeam. In fact, this tension
between the latest results on g4 measurements [46, 47] and the
neutron beam lifetime Ty,e,p, is clearly demonstrated in Fig. 6 of
Ref. [47]. If the forthcoming experiments on S-asymmetries will
confirm these results on g4, and thus increase the tension with
the value of 75 determined by the beam measurements, then
the neutron dark decay n — n'X will become useless for un-
derstanding the neutron lifetime anomaly. In fact, a new upper
limits on the n — n’X decay rate about ten times stronger than
(4), at the level Tnew < 10739 GeV can be firmly established,
nearly corresponding to the green curve in Fig. 4. However, the
possibility of exotic neutron decay may have independent in-
terest, also having in mind its intriguing implication for the hy-
drogen atom instability. In fact, as one can see from Fig. 4, this
limit would imply the hydrogen atom lifetime of about 10?2 yr.
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