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A sub-GeV dark sector fermion X can have baryon number violating interactions induced by high
scale physics, leading to nucleon decay into X + meson and neutron — X + photon. Such processes
can mimic standard search modes containing a neutrino, but have different kinematics and may
have escaped detection. If a dark force mediated by a light vector Z; acts on X, depending on
parameters, neutron — X + Zy can be important. In typical scenarios, Zy4 decays into £7¢~, where
{ = e, u, with order unity branching fraction. Nucleon decay searches can potentially uncover new
dark states that are otherwise inaccessible, due to their negligible coupling to ordinary matter or

cosmological abundance.

What constitutes dark matter (DM) remains one of
the open questions of particle physics and cosmology. In
broad terms, DM can only have feeble interactions with
visible matter, but its possible mass covers a wide range,
from sub-eV to well above the TeV scale. However, for
example, if the similar baryon and DM energy densities
are due to asymmetries from a common underlying mech-
anism [1, 2], GeV-scale DM is motivated; for some recent
reviews of these scenarios see Ref. [3]. Regardless of its
origin, once the mass of DM is near or below ~ 1 GeV,
detecting it directly via scattering from target atoms,
characterized by soft recoils, poses a significant challenge.
Hence, it is worthwhile to examine alternative probes of
DM with mass < 1 GeV [4-7]. We also note that in
many models the “dark” sector includes other states or
new forces [8-10] that lack any direct interaction with
the Standard Model (SM) and can be quite light.

In this work, we introduce a dark fermion X whose
mass mx is below the nucleon mass my ~ 0.94 GeV.
For now, we will assume that X is a singlet; we will dis-
cuss the possibility of X having dark gauge charges later.
Further, we will assume that X has baryon number vio-
lating interactions suppressed by a high scale M > 1 TeV
and dominated by the “neutron portal” [11] operator

(Xudd) g

Oy = iz (1)

where v and d denote the up and down quarks, respec-
tively; the subscript R refers to the right-handed chiral-
ity of the fields. Other operators can be considered, but
our choice suffices to demonstrate the main relevant fea-
tures. The above type of interaction may arise at high
scales on general grounds and has been employed in a
variety of models [11-13]. In our scenario, a nucleon
N could potentially decay via N — X+ meson [13],
or N — X + photon. For certain values of M, such
decays may be accessible at nucleon decay experiments.
Those experiments, however, are largely motivated by
grand unified models [14, 15], with signals that typically
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have different characteristics from the dark sector signals
discussed here. Thus, the current bounds do not directly
apply to our setup, though they provide general guid-
ance. In particular, it is conceivable that some of the
signals discussed below might go undetected in existing
analyses.

Before presenting the details, we note that much of our
discussion will be relevant to any sufficiently long-lived
dark or weakly-interacting sector fermion that couples to
baryons via Eq. (1). Therefore, X does not have to con-
stitute cosmic DM, though that is a distinct possibility.
Hence, like accelerator-based probes, and in contrast to
typical direct or indirect searches for DM, our nucleon
decay signal does not depend on the local abundance
of X. However, whereas accelerator-based experiments
require that X couple to ordinary matter with at least
some modest strength, the dark states considered here
can have negligible interactions. For example, X could
also be a sub-GeV ‘“right-handed neutrino” associated
with a seesaw mechanism for small neutrino masses [16].
Such states can possibly play a role in cosmology [17] and
may lead to interesting phenomenology [18, 19].

The operator Opy in Eq. (1) leads to interactions of X
with baryons and mesons, at low energies. These inter-
actions can be studied using chiral perturbation theory
[20], which would yield fair estimates for meson momenta
O(100 MeV), typical of the regime of interest here. Using
chiral perturbation formalism [20], we obtain the follow-
ing baryon number preserving, AB = 0, interactions of
the proton p and the neutron n with pions and the 7

D+ F F-D
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Baryon number violating AB = 1 interactions are given
by [20)

Ly —ﬂclﬁ{nR—fi [%W+HTR (\/577—770)}}7(3)

where D = 0.80, F = 0.47, 8 = 0.012 + 0.0026 GeV?
[21], and fr ~ 92.2 MeV. Here, ¢; = 1/M? sets the



strength of baryon number violation in Eq. (1); pr and
ng denote right-handed projections of the proton and
neutron, respectively (see also Ref. [22]). In Eqs.(2) and
(3), we have left out terms that are not directly relevant
to our discussion. In Eq. (3), the first term describes the
mixing of the neutron and X through the mass mixing
parameter fc; < my, whose effect on the spectrum can
be safely ignored.

We first examine the case where the mesons are emit-
ted on-shell in N — X +meson: p — X7+ andn — X7°,
Xn. If mx <€ MmN — Mmeson, then these decays will
effectively look like the standard nucleon decay N —
neutrino + meson, and it will be difficult to infer the ef-
fect of the interaction in Eq. (1). Hence, we will be mostly
interested in the range few x 100 MeV S my S my.

There are two contributions to N — X 4 meson. One
contribution arises from AB = 0 interactions in Ly, with
the outgoing nucleon mixing into X, via the first term
in £4. The other originates from AB = 1 couplings of
nucleons to mesons and X in £1. We find the rates
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where f(z,y) = (22 — y? + m%)/2,
mp +mx
A =14+-P "D+ F
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and B, can be obtained from A, by mx — —mx. We
also find

kg3 Dyl
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I (n— X¢)= (6)

Ai(ﬁ)mnmx} ,

where ¢ = 7°, 1 and kg = 1(3) for 7°(n). The expressions
for (A,q0,Byro) are obtained from those of A, and B,
with p — n, and (Ay,, Bnyy) can in turn be obtained from
(A0, Bpyro) with the substitution D+ F — (3F —D)/3.

With our assumptions, we can then approximate the
total width of the proton by I'(p — X#™). The width of
the neutron, bound in a nucleus, resulting from Eq. (1) is
to a good approximation given by I';, = I'(n — X7%) +
6(m, —mx —m,)I'(n - Xn).

In Fig.1, we have presented the resulting lifetimes of
p (solid) and n (dashed), for ¢;/? = M = 10'° GeV,
as a function of myx. The discontinuity in the neutron
lifetime curve signifies the #-function treatment of the n
threshold in the two-body decay. The typical nucleon
lifetime 7 comes out to be ~ 1032 yr, which is not far
from the current bounds on nucleon decay into meson
+ missing energy: T(p — wtr) > 1.6 x 103! yr [23]
and 7[n — 7%(n)r] > 1.12(1.58) x 1032 yr [24]. Those
bounds, however, are obtained under the assumption that
the missing energy comes from neutrinos and are subject
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7

FIG. 1: The lifetimes of nucleons p (solid) and n (dashed) as
a function of the dark fermion mass mx, assuming decay into

on-shell mesons, via the interaction in Eq. (1) with 0;1/2 =
M = 10"® GeV (for more details, see the text).

to specific kinematic cuts and selection criteria. Note
that in our setup mx does not need to be small and as
a result the meson can come out with low momentum,
which can lead to missed events. For instance, in the
Soudan 2 experiment, the pion momentum in p — 7o
was required to be between 140 and 420 MeV [23]. The
pion momentum for this process is about 459 MeV, but
simulations suggest that pions emerging from within the
iron nucleus, on average, lose about half their momentum
[23]. While the standard search cut can largely accom-
modate the momentum loss in the nuclear medium, for
p — X7" in our model the initial pion momentum can
be small enough that it may fall outside the range chosen
by the experiment. For example, with mx = 600 MeV,
initially we have p,+ =~ 251 MeV, half of which would be
too small to pass the above experimental cut on momen-
tum.

Due to its magnetic dipole moment, the neutron can
interact with a photon ~ [25], which in our scenario can
lead to n — X+. For a photon of momentum ¢, the
dipole interaction is given by

ie
2—%770“UQVF2(Q2)TLAW (7)

where e = V4w« is the electromagnetic coupling constant
and Fy(g?) is a form factor. In this work the photon is
on-shell, with ¢> = 0, and Fy(¢?) = F»(0) ~ —1.91 [26].
We find the decay rate

o 2] F5(0)?

L(n = Xv) = 16 m2 m3
p n

(my, —m%).  (8)
Note that, compared to the rates in Eqgs. (4) and (6), the
above rate is suppressed by ~ 47w (fr/myp)? ~ 1073, For
example, with 01_1/2 =10'% GeV, as in Fig.1, and mx =
700 MeV, we obtain 7(n — X7) ~ 1.2 x 103 yr and
nucleon decay will typically be dominated by X 4 meson
final states.



For my — mx < my, three-body nucleon decays
through off-shell pion states 7* are quite suppressed and
we find that the leading nucleon decay channel will be
n — X ~. We present the rate for n — X 7% — X~y
in the appendix, as it constitutes the main off-shell me-
son channel. To see this, note that whereas the neu-
tral pion 7° decays electromagnetically at 1-loop, the
charged pion 7+ (from proton decay) can only decay
through weak interactions suppressed by the heavy W
mass. For cfl/2 = 10" GeV and my = 840 MeV, we find
T(n — Xv7y) =~ 7.1 x 104 yr, from Eq. (A.13), whereas
T(n = X7v) ~ 2.2 x 10% yr, from Eq. (8), well above
the current bound on 7(n — v7y) > 2.8 x 103! yr [26].
If pions cannot be emitted on-shell and n — X « is the
main nucleon decay channel, cfl/ 2 2 10'* GeV could be
allowed by current bounds. Note also that the photon
energy here is typically softer than in n — v+, which can
affect the efficiency of the search.

The Effect of Dark Forces: So far, we have ignored the
dark sector interactions of X. However, for a variety
of reasons, one may expect the presence of dark forces
that act on X. For example, if X is asymmetric DM
there needs to be a mechanism to annihilate (X, X) pairs
efficiently. This can be achieved in a minimal fashion by
introducing a gauged U(1)4, mediated by a vector boson
Zq of mass mz, < mx [11] that couples to X. The
vector Zg is assumed to interact with the visible sector
weakly, for example through kinetic mixing [27] of U(1)q4
with U(1)y hypercharge, parametrized by ¢ < 1, which
will be assumed in what follows (for simplicity, we will
ignore possible Z-Z; mass-mixing effects [28-30]). Such
light vector bosons have also been invoked [31, 32] as a
possible explanation for the deviation of the measured
muon g — 2 from the SM expectation [26] and are subject
of various experimental searches [10].

Let us examine the consequences of introducing a
U(1)q charge for X. For Opy in Eq. (1) to be gauge
invariant, we assume that only the X chirality of X has
charge Q4 under U(1)4. This leads to a new nX Z; inter-
action in our model through n-X mixing in Eq. (3), and
provides a mechanism for n — X Z;. We will mainly con-
sider the case with m,, —mx > myz,, since decay through
off-shell Z, is significantly suppressed by ae? (see the
appendix). Assuming that there are no U(1)4 charged
states of mass < mg,/2, kinetic mixing typically yields
O(1) branching fractions for Zg — ¢t¢~, with ¢ = e, u.
Treating n-X mixing as a mass insertion, we obtain the
spin-averaged squared amplitude for n — X Z,4

+ (pn Pz, ) (px Pz,)
2 mQZ

9
m2 —m% > (9)

5 (Qd gdﬁclmx>2 [px.pn
d
where g4 is the U(1)y coupling constant and the 4-

momenta are labeled in obvious notation in the scalar
products. Ignoring terms of O(mQZd), the associated de-

cay rate can be written as

2 2 2 2

8 mi/Q K= Mz,
(10)

where oy = g3/(4n) and p% = m?2 £ m%.

For m,, — mx > myo,mgz,, we typically find that
n — X7° and n — XZ4 can give comparable rates.
For example, if Qq = 1, ag = «, cfl/2 = 10 GeV,
mx = 700 MeV, and myz, = 50 MeV, we have 7(n —
X70) =~ 3.4 x 103 yr while 7(n — X Z4) ~ 1.7 x 1033 yr,
from Eq. (6) and Eq. (10), respectively.

With myo > m, —mx > mgz,, the n - XZ; channel
can be dominant and have a larger rate than n — X+~.
For instance, if we raise myx to 840 MeV in the preceding
example, we find 7(n — X Z,) ~ 2.3x 103 yr and 7(n —
X7v) =~ 2.2 x 10% yr from Eq. (8). Here, the rate for
n — X Z4 dominates over n — X+, as long as Q% aq 2
10~2a. With O(1) branching fraction for Z; — ¢4,
the relevant bound is 7(n — ete~v) > 2.6 x 1032 yr [26],
suggesting cfl/Q 2 5x 10" GeV for Q%ag = a. However,
in our case the signature is a distinct dilepton resonance
at the Z; mass. Note that if Z; decayed invisibly in this
example, the dominant nucleon decay mode would be
entirely invisible and subject to the bound 7(n — 3v) >
5 x 1026 yr [26] which would imply ¢; /% > 2 x 1012 GeV.

A few comments on the preceding discussion are in
order. First of all, the second term in Eq. (10) seems
to diverge as myz, — 0. However, in a physical theory
this will not be the case. For example, if the mass of
Zq4 originates from the vacuum expectation value of a
scalar ¢ with U(1)q charge Qq = 1 then mz, ~ ga(®).
Since Xpg in Eq. (1) has no dark charge but X, does,
myx x (¢) and as (¢) — 0 the second term in Eq. (10)
is finite. Alternatively, if Xr were charged under U(1)q4,
then ¢; « (¢) in order for Opy to be gauge invariant

and terms that scale as 1/ mQZd would again be finite as
2
d )

(¢) — 0. In either case, if gg — 0 only the term oc m,
associated with the Goldstone boson, survives.

Secondly, if X is a significant component of DM, then
direct detection limits from Ref. [6] constrain its electron
scattering cross section o, < 10737 cm?, at 90 % CL. In
that case, if the Z; couples to the SM through kinetic
mixing [27], then the mixing parameter is constrained by
e S 1073 [7] for mz, ~ 100 MeV. We note that, for this
range of mz, values, the decay length for Z; — ¢4~ will
be <1 m [28], as long as € 2 1076, and hence typically
contained within the experimental fiducial volume.

To summarize, sub-GeV states X from a dark sec-
tor, such as dark matter or right-handed neutrinos, may
have baryon number violating couplings to the SM sec-
tor, suppressed by a high scale. Nucleons could then
decay into X with dominant rates, potentially measur-
able at current or planned experiments. These decays
can have kinematical features quite distinct from those



of standard search processes containing a neutrino. The
differences in kinematics also imply that existing event
selection criteria may not be sensitive to our signals, al-
lowing looser bounds than those implied by current anal-
yses. We pointed out that if X couples to a low mass
dark force carrier Z; then a new neutron decay mode
n — X Z4 can emerge in our scenario and possibly dom-
inate nucleon decays. If Z; kinetically mixes with the
photon, one typically expects Zg4 to decay into charged
leptons with O(1) branching fraction.

In conclusion, nucleon decay can potentially provide an
interesting probe of dark sector states, even when they
have tiny couplings to the visible sector or negligible cos-
mic abundance and other approaches are impractical.
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APPENDIX

To calculate n — X 7% — X~7v, we need the 70y
coupling, given by the Wess-Zumino-Witten term [34]

_ Nea
™ T 4r s

c e F,, Fyo (A.11)
with N, = 3 the number of quark colors and F),, the
electromagnetic field strength tensor. Then, using Eqgs.
(2), (3), and (A.11), we find the following differential

decay rate

K2 \/(uz_ + 8y4)2 —4Am2s,,

dl'(n — X~7)
dsy~ B 21273 m3
2
x —— o [x1 (13 — $44) + 222 mumx] (A12)

(Syy — mw0)2

as a function of the di-photon invariant mass s, = mgw,
where k = aficy/(2nf2), x1 = A2 o + B2 ,, and 22 =

B2 , — A2_,. The decay rate is then given by

(mn=mx)®qP(n = X
7Y
I(n— Xvyv) = / ds~~ %
0 Sy

(A.13)

For completeness, we will also give the rate for n —
X 0T¢~, via an off-shell Zy, for my —mx < mz,, though
this process is typically negligible. The differential decay

rate, as a function of the T/~ invariant mass s, is given
by

T (n — X0+07)

dspy 247m3

Q% aqac? <6012mx)2(A'14)

i

ut + se(p3 — 2s00)
_ 2 \2
(80 —miz,)

)

X \/(uz_ + 800)% — Am2 spe

and the decay rate is obtained from I'(n — X{T¢7) =
2
Jlmn =) g dT(n = X€H) [dse.
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