
Dark matter catalyzed baryon destruction

Yohei Ema ,
1,2,*

Robert McGehee ,
1,†

Maxim Pospelov,
1,2,‡

and Anupam Ray
2,3,§

1
William I. Fine Theoretical Physics Institute, School of Physics and Astronomy, University of Minnesota,

Minneapolis, Minnesota 55455, USA
2
School of Physics and Astronomy, University of Minnesota, Minneapolis, Minnesota 55455, USA

3
Department of Physics, University of California Berkeley, Berkeley, California 94720, USA

(Received 5 June 2024; accepted 10 December 2024; published 3 January 2025)

WIMP-type dark matter may have additional interactions that break baryon number, leading to induced

nucleon decays which are subject to direct experimental constraints from proton decay experiments. In this

work, we analyze the possibility of continuous baryon destruction, deriving strong limits from the dark

matter accumulating inside old neutron stars, as such a process leads to excess heat generation. We

construct the simplest particle dark matter model that breaks the baryon and lepton numbers separately but

conserves B − L. Virtual exchange by DM particles in this model results in dinucleon decay via nn → nν̄

and np → neþ processes.
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I. INTRODUCTION

The Standard Model (SM) of particle physics has done a

remarkable job of understanding the subatomic cosmos as

it exists today. Despite its immense success, there are a

number of key concerns, and one such concern is the

observed excess of matter to antimatter which essentially

requires baryon-number-violating (BNV) interactions [1].

Baryogenesis is the dynamical process of generating the

preponderance of matter over antimatter, and several

scenarios for it exist within various extensions of the

SM. On the experimental front, no observations of the

BNV interactions in the laboratory have been achieved,

resulting in, e.g., tight upper bounds on the lifetime of the

proton and the neutron-antineutron oscillation.

Remarkably, the SM thermal processes during the electro-

weak epoch of the early Universe are believed to greatly

enhance the BNV processes without contradicting stringent

limits from proton decay [2,3].

Dark matter (DM) represents another great mystery, as its

identity remains unknown, despite a variety of experimental

and theoretical efforts. The closeness of the DM and baryon

energy densities (within a factor of ∼5) has generated some

speculation that DM-genesis and baryogenesis may in fact

be related (see, e.g., Refs. [4–9] for a representative set of

ideas). Popular scenarios include assigning some dark

particles a baryon number, so that the process of baryo-

genesis may be thought of as the process of secluding the

baryon number inside the SM sector and the antibaryon

number in the DM sector [6].

In this paper, we would like to take a step back from

concrete scenarios of baryogenesis, and ask a question:

What if DM had BNV interactions?
1
This opens an

interesting possibility of OðGeVÞ energy release in inter-

actions of DM particles with baryons. This is in contrast

with the elastic scattering of baryons and DM particles,

where the energy release is typically limited to tens of keV

or less. The goal of our paper is to explore a continuous

process of DM-catalyzed destruction of the baryon number.

In the past, several studies addressed the phenomenological

consequences [18–20] of grand unified theory (GUT)

monopole-induced breaking of the baryon number

[21,22]. While GUT monopole masses are limited to scales

ofOð1016 GeVÞ, a generic DMmodel can have an arbitrary

mass scale. In this paper, we focus on DM composed of

weakly interacting massive particles (WIMPs), and we

endow them with small BNV interactions. Since the WIMP

abundance can be many orders of magnitude larger than

that of GUT monopoles, BNV signatures can be far more

pronounced.

For example, the WIMP BNV interactions can play a

significant role in the early Universe at temperatures

above the WIMP mass when its abundance is thermal.
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For other ideas connecting nucleon-number-changing proc-

esses with dark sector physics, see, e.g., Refs. [10–17].
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At these temperatures, other BNV interactions are active:

electroweak sphalerons break Bþ L while conserving

B − L. It is well understood that if other processes break

B − L, any preexisting baryon asymmetry may be com-

pletely washed out [23,24].

While the threat of total baryon number erasure is known

to have caveats [25], we use it to limit the scope of our

paper to (B − L)-preserving BNV interactions. In this case,

the symmetry-breaking pattern of DM-baryon interactions

is the same as that of the sphalerons, and many conven-

tional baryogenesis scenarios based on nonzero B − L
asymmetry (such as leptogenesis [26]) will work without

major complications. Therefore, we will not consider n̄ − n
oscillations, nn annihilation to pions, or other BNV

processes that violate B − L.
One of the key consequences of such BNV processes is

nucleon destruction: χ þ N → χþ Energy. More specifi-

cally, if a DM particle χ could destroy nucleons (while

preserving B − L),

χ þ n → χ þ ν̄ and=or χ þ p → χ þ eþ; ð1Þ

then the signals we might see today would be striking.

Incoming DM could triggerOðGeVÞ energy releases inside
large-volume neutrino detectors such as Super-

Kamiokande (SK) [27]. Captured DM particles could also

catalyze a continuous energy release in old, cool neutron

stars (NSs), as schematically shown in Fig. 1. Moreover,

the presence of BNV interactions may have consequences

for processes without on-shell DM particles. Even if

kinematics forbids tree-level proton decays, the presence

of BNV interactions could allow higher-loop proton decays

through virtual DM particles.

For concreteness, we consider two DM species, χ1
and χ2, with χ2 slightly heavier, but nearly degenerate

masses (to avoid stringent terrestrial BNV constraints; see

Sec. III B). Because of the BNV interactions, χ1 can destroy

nucleons via χ1 þ p=n→ χ2 þ eþ=ν̄, and (i) result in a

novel heating mechanism in cold NSs, and (ii) release a

detectable amount of energy inside large-volume neutrino

detectors, such as SK. In order to continue this process, χ2
needs to decay/oscillate back to χ1 on a relatively short

timescale. Oscillations, for example, can be realized via

χ1-χ2 mass mixing. In this way, χ2 gets effectively

“recycled”—i.e., it efficiently converts back to χ1, and

the nucleon destruction via BNV processes continues.
2
We

emphasize that this oscillation is not the only option; we

can instead have a decay of χ2 back to χ1. To make our

general discussion independent of specific choices, we

work in the oscillation basis, not in the mass basis,

in Sec. II.

In this paper, we explore each of these striking signals of

BNV DM in turn. Section II describes the main physics

idea, without specifying the model details. In Sec. II A, we

estimate the approximate bound coming from neutron

destruction in SK. In Sec. II B, we calculate the constraints

coming from heating NSs due to the DM-catalyzed neutron

destruction. There, we also summarize the basics of DM

capture in NSs.

Next, we detail a simple toy model of DM in Sec. III as a

concrete realization of our idea. The toy model allows us a

concrete comparison of the constraints derived in Sec. II

with terrestrial constraints on BNV processes where DM

particles appear virtually in the loop. In particular, we see

that the introduction of two components, χ1 and χ2, allows

us to avoid stringent terrestrial BNV constraints while

preserving interesting signals inside NSs.

Finally, we conclude with some discussions of other

possible unusual DM interactions in Sec. IV.

II. ESTIMATE OF SUPER-KAMIOKANDE

CONSTRAINT AND NEUTRON STAR HEATING

A. Constraint from Super-Kamiokande

The promising signals of DM-induced BNV interactions

inside large-volume neutrino detectors such as SK have

long been recognized [29,30]. While these same inter-

actions could occur in large dark matter experiments, they

are always above threshold in the much larger neutrino

detectors, which are thus more constraining. In our model,

the following processes can occur inside the SK fiducial

volume:

χ1 þ p → χ2 þ eþ; ð2Þ

χ1 þ p → χ2 þ eþ þ ð1- to -6Þπ: ð3Þ

FIG. 1. Schematic diagram for DM-catalyzed baryon destruc-

tion inside a NS.

2
For this recycling to occur, it is crucial to have an actual BNV

interaction. This is in contrast to the model in, e.g., Ref. [28],
where one can assign a baryon charge to the dark sector so that
the total baryon number is conserved.
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Any process that annihilates a proton may also lead to the

emission of pions.
3
We concentrate on the pion-less process

for simplicity, noting that the cross sections for Eq. (3)

could be comparable to Eq. (2). Without yet specifying any

DM model, we denote the cross section times the relative

velocity for such process as vσBNV. Then, the rate of these
positron-producing events in SK is

RSK ¼ ρχ

mχ

× vσBNV × NSK
p ; ð4Þ

where ρχ ¼ 0.4 GeV=cm3 is the local DM energy density,

NSK
p ¼ ð5=9Þ × ð22.5 kT=mnÞ is the total number of pro-

tons inside the fiducial volume of SK [27], and mn is the

mass of the nucleon. If neutrons are considered as initial

targets, either the antineutrino is emitted as in Eq. (1), or the

charge is compensated by the additional pion release,

χ1 þ n → χ2 þ eþ þ π−. The former is less interesting in

the context of a SK signal, while the latter has a somewhat

reduced phase space. However, it has a more symmetric

energy deposition, leading to less background, and will be

constrained by the most sensitive nucleon decay searches.

The proton’s conversion to a positron [Eq. (2)] is very

similar to the electron-like event due to the charged-current

interaction of atmospheric neutrinos ðνe þ ν̄eÞ. The latter is
a well-established signal, with a rate of ∼2 events/day [31],

and less thanOð1Þ event per day if a proper energy window
around mp is selected. For the most conservative estimate,

one may simply compare the rate in Eq. (4) to 2 events/day.

Of course, an additional π0 ðχ1 þ p → χ2 þ π0 þ eþÞ
would result in more symmetric events with three elec-

tron-like rings reconstructing mp and significantly fewer

background events. Assuming the background is ∼25×

lower for events with the π0, we can set a very tight limit by

demanding fewer than 30 events/year (as shown in Fig. 3).
4

However, we see below that, even with this rather aggres-

sive treatment of the SK bound, the NS heating (discussed

in the next subsection) provides a much greater sensitivity

to the BNV interactions. Therefore, we primarily focus on

probing BNV interactions via NS heating.

B. Constraint from neutron star heating

The flux of galactic halo DM particles through astro-

physical bodies such as stars can result in DM accumu-

lation due to occasional interactions with the stellar

material [32–35]. In the optically thin regime (for small

DM-nucleon scattering cross sections), compact stars such

as NSs are the ideal targets for DM searches, as they can

capture significant amounts of DM particles despite small

cross sections. This is simply because, in this regime,

capture primarily occurs via single collisions, and the

largest column density of nucleons can be encountered

in a NS, resulting in a very efficient capture process,

even for a relatively small scattering cross section.

Quantitatively, a solar-mass NS (residing in the Solar

neighborhood) with a typical radius of 10 km can capture

DM particles ∼7 × 104 times more efficiently than the Sun

for the same DM-nucleon interactions.

If DM has BNV interactions, the captured DM particles

inside a NS can destroy the neutrons to yield neutrinos,

liberating heat, and resulting in a novel heating mechanism

of cold NSs. More specifically, we are interested in the

following process:

χ1 þ n→ χ2 þ ν̄ and χ2 → χ1: ð5Þ

We assume that the mass difference between χ1 and χ2 is

negligible compared to mn so that the neutrino has energy

∼mn. Since NSs are opaque to neutrinos of GeV-scale

energy, the liberated energy is consumed by the NSs and

heats them up. Since we expect that the main consequence

of BNV interactions is catalyzed heat production in NSs,

the coldest NS observed to date, PSR J2144 − 3933 [36],

potentially has the most constraining power. For this

particular NS, we assume its radius ðR⋆Þ ¼ 11 km, mass

ðM⋆Þ ¼ 1.4M⊙, surface temperature ðT⋆Þ ¼ 2.85 eV (T⋆

is reported to be ≤2.85 eV; we take the largest value to be

conservative), and lifetime (t⋆) ≈300 Myr [36,37].

To estimate the heat generation, we first calculate the

number of DM particles captured over the lifetime of the

NS. GeV–PeV DM particles get trapped inside the NS after

a single collision [38,39]. Therefore, if the DM particles do

not annihilate among themselves, the number of DM

particles captured in the NS is [38]

Nχ1
¼ ϵcap

ffiffiffi

6

π

r

ρχ

mχ

πR2
⋆v̄

v2esc

v̄2

�

1 −
1 − e−A

2

A2

�

t⋆; ð6Þ

where ϵcap ¼ Min½1; σχn=σth� is the capture efficiency,

which depends on the DM-nucleon scattering cross sec-

tions (σχn). σth ¼ πR2
⋆=Nn ¼ 2.3 × 10−45 cm2 denotes the

threshold cross section up to which the single-collision

approximation is valid. For mχ ≤ 106 GeV, the threshold

cross section also implies that all of the transiting DM

particles get trapped, and the geometric capture limit is

reached. We assume that the average velocity of the DM

particles in the Galactic halo is ðv̄Þ ¼ 220 km/s, and the

ambient DM density in the vicinity of the NS is

ðρχÞ ¼ 0.4 GeV=cm3. The escape velocity at the NS sur-

face is taken as vesc ¼ 1.8 × 105 km=s, and the dimension-

less factor involving A2 ¼ 6mχmnv
2
esc=v̄

2ðmχ −mnÞ2
accounts for inefficient momentum transfers in the

3
The process in Eq. (3) is limited to six pions simply due to

kinematics.
4
This is aggressive, since by requiring an additional π0 in the

final state, we expect that the cross section gets suppressed
compared to the original σBNV of the process (2); see, e.g., the
analysis of Ref. [28].
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DM-nucleon scattering. For DM masses below ∼106 GeV,

the dimensionless factor involving A2 evaluates to unity,

and as a result, the number of captured DM particles scales

inversely with the DM mass. However, for mχ ≥ 106 GeV,

the kinematic suppression becomes important, and the

factor evaluates to A2=2, leading to Nχ1
∝ 1=m2

χ . We

neglect possible general-relativistic corrections of the

capture rate, which can enhance the capture rate by at

most a factor of 2 [40].

The heating rate from neutron destruction is

dEheat

dt
¼ Nχ1

× vσBNV × nnmn; ð7Þ

wherenn is theneutron number density inside theNS.While a

more careful analysis would account for the non-

uniform density of neutrons within NSs, we assume that a

uniform neutron density in Eq. (7) is sufficiently

accurate to capture the physics for this initial study. Notice

that this novel heating mechanism inside NSs is drastically

different from the heating via captured DM annihilation

[35,40,41] or kinetic energy transfer [42,43]. In those cases,

the energy injection is limited by the total energy density of

the DM accumulated inside the NS, which is significantly

smaller. For mχ ¼ 100 GeV and σχn ¼ σth, the heating rate

via DM annihilation (kinetic energy transfer) is

∼3.2 × 1034ð∼0.9 × 1034Þ eV=s. ForDM-catalyzed nucleon

destruction, the heating rate scales linearly with the BNV

interaction strength and is ∼2.6 × 1047 eV=s for

σBNVv=c ¼ 10−50 cm2; see Fig. 2. This relatively large

heating rate simply arises from the fact that in the BNV

scenario, the energy is provided by the mass of the neutrons,

and neutrons are much more abundant than the captured DM

particles. Typically, a NS can accumulate a maximum of

Oð10−16ÞM⊙ mass throughout its lifetime, which is signifi-

cantly smaller than the total mass of the neutrons.

Old NSs can be treated as blackbodies that cool

according to the classical Stefan-Boltzmann law [44].

Therefore, their cooling rate may be approximated by

dEloss

dt
¼4πR2

⋆σSBT
4
⋆

¼6.4×1038
eV

s

�

R⋆

11 km

�

2
�

T⋆

2.85 eV

�

4

; ð8Þ

where σSB is the Stefan-Boltzmann constant. Here, we

stress that, even with the coldest observed NS, the heating

rate via DM annihilation (or via kinetic energy transfer) is

not sufficient to induce any observable effect, whereas, in

the case of DM-catalyzed baryon destruction, the heating

rate causes observable temperature increases in cold NSs

(see Fig. 2). Therefore, the nonobservation of any anoma-

lous heating of cold NSs provides a novel way of probing

DM BNV interactions. We obtain the constraint on BNV

interactions shown in Fig. 3 by simply demanding

that dEheat=dt ≤ dEloss=dt.

III. A SIMPLE TOY MODEL

While one could frame the discussion in terms of the

overall DM-nucleon BNV cross sections, in this section, we

would like to take this topic further and construct a simple

model that realizes DM BNV physics. The model will give

us some idea of whether the experimental/observational

sensitivity derived in the previous section is actually

realistic in terms of model parameters. Moreover, a con-

crete model allows comparison between on-shell DM

scattering with BNV processes where DM particles appear

virtually in the loop processes.

We now describe a concrete realization of the above

physics. We would like to emphasize that the model below

is not unique, but is rather one in a wide family of

possibilities, chosen here for its relative simplicity. There

are three key ingredients: (i) BNV interactions between

nucleons and DM, (ii) elastic interactions between nucleons

and DM to capture DM efficiently in NSs,
5
and (iii) a mass

mixing between χ1 and χ2 to recycle χ1’s in NSs. These

DM annihilation

Cooling rate of the

coldest observed NS

BNVv/c = 10–55 cm2

BNVv/c = 10–50 cm2

n = th
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106

1035

1038
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m [GeV]

H
e
a
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n
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R
a
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[e
V
/s
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FIG. 2. The heating rates from the annihilation of accumulated

DM inside a NS and DM-catalyzed baryon destruction with

σvBNV=c ¼ 10−50 cm2 and 10−55 cm2. Since the total amount of

DM captured inside a NS is minuscule compared to the total mass

of the neutrons, the heating rate from DM annihilation is

significantly smaller. We use the typical NS parameters (see text

for details) to estimate the heating rates, and the DM-nucleon

scattering cross section is taken as σth ¼ 2.3 × 10−45 cm2 to

achieve the maximal accumulation. We note that M�=t� ¼ 1.7 ×

1050 eV=s for PSR J2144 − 3933 so that a larger σBNVv=c would
even cause an Oð1Þ destruction of the NS within its lifetime.

5
We assume that the DM is asymmetric in the current universe

to avoid annihilations induced by L2 in NSs.
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ingredients are provided by corresponding terms in our toy

model’s Lagrangian:

L ¼ L1 þ L2 þ L3; ð9Þ

where at the effective field theory level, we have

L1 ¼ GBNVχ̄2γμχ1 × ðeþγμpþ ν̄γμnÞ þ ðH:c:Þ; ð10Þ

L2 ¼ Gχðχ̄1γμχ1 þ χ̄2γμχ2Þðp̄γμpþ n̄γμnÞ; ð11Þ

L3 ¼ −
Δmχ

2
χ̄2χ1 þ ðH:c:Þ: ð12Þ

For simplicity, we assume isospin singlet couplings

between DM and nucleons and a universal coupling of

χ1 and χ2 to the nucleons in L2. The interactions in L1 by

themselves do not break baryon number (or, more pre-

cisely, Bþ L), as we can assign baryon charges to χ1
and χ2 that differ by unity. This is broken by the mass

mixing term in L3, indicating that any BNV processes

that do not involve χi’s in the initial or final states are

suppressed by the small mass mixing Δmχ=mχ . Indeed,

the main motivation for introducing two components,

χ1 and χ2, is to avoid stringent constraints from dinucleon

decay to a nucleon plus a lepton, as we see below.

In the following, we take the masses of χ1 and χ2 to equal

mχ , except for the small mass mixing arising from L3. We

focus on the case mχ ≳mn to prohibit the nucleon

decay N → χ̄1 þ χ2 þ eþ=ν̄.
We stress again that oscillations are not the only

possibility to convert χ2 back to χ1. A light scalar field

S could permit the decay χ2 → χ1 þ S. The neutron could

then also decay at one loop via n→ Sþ ν̄. We have

verified that these neutron decays could be sufficiently

slow and the χ2 decays sufficiently fast, but we will not

pursue further discussion of models based on the χ2 → χ1
decay.

A. Reaction rates

We now list the reaction rates expressed in terms of the

model parameters. The BNV cross section induced by DM,

χ1n→ χ2ν̄, is given by

σBNVv=c ¼ G2

BNVm
2
n

32π

ð2mχ þmnÞ2ð2m2
χ þ 4mχmn þ 3m2

nÞ
ðmχ þmnÞ4

ð13Þ
in the nonrelativistic limit of the initial particles. In the limit

mχ ≫ mn, it reduces to

σBNVv=c ¼ G2
BNVm

2
n

4π
: ð14Þ

The elastic scattering cross section required for the capture,

in the nonrelativistic limit, is given by

σχn ¼
G2

χ

π

m2
χm

2
n

ðmχ þmnÞ2
: ð15Þ

Numerically, we have

GBNV ≃ 2 × 10−11 GeV−2 ×

�

σBNVv=c

10−50 cm2

�

1=2

; ð16Þ

Gχ ≃ 3 × 10−9 GeV−2 ×

�

σχn

10−45 cm2

�

1=2

ð17Þ

for mχ ≫ mn, from which one can easily translate the

constraints on vσBNV to those on GBNV in Fig. 3 for given

Gχ and mχ . As we discussed, we introduced the mass

mixing Δmχ to convert χ2’s back to χ1’s to catalyze baryon

destruction inside NSs. For this conversion to be efficient,

we require the mass mixing timescale to be shorter than the

BNV timescale inside NSs:

Δmχ ≳ 0.3 fm−3 × σBNVv=c ð18Þ

or

FIG. 3. Constraints on DM BNV interactions from the

nonobservation of anomalous heating of the cold NS PSR

J2144 − 2933 (yellow shaded regions) for different DM-nucleon

scattering cross sections. Since the accumulation rate scales

linearly with the DM-nucleon scattering cross sections, con-

straints on BNV interactions become stronger with larger σχn, and

maximal sensitivity can be achieved for σχn ¼ σth (the geometric

accumulation rate). The dashed yellow curve corresponds to σχn
saturating the current direct-detection bound [45]. Constraints

from Super-Kamiokande (see text for more details) are also

shown by the blue shaded region.
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Δmχ

mχ

≳ 6 × 10−28

�

100 GeV

mχ

��

σBNVv=c

10−50 cm2

�

: ð19Þ

As we will see in the next subsection, this condition is

easily satisfied while evading terrestrial constraints on the

BNV interactions.

Comparing the typical sensitivity one can derive from

NS heating (Fig. 3) with the predictions of Eq. (14), one

may conclude that BNV coupling constants as low as

GBNV ∝ 10−10 ×GF can be probed. While this looks

impressive, we note that this level of sensitivity does not

automatically mean that very high energy scales (e.g., 5

orders of magnitude above the weak scale) are being

probed. This is because the BNV operator involving the

proton field, Eq. (10), is necessarily composite, involving

three quark fields. In fact, the suppression from compos-

iteness is quite significant, and a likely UV completion of

Eq. (10) would have to involve a combination of heavy

colored particles as well as lighter neutral subelectroweak

scale fields [10].

B. Dinucleon decay 2N → N + e+ =ν̄

In our model, an important constraint comes from the

dinucleon decay process 2N → N þ eþ=ν̄. The amplitude

is suppressed by one mass mixing parameter, Δm. To

compute this process, we go to the mass basis. The mass

matrix is

Lmass ¼ −

�

χ̄1 χ̄2

�

�

mχ Δmχ=2

Δmχ=2 mχ

��

χ1

χ2

�

: ð20Þ

Redefining the fields as

�

χ1

χ2

�

¼ 1
ffiffiffi

2
p

�

1 1

−1 1

��

χ−

χþ

�

ð21Þ

diagonalizes the mass matrix:

Lmass ¼ −m−χ̄−χ− −mþχ̄þχþ; ð22Þ

where m� ¼ mχ � Δmχ=2. In this mass basis, our toy

model’s Lagrangian in Eq. (9) becomes
6

L¼LmassþGχðχ̄−γμχ−þ χ̄þγμχþÞðp̄γμpþ n̄γμnÞ

þGBNV

2

X

i;j¼�
λijχ̄iγμχjðeþγμpþ ν̄γμnÞþðH:c:Þ; ð23Þ

where λ−− ¼ λ−þ ¼ −1 and λþ− ¼ λþþ ¼ 1. In this basis,

both the χþ and χ− eigenstates violate the baryon number.

This does not mean, however, that Δm ¼ mþ −m− can be

taken to zero, while still preserving repeated BNV scatter-

ing. Due to the appearance of a coherent jχþi − jχ−i state
in the final state of the BNV scattering, the sequence

terminates, and one needs a Δm-induced decoherence,

preferably satisfying condition (19), for a repetition of the

BNV scattering. In other words, in this basis, the loss of

coherence enhances the efficiency of the BNV process,

unlimited by the captured DM number.

Addressing ΔB ¼ 2 processes, we notice that the can-

cellation happens between the i ¼ j and i ≠ j terms,

resulting in Δm2
χ suppression, while for ΔB ¼ 1 processes,

the i ¼ j terms cancel with each other, resulting in Δmχ

suppression.

Since we take Δmχ to be small, we focus on the ΔB ¼ 1

process 2N → N þ eþ=ν̄. The relevant amplitude is dia-

grammatically given by

ð24Þ

where we focus on nn→ nν̄. In the small mass mixing limit

and m2
n ≪ m2

χ , we obtain

iM ≃ CNNNl × ½ūnðp3Þγαunðp1Þ�½ūν̄ðp4Þγαunðp2Þ�; ð25Þ

CNNNl ¼
im2

n

24π2
Δmχ

mχ

GBNVGχ ; ð26Þ

where we note that there is a cancellation between the first

and second diagrams. Since we deal with a nonrenorma-

lizable theory, on top of the loop contribution computed

above, we have the freedom to include higher-dimensional

operators by hand that induce nn→ nν̄. In this sense, the

numerical coefficient in the above should be understood as

only indicative. From this amplitude, we obtain the cross

section

vσðnn → nν̄Þ ¼ 32

215π5

�

Δmχ

mχ

�

2

G2

BNVG
2
χm

6
n: ð27Þ

Converting the cross section to the nucleon decay rate

inside a nucleus in principle requires the knowledge of the

nucleon wave function. Instead, we may perform a simple

estimate of the rate by multiplying the cross section by the

nuclear density [46],

Γðnn → nν̄Þ ∼ 0.12 fm−3 × vσðnn → nν̄Þ; ð28Þ

to obtain

6
One may instead start from this Lagrangian. In this basis,

there is no oscillation between χ�, but it does not affect our story,
since both χ� can destroy baryons, as is clear from the second line
in Eq. (23).
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τðnn → nν̄Þ ∼ 1016 yrs ×

�

mχ

Δmχ

�

2

×

�

10−50 cm2

σBNVv=c

��

10−45 cm2

σχn

�

: ð29Þ

Without the two species χ1 and χ2 (or χ�), the rate contains
a UV log divergence instead of the suppressing factors of

Δmχ=mχ and is severely constrained.

In this dinucleon decay process, a neutron is converted to

a neutrino, and thus it leaves a hole in the nuclear shell.

Refilling the shell in nuclei such as 12C or 16O will result in

detectable signals for leading neutrino observatories.

Moreover, the outgoing neutron gets ∼mn=4 kinetic energy
and is ejected from the nucleus. This may leave an

additional signal by, e.g., the Gd capture inside SK, or

via pþ n→ Dþ γ reaction in various hydrocarbon-based

neutrino detectors. To the best of our knowledge, there is no

experimental search looking for this specific decay mode.

Thus, we just use the invisible decay searches in

Refs. [47–51], assuming that the ejected neutron does

not leave visible signals. By requiring that τðnn→ nν̄Þ >
1.4 × 1030 yrs [50], we obtain an upper bound onΔmχ=mχ :

Δmχ

mχ

≲ 10−7

�

10−50 cm2

σBNVv=c

�

1=2
�

10−45 cm2

σχn

�

1=2

: ð30Þ

Comparing this to Eq. (19), the terrestrial BNV processes

can easily be avoided while having sufficiently fast χ2 → χ1
conversion, or equivalently fast decoherence of the final

state χ�. While strong mass degeneracy Δmχ=mχ ≪ 1 may

look like an additional fine-tuning, the universality of

interaction L2 will not contribute to the mass splitting,

and small Δmχ will remain technically natural in the limit

of small BNV processes.

Additionally, this constraint excludes Δmχ=mχ ∼Oð1Þ,
necessitating the two components, χ1 and χ2, to suppress

the BNV. On top of nn → nν̄, we can also have visible

modes such as pp→ peþ and pn → eþn depending on the

DM couplings to the protons, but these modes do not affect

our conclusion that we can avoid the terrestrial BNV

constraints by the suppression from the mass mixing.

We would like to comment that the nn→ nν amplitude

will also lead to n→ π0ν decays with additional loops.

While more loops may lead to a smaller answer, the

nucleon loops could effectively replace the nuclear density

in Eq. (28) by a UV scale associated with the nucleon loop,

which is likely to coincide with the hadronic scale of

∼1 GeV. This may lead to event rates for the nucleon decay

competitive with Eq. (29). A more precise comparison of

nucleon decay and dinucleon annihilation can be achieved

in UV-complete models, where the underlying quark loops

can be properly evaluated. For the interplay of UV

completion and loop-induced BNV processes, see, e.g.,

the recent work [52].

While precise answers are challenging to obtain in our

incomplete framework, one can nevertheless estimate the

transmutation of Eq. (25)’s amplitude into a single nucleon

decay N → lπ, of which the most important ones are, of

course, p → π0eþ and n → π−eþ. Integrating out a pair of

nucleons in the amplitude [Eq. (25)] results in an operator

of a type ν̄γαn∂απ. A simple estimate carried out with the

help of chiral perturbation theory suggests that a corre-

sponding amplitude scales as

CNπl ∼ CNNNl ×
Λ
2

hadr

16π2fπ
∼ CNNNl ×Oð50 MeVÞ; ð31Þ

where fπ is the pion decay constant, and Λhadr ∼mn is the

maximum scale of validity of such treatment. Notice that

the symmetries of the problem ensure that CNπl is sup-

pressed by the same parameters as CNNNl, notably Δm of

the χ sector. Since the resulting scale in the above estimate

(31), ∼50 MeV, is very similar to a typical nuclear scale,

the rate for the single nucleon decay is expected to be on the

order of τ−1ðnn → nν̄Þ, Eq. (29). We also note that

depending on the exact model of BNV interaction, the

actual amplitude may be suppressed, such as, e.g., ðN̄lÞ□π,

resulting in Oð100Þ suppression of a single nucleon decay.

(On the other hand, experimental sensitivity to p → π0eþ

will be superior to any other nucleon decay/annihilation

mode). Exact analysis of the interplay between nucleon

semiannihilation, NN → Nl, and nucleon decay, N → πl,
may be of interest for future studies. At this point, we

conclude that the single-nucleon decays cannot signifi-

cantly strengthen the constraint (30), and therefore they do

not challenge the DM-induced BNV interactions, leaving

the neutron star physics to be the most significant

constraint.

IV. DISCUSSION AND CONCLUSIONS

We have considered the possibility that the baryon

number is broken by the interactions of DM with the

SM. Since there are a large number of possibilities for DM,

we have concentrated on a WIMP-like DM with mass not

too far from the electroweak scale. Moreover, this BNV can

occur in a variety of ways. In this paper, we have

considered a “minimal” possibility where the BNV inter-

actions still conserve B − L, and therefore have the same

symmetry as the SM sphaleron processes. It is also clear,

albeit not exploited in our paper, that the dark sector and

BNV can be used to drive baryogenesis. One simple idea is

to transfer the fermion-antifermion asymmetry from the

dark sector to baryons [8,53]. But perhaps an even more

appealing idea is to dynamically generate the baryon

asymmetry using the DM BNV interactions after SM

sphalerons stop. We plan to return to this topic in

future work.

The main consequences of SM-DM BNV interactions

can be analyzed in quite general terms, appealing only to
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the elastic and BNV cross sections. Without any elastic

cross sections between DM and the nuclei, one could use

neutrino telescope results to constrain DM-induced nucleon

destruction. In particular, SK shows that for 10 GeV DM,

BNV interactions cannot induce cross sections larger

than 10−49 cm2 × ðc=vÞ.
If DM has even minuscule elastic scattering cross

sections with nuclei, BNV interactions are very tightly

constrained by NSs. Old NSs are interesting objects, where

most particles are locked deep inside the Fermi sea, unable

to absorb or emit heat. At that late stage of NS existence,

the process of cooling occurs through the thermal radiation

from the NS surface, and any additional process that

releases heat in the NS volume would lead to larger surface

temperatures. We apply this logic to the BNV processes on

captured DM, finding extremely tight constraints on the

nucleon disintegration cross section. The strongest con-

straints are found in the situation when the elastic scattering

of DM leads to its capture by a NS, and for DM annihilation

being “switched off,” perhaps by particle-antiparticle

asymmetry in the dark sector. The tiniest levels of BNV

cross sections can be probed that way down to values of

∼10−59 cm2 × ðc=vÞ. Notably, the disintegration of bary-

ons is allowed to continue in perpetuity, and the amount of

energy release per one captured DM particle can exceed its

rest mass by many orders of magnitude. This explains why

old NSs can serve as a very powerful probe of the SM-DM

BNV interactions, while not currently being sensitive to the

process of DM capture and annihilation, as the maximum

energy per annihilation process in the latter case is 2mχ .

It is also clear that diagramswith virtual exchange by DM

sector particles can lead to bona fide nucleon decay. To

explore one such possibility, we formulated an effectiveDM

model of two nearly degenerate fermions χ1 and χ2. The

BNV parameter in this model can be traced back to the mass

mixing of χ ’s. The amplitude for induced nn → nν̄ proc-

esses is proportional to Δm. Consequently, the constraints

imposed by nucleon decay leave a lot of room for the BNV-

induced heating of NSs at a small end of Δm. We conclude

by noting that a dedicated search of nucleon semiannihila-

tion nn→ nν̄ and np → neþ is interesting to perform, and

the results may improve the quality of the SK bounds

inferred here. At the same time, future theoretical work is

required to illustrate better the interplay between the nucleon

semiannihilation and the single nucleon decay, as well as

their connection to the UV-complete models of BNV.
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