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ppm. In parallel, the precision of the Standard Model 
calculation is expected to improve to a level nearly 
commensurate with experiment. The key contribution 
arising from quantum fluctuations of a photon into 
hadrons will be addressed via two independent theo-
retical methods. If the improved Standard Model theo-
retical estimate evolves toward agreement with the ex-
perimental value, then this result will strongly constrain 
possible new physics scenarios. Conversely, if the 
central values of theory and experiment remain stable, 
then this precision test will suggest new physics.

Weak nuclear force

Precision studies of electroweak interactions consti-
tute one of the major frontiers in subatomic physics 
and may soon reveal tears in the Standard Model 
fabric. Nuclear physics experiment and theory pro-
vide an excellent landscape to search for addition-
al, more feeble contributions to the weak interaction 
that could signal new physics in our universe. Stan-
dard Model weak interactions are responsible for 
quarks changing their identities, which is the basis 
for nuclear transmutation. The nuclear weak forces 
are characterized by their symmetry properties—two 
components, labeled vector and axial vector, denote 
how they transform under parity inversion. Other 
hypothetical weak interactions such as scalar and 
tensor forces may also be present as small contribu-
tions. Such contributions can be observed as small 
deviations of the predicted behaviors of beta decay 
products. An intensive effort by the fundamental 
symmetries community is motivated by the possibili-
ty for clean Standard Model theoretical predictions in 
these decay processes, thus enabling high-precision 
experimental searches for BSM effects.

We highlight three priorities in precision Standard 
Model tests to be explored in the beta decays of neu-
trons, nuclei, and mesons: 

1. To firmly and consistently establish the largest ele-
ment of the Cabibbo–Kobayashi–Maskawa (CKM) 
matrix with precision of a few parts in 10,000 in 
both neutron and nuclear decay.

2. To search for tensor and scalar components of the 
weak interaction with sensitivity similar to comple-
mentary processes at the LHC.

3. To perform the most stringent test of the lepton 
universality of weak interactions (i.e., electrons 
and muons participate in weak disintegrations with 
identical strength) by studying rare pion decays.

Furthermore, parity-violating electron scattering 
(PVES) can determine the full extent and validity 

calculations of neutron-to-proton couplings relevant 
for neutron beta decay have reached percent-level 
precision, and new radiative corrections to this ratio 
were identified. Looking to the future, it will be es-
sential to further improve the theoretical predictions 
of beta decays using complementary techniques and 
explore BSM scenarios that may be responsible for 
the CKM tension, should it persist. 

Free neutron decay is a theoretically clean approach 
to precisely determine Vud because it is not subject 
to large nuclear structure-dependent corrections. A 
competitive determination of Vud from neutron de-
cay requires experimental uncertainties of 0.03% 
in the ratio of weak axial-vector to vector coupling 
strengths and 0.3 second precision in the neutron 
lifetime. Upcoming neutron decay experiments 
will measure the ratio of coupling strengths to less 
than 0.1%. The neutron “a” and “b” (Nab) experiment 
at SNS will attain 0.04% precision, and a proposed 
modest upgrade, called pNab, aims to reach 0.02%. 
Plans are underway to upgrade the existing Ultracold 
Neutron Asymmetry (UCNA) experiment at LANL to 
UCNA+ with an upgraded detector package and high-
er UCN densities now available for sensitivity com-
parable to Nab. 

Discordant measurements of the neutron lifetime 
(Figure 6.7, right) are another vexing anomaly in 
precision Standard Model tests. The beam method, 
which measures neutron decays in flight by count-
ing the decay products, has obtained a larger value 

of the Standard Model electroweak interaction and 
search for new physics from MeV to TeV scales 
by comparing measurements well below the elec-
troweak symmetry–breaking scale to accurate 
theoretical calculations.

6.5.1.1. Nuclear and Neutron Beta Decay
Studies of beta decay are powerful probes of BSM 
physics thanks to the extreme precision and accuracy 
that can be achieved in both theory and experiment. 
Beta decay observables such as total decay rate, 
electron energy spectra, and angular correlations be-
tween emitted particles carry information about the 
nature and properties of the underlying weak force 
mediator. Weak interactions in the Standard Model 
are mediated by the W boson, a particle with mass 
about 80 times larger than that of the proton. Pre-
cision studies of beta decays can reveal the imprint 
of new feeble forces, including scalar and tensor 
forces, associated with hypothetical carriers much 
heavier than the W boson. Such contributions would 
be observed as small deviations from Standard Mod-
el predictions. Conclusions from these studies are 
often independent of a particular model; therefore, 
they facilitate evaluating the increasing landscape of 
anomalies in precision Standard Model tests. Figure 
6.7 illustrates some anomalies that involve nuclear 
and neutron decays.

One such anomaly concerns discrepant determina-
tions of elements of the so-called CKM matrix, which 
describes how quarks change flavor through weak 
interactions like beta decay. The CKM matrix is uni-
tary in the Standard Model, meaning that the up- to 
down-quark interaction strength (Vud

2) and the up- to 
strange-quark interaction strength (Vus

2) should add 
to unity. Observed violations of CKM unitarity would 
imply BSM physics. The left plot in Figure 6.7 demon-
strates the issue. Concordant measurements consis-
tent with Standard Model requirements of CKM uni-
tarity would have all the colored bands intersecting in 
a single region that includes the unitarity constraint 
(black line): the squares of the elements should add 
to one. The first and largest CKM matrix element, Vud, 
is determined by nuclear and neutron beta decay. 
The so-called superallowed beta decay dataset has 
been refined after decades of careful work, yielding 
the most precise result for Vud with net uncertainty 
of 0.03%.

The bands in the left panel of Figure 6.7 rely on both 
experimental and theoretical input. Since the last 
Long Range Plan, new theoretical analyses of the in-
terplay of electromagnetic, strong, and weak interac-
tions in beta decay have been the key driver leading to 
the tension in the unitarity test. Similarly, lattice QCD 

compared with UCN traps that count surviving neu-
trons after some holding time. These two leading 
methods disagree by 10 s (almost 5 standard de-
viations)—a serious stumbling block to improved 
overall precision. Planned US-based neutron lifetime 
experiments will be able to resolve the beam–bottle 
neutron lifetime discrepancy and improve the glob-
al uncertainty in the neutron lifetime to less than 0.3 
s. The UCNτ experiment recently obtained the most 
precise measurement of the free neutron lifetime, 
with uncertainty of 0.35 s, and its upgrade UCNτ+ 
will use a new adiabatic transport technique to load 
its magnetic trap to approach 0.1 s precision. The 
UCNProbe experiment at LANL will employ a novel 
hybrid beam–bottle method to directly address the 
discrepancy. The Beam Lifetime 3 (BL3) experiment 
at NIST is a next-generation beam experiment that 
will exhaustively explore and test systematics of the 
method with much higher statistics and will obtain 
better than 0.3 s precision on the lifetime. 

During the last Long Range Plan period, significant 
investments in rare-isotope beam (RIB) production 
capabilities as well as dedicated development of 
measurement techniques have enabled studies that 
can probe new physics at the tens of teraelectronvolt 
energy scale—complementary to, and even higher 
than, the LHC at the European Organization for Nu-
clear Research (CERN). Improved limits on tensor 
weak forces in helium-6 and lithium-8 decay using 
the ATLAS Beta Paul Trap have achieved less than 

Figure 6.7. Current anomalies in nuclear and neutron decay. (top) Measurements of the CKM matrix elements Vud and Vus 
using nuclear, neutron, and two types of kaon decays (red, pink, green, and blue, respectively). The yellow ellipse is a global 
fit, and the black line represents the relationship assuming CKM unitarity. In a world of harmonious experiments described 
by the Standard Model, these should all intersect at a single point. Something is amiss. (bottom) Most recent and/or precise 
measurements of the neutron lifetime. Measurements using trapped UCNs (red squares and green triangles; red band 
shows the average) determine a significantly shorter lifetime than beam-based measurements (blue squares and band). 
The observed discrepancy of 10 s could not be explained with known theory [28]. 

The Neutron Lifetime Puzzle
What if neutrons were to decay invisibly?

[Recall early suggestion: Z. Berezhiani & “mirror neutrons’’ & 2019; note Broussard et al., 2022!]

 [Figure Credit: NSAC LRP, 2023 [Albert Young]]
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by the recent a measurements. Ultimately, any solution to the neutron lifetime anomaly
using new physics is required to be compatible with the measured V � A structure of the
SM currents.

1.250 1.255 1.260 1.265 1.270 1.275 1.280 1.285
|�|

0.965

0.970

0.975

0.980

0.985

0.990

|V
u
d
|

aCORNaSPECT

P
E

R
K

E
O

II
I

Superallowed � decays

CalLat

FLAG

�n bottle

�n beam

Figure 2. The SM correlation between the CKM matrix element |Vud| and the axial vector to vector
coefficient ratio |l| = |gA/gV | is presented utilizing the averaged neutron lifetime values from bottle
(blue) and beam (green) methods given in Figure 1. This figure includes radiative corrections as
per [45]. Vertical bands illustrate |l| measurements from aSPECT [65] (light green), aCORN [67] (light
blue), and PERKEO III [62] (light purple). The measured value of Vud via superallowed nuclear tran-
sitions is shown by a red band [56]. Additionally, lattice values of gA are shown comprising the 2021
FLAG average for Nf = 2 + 1 + 1 flavors [68] and the 2019 results from the CalLat collaboration [70].

1.2. From Anomalies to Dark Matter and the Cosmic Baryon Asymmetry
Although astronomical observations speak to the existence of dark matter that is

(i) stable or nearly so on Gyr time scales [13,14], (ii) possessive of no substantial strong or
electromagnetic charge [71], and (iii) engenders an “inside-out” formation of large-scale
structure [7], many different sorts of dark matter candidates are possible [72,73], and they
can impact astrophysical observations at small scales differently [74]. It is intriguing that
the contributions of baryonic matter and of dark matter to the present cosmic density
parameter W0 are not too dissimilar, with the fraction in baryonic matter being some 20%
of the dark matter one [13]. Perhaps, then, dark matter is asymmetric [75,76]—much as
baryonic matter is—thereby suggesting that the two effects could share a common origin.
That possibility could be realized through a dark cogenesis model [77–79], and interestingly
there is also a connection between such models and a dark decay model of the neutron
lifetime anomaly [28], thereby yielding the dark decay n ! cg, where c is a fermion with a
baryon number of B = 1. This connection is concrete, even if the ultimate numerical impact
of the n ! cg decay rate on the neutron lifetime anomaly finally turns out to be small. Dark
cogenesis models can act in counterpoint to other popular mechanisms, such as via weak-
scale supersymmetry—in the latter, the severity of permanent EDM searches for the electron
and neutron limit the possible phase space severely [80]. In contrast, the B mesogenesis [78]
mechanism and its variants [32,79,81–84] do not require sources of CP violation beyond
the SM to operate, and they are, moreover, testable mechanisms of baryogenesis [85]. The
schematic illustration of B mesogenesis is presented in Figure 3. The branching ratio
for B ! Bc̄ decay cannot be too small [86], and experimental constraints exist from

SM Tests & Neutron Dark Decays
“Living’’

“Dead”

= |gA/gV |
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Neutron Dark Decays
Modeled to solve the n lifetime puzzle 

[Fornal & Grinstein, 2018]

Thus τnbeam   = τnbottle / Br(n→p + anything)

Select  mass window to avoid proton decay ( )

& nuclear stability constraints: 

χ |ΔB | = 1
937.993 MeV < mχ < 939.565 MeV

The operator O generally gives rise to proton decay via
p → n! þ eþ þ νe, followed by the decay of n! through the
channel (a) or (b), and has to be suppressed [20]. Proton
decay can be eliminated from the theory if the sumofmasses
of particles in the minimal final state f of neutron decay, say
Mf, is larger than mp −me. On the other hand, for the
neutron to decay,Mf must be smaller than the neutronmass;
therefore, it is required that mp−me<Mf<mn.
In general, the decay channels (a) and (b) could trigger

nuclear transitions from ðZ; AÞ to ðZ; A − 1Þ. If such a
transition is accompanied by a prompt emission of a state f0

with the sum of masses of particles making up f0 equal to
Mf0 , it can be eliminated from the theory by imposing
Mf0 > ΔM ¼ MðZ; AÞ −MðZ; A − 1Þ. Of course, Mf0

need not be the same as Mf, since the final state f0 in
nuclear decay may not be available in neutron decay.
For example, Mf0 < Mf when the state f0 consists of a
single particle, which is not an allowed final state of the
neutron decay. If f0 ¼ f, then f0 must contain at least
two particles. The requirement becomes, therefore,
ΔM < minfMf0g ≤ Mf < mn. The most stringent of such
nuclear decay constraints comes from the requirement of
9Be stability, for which ΔM ¼ 937.900 MeV; thus,

937.900 MeV < minfMf0 g ≤ Mf < 939.565 MeV: ð2Þ

The condition in Eq. (2) circumvents all nuclear decay
limits listed in PDG [8], including the most severe
ones [21–23].
Consider f to be a two-particle final state containing a

dark sector spin 1=2 particle χ. Assuming the presence
of the interaction χn, the condition in Eq. (2) implies that
the other particle in f has to be a photon or a dark sector
particle ϕ with mass mϕ < 1.665 MeV (we take it to be
spinless). The decay χ → pþ e− þ ν̄e is forbidden if

mχ < mp þme ¼ 938.783 MeV: ð3Þ

Provided there are no other decay channels for χ, Eq. (3)
ensures that χ is stable, thus making it a DM candidate. On
the other hand, if χ → pþ e− þ ν̄e is allowed, although
this prevents χ from being the DM, its lifetime is still long
enough to explain the neutron decay anomaly. In both
scenarios, ϕ can be a DM particle as well.
Without the interaction χn, only the sum of final state

masses is constrained by Eq. (2). Both χ and ϕ can be DM
candidates, provided jmχ −mϕj < mp þme. One can also
have a scalar DM particle ϕwith massmϕ < 938.783 MeV
and χ being a Dirac right-handed neutrino. Trivial model-
building variations are implicit. The scenarios with a
Majorana fermion χ or a real scalar ϕ are additionally
constrained by neutron-antineutron oscillation and dinu-
cleon decay searches [24,25].
Model-independent analysis.—Based on the discussed

experimental constraints, the available channels for the
neutron dark decay are n → χγ, n → χϕ, n → χeþe−, as

well as those involving additional dark particle(s) and/or
photon(s).
Neutron → dark matter þ photon.—This decay is

realized in the case of a two-particle interaction involving
the fermion DM χ and a three-particle interaction including
χ and a photon, i.e., χn; χnγ. Equations (2) and (3) imply
that the DM mass is 937.900 MeV < mχ < 938.783 MeV
and the final state photon energy

0.782 MeV < Eγ < 1.664 MeV: ð4Þ

We are not aware of any experimental constraints on such
monochromatic photons. The search described in [26–28]
measured photons from radiative β decays in a neutron
beam; however, photons were recorded only if they
appeared in coincidence with a proton and an electron,
which is not the case in our proposal.
To describe the decay n → χγ in a quantitative way, we

consider theories with an interaction χn and an interaction
χnγ mediated by mixing between the neutron and χ. An
example of such a theory is given by the effective Lagrangian

Leff
1 ¼ n̄

!
i=∂ −mn þ

gne
2mn

σμνFμν

"
n

þ χ̄ði=∂ −mχÞχ þ εðn̄χ þ χ̄nÞ; ð5Þ

where gn ≃ −3.826 is the neutron g factor, and ε is the
mixing parameter with dimension of mass. The term
corresponding to n→χγ is obtained by transforming
Eq. (5) to the mass eigenstate basis and, for ε≪mn−mχ,
yields

Leff
n→χγ ¼

gne
2mn

ε
ðmn −mχÞ

χ̄σμνFμνn: ð6Þ

Therefore, the neutron dark decay rate is

ΔΓn→χγ ¼
g2ne2

8π

!
1 −

m2
χ

m2
n

"
3 mnε2

ðmn −mχÞ2

≈ ΔΓexp
n

!
1þ x
2

"
3
!

1 − x
1.8 × 10−3

"!
ε½GeV'

9.3 × 10−14

"
2

;

ð7Þ

where x ¼ mχ=mn. The rate is maximized when mχ
saturates the lower bound mχ ¼ 937.9 MeV. A particle
physics realization of this case is provided by model
1 below.
The testable prediction of this class of models is a

monochromatic photonwith an energy in the range specified
by Eq. (4) and a branching fraction ΔΓn→χγ=Γn ≈ 1%.
A signature involving an eþe− pair with total energy
Eeþe− < 1.665 MeV is also expected, but with a suppressed
branching fraction of at most 1.1 × 10−6.
If χ is not a DM particle, the bound in Eq. (3) no longer

applies, and the final state monochromatic photon can have
an energy in a wider range

PHYSICAL REVIEW LETTERS 120, 191801 (2018)

191801-2

ϕ → e+e−

n → χγ ; also n → χ(ϕ → e+e−)Enter

At low E: 

Many constraints! But  still possible!Γn dark ≫ Γ|ΔB|=1

B-carrying scalar! 


N.B. connection to low-scale cosmic baryogenesis!



5

A Cosmic Baryon Asymmetry 
Via electroweak baryogenesis (& a SFO EWPT!)3

<ϕ> = 0
<ϕ> = 0

<ϕ> = 0

<ϕ> = 0

Figure 1. Expanding bubbles of the electroweak-broken phase within the
surrounding plasma in the electroweak-symmetric phase.

Figure 2. Baryon production in front of the bubble walls.

2. These asymmetries diffuse into the symmetric phase ahead of the bubble wall, where they
bias electroweak sphaleron transitions [15, 16] to produce more baryons than antibaryons.

3. Some of the net baryon charge created outside the bubble wall is swept up by the expanding
wall into the broken phase. In this phase, the rate of sphaleron transitions is strongly
suppressed, and can be small enough to avoid washing out the baryons created in the first
two steps.

We illustrate these three steps in figure 2.
These EWBG steps satisfy explicitly the three Sakharov conditions for baryon

creation [17]. Firstly, departure from thermodynamic equilibrium is induced by the passage
of the rapidly expanding bubble walls through the cosmological plasma. Secondly, violation of
baryon number comes from the rapid sphaleron transitions in the symmetric phase. And thirdly,
both C- and CP-violating (CPV) scattering processes are needed at the phase boundaries to
create the particle number asymmetries that bias the sphalerons to create more baryons than
antibaryons.

All the ingredients required for EWBG are contained in the Standard Model (SM).
Unfortunately, EWBG is unable to explain the observed baryon asymmetry within the SM alone.
The first impediment is that the SM EWPT is first-order only if the mass of the Higgs boson

New Journal of Physics 14 (2012) 125003 (http://www.njp.org/)
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Figure 1. Expanding bubbles of the electroweak-broken phase within the
surrounding plasma in the electroweak-symmetric phase.
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Figure 2. Baryon production in front of the bubble walls.

2. These asymmetries diffuse into the symmetric phase ahead of the bubble wall, where they
bias electroweak sphaleron transitions [15, 16] to produce more baryons than antibaryons.

3. Some of the net baryon charge created outside the bubble wall is swept up by the expanding
wall into the broken phase. In this phase, the rate of sphaleron transitions is strongly
suppressed, and can be small enough to avoid washing out the baryons created in the first
two steps.

We illustrate these three steps in figure 2.
These EWBG steps satisfy explicitly the three Sakharov conditions for baryon

creation [17]. Firstly, departure from thermodynamic equilibrium is induced by the passage
of the rapidly expanding bubble walls through the cosmological plasma. Secondly, violation of
baryon number comes from the rapid sphaleron transitions in the symmetric phase. And thirdly,
both C- and CP-violating (CPV) scattering processes are needed at the phase boundaries to
create the particle number asymmetries that bias the sphalerons to create more baryons than
antibaryons.

All the ingredients required for EWBG are contained in the Standard Model (SM).
Unfortunately, EWBG is unable to explain the observed baryon asymmetry within the SM alone.
The first impediment is that the SM EWPT is first-order only if the mass of the Higgs boson

New Journal of Physics 14 (2012) 125003 (http://www.njp.org/)

[Morrisey & Ramsey-Musolf, 2012]

EWSB

EDM limits constrain

this mechanism!
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“B-Mesogenesis’’
E.g., new dark sector fermion  [ ] with ….ψB χ̄ B = − 1

[Elor, Escudero, Nelson, 2019; 
Elor & McGehee, 2021;…]

Different

variants!


Note!

via dark sector co-genesis — an “EDM safe” mechanism!
A Cosmic Baryon Asymmetry 

Visible & dark sectors have opposite B charge

[N.B. Davoudiasl & Mohapatra, 2012]

ξ

Here


no 
0.937993 GeV < mχ < 1.07784 GeV

χ̄ → p̄π−
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searches using BaBar data, with improvements expected from Belle-2 [87]. To generate the
noted decays, new scalars ought to exist as well, and they can be probed through collider
searches and through constraints from flavor physics [79,88]. Here, we discuss what further
constraints come from precision studies of neutron stars and their dynamics [36,37].

�
B̄0

q

B0
q �̄

�

Dark 
Sector

Figure 3. A schematic illustration of B mesogenesis [78]: a late-scale dark cogenesis model. Here, a
scalar F, produced out of equilibrium, decays and hadronizes to a B0

q B̄0
q pair, with q 2 d, s. The pair

mixes in the presence of CP violation, and, finally, a B meson decays preferentially to B ! Bc̄, which
is a baryon B—a dark antibaryon c̄ pair. Since c̄ carries B = �1, the Bc̄ final states do not break the
baryon number, yet this scenario produces a baryon asymmetry in the visible sector. The produced
c̄(c) decays to other dark sector states, thus preventing washout of the baryon asymmetry, with the
particles of the dark sector final states serving as dark matter candidates. Different dark sector choices,
that we note in text, differ in their impacts on the dynamics of a neutron star [37].

1.3. Constraints from Neutron Star Structure and Dynamics
Taken at face value, the difference in the beam and bottle lifetimes reflects roughly

a 1% change in the neutron decay rate—and if the neutron does decay via n ! cg or
n ! cf, where f is a scalar that could also decay via f ! e+e� [28], then the ability
to form a protoneutron star is impacted [33,34,89]. In particular, its maximum mass is
only some 0.7M�, which is in conflict with observations of neutron stars of much larger
masses. This constraint can be sidestepped in different ways, such as if c self-interactions
are included in the model, as also studied in [90] as an example. We note [91] in this volume
for a discussion of neutron star constraints on dark scalar boson production in this context.
Here, rather, we focus on the new physics channels with dark fermions, particularly with a
baryon-number-carrying particle c and the connections of this possibility to models that
describe dark matter and baryon asymmetry. In this context, c must decay, though not
to antibaryons, to avoid a washout of the baryon asymmetry, and the size of the realized
baryon asymmetry relies on the rate of B ! c̄B. Here then, the neutron dark decay rate can
be smaller and thus be in accord with neutron star observations. It thus would not explain
the full size of the neutron lifetime anomaly, but constraints on its size are useful in that
they can be interpreted in terms of limits on the flavor structure of the quark–dark baryon
couplings. Here we note that although c must decay to other dark particles, different
dark sector choices can be made. The precise energy loss constraints we are able to make
from the study of existing neutron stars are sensitive to those choices, and we will explain
how in Section 2. There are also dark decay models, such as the n ! 3c model of [92],
that we cannot constrain with the methods we review in this paper, though that model
is constrained by the would-be agreement between the decay correlations and the bottle
lifetime, should the anomaly in the a and A determinations of l (or gA) be resolved.

In what follows, we discuss, in turn, the effects of the existence of dark sectors on
stars and, particularly, how neutron stars can constrain models of neutron dark decays,
how computations of particle processes in dense matter are important to determining those

Avoid washout:

Baryon
Out 

of  

Equilibrium

CP Violation 
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Simple, “UV-Complete” Models of B-Mesogenesis

ℒY2
3

⊃ − ydadb
ϵαβγYα

2
3
dβ

a dγ
b − yχuc

Yα *
2
3

χcuα
c + h . c . ,

ℒY− 1
3

⊃ − yuadb
ϵαβγYα

− 1
3
uβ

a dγ
b − yχdc

Yα *
− 1

3
χcdα

c + h . c .

ℒdark ⊃ yd χ̄ϕBξ + h . c .

[Elor, Escudero, Nelson, 2019; Alonso-Alvarez et al., 2022;…]

Supposing low-scale, out-of-equilibrium B production 

Contain a B-carrying scalar or vector

Y2
3

: (3̄,1,
2
3 )Enter: (SU(3) x SU(2)L x U(1)Y)

Y− 1
3

: (3̄,1, −
1
3 )Or:

Plus:

! τn anomaly

proton decayOr….
p → e+π0

[N.B. leptoquark models: Fajfer & Susic, 2021]

How to constrain the couplings? Enter neutron stars! 



At lower energies…

 

— to induce visible-dark baryon mixing 
𝒪abc = uadbdc χ

8

Dark Decay Models
Minimal ingredients, considered broadly 

[Alonso-Alvarez et al., 2022]

Oabc ¼ uadbdcχ; ð1Þ

where, schematically, u (d) is an up- (down-)type quark of
flavor labeled by the subindex, and χ is a fermionic dark
sector state (but not necessarily the dark matter particle
itself). The existence of such operators implies that the
dark sector particle χ interacts with hadrons, which can give
rise to several interesting effects beyond the Standard
Model (SM).
Neutron lifetime anomaly and mesogenesis. In recent

years, several proposals have triggered interest in dark
baryonic sectors interacting with the SM via operators in
Eq. (1). First, it has been pointed out that a dark decay of
the neutron can resolve the long-standing neutron lifetime
anomaly [25] (see also [26] for related works). Second, a
new set of low-scale baryogenesis models has been recently
put forward [27–34], in which a crucial ingredient are
decays of hadrons into dark sector baryons triggered by
operators in Eq. (1). These low-scale baryogenesis scenar-
ios are collectively referred to as mesogenesis. One may
argue that, given that the dark decay of the neutron requires
one specific variation of the operators in Eq. (1) involving
only first-generation quarks, while mesogenesis models
need different ones involving heavy flavors, both para-
digms are in principle unconnected. However, in the
absence of any concrete symmetry argument, all flavor
combinations of the operators in Eq. (1) are expected to be
present simultaneously. This leads to interesting connec-
tions between the aforementioned scenarios and phenom-
enological predictions regarding apparent baryon number
violating signatures in hadron decays [35–38].
Contrary to other dark matter candidates, GeV-scale

dark baryons remain largely unconstrained. For example,
studies of the neutron lifetime anomaly have broadly
showcased that the neutron may have a branching ratio to
dark sector states as large as 1% [25], whereas studies
of the B-mesogenesis paradigm [32] highlighted that B
mesons can have a branching ratio as large as 0.5% to
GeV-scale dark sector baryons (in stark contrast to other
modes, such as Bs → μþμ−, see, e.g., [39], for which
sensitivities at the level 10−9 have been reached). These
theoretical developments have triggered dedicated
searches for new neutron decay channels such as n →
χγ [40], n → χeþe− [41] and nuclear dark decays [42,43],
as well as searches for the decays of nonstandard b-
flavored hadrons at experiments like BABAR, Belle and
Belle-II [44], and LHCb [45,46].
Strangeness and dark baryon sectors. The discussion

above highlights the incipient developments in the study of
baryonic dark sectors interacting with first (u, d) and third
(b) generation quarks. Couplings to the second generation
have received much less attention [36–38], in part due to
the lack of direct phenomenological applications. However,
from a theoretical perspective one would expect that
baryonic dark sectors interact with all SM quark flavors.

As illustrated in Fig. 1, in this work we attempt to fill this
gap by considering the possible presence of GeV-scale
dark baryons in hyperon decays. This is a very timely
endeavour, since a large number of hyperons is currently
being produced and analyzed at BESIII [47,48], in eþe−

collisions with energy at the invariant mass of the J=ψ
resonance, and at LHCb [49]. In fact, the BESIII collabo-
ration has very recently reported a search for totally invisible
decays of Λ hyperons yielding BRðΛ → invisibleÞ < 7.4 ×
10−5 at 90% [50]. Moreover, there are plans to build a Super
Charm-Tau Factory which would considerably increase the
hyperon data sets with richer physical information provided
by polarized eþe− beams [51,52].
In this paper, we investigate all relevant aspects of

hyperon decays into GeV-scale dark sector particles. In
particular, we:

(i) Characterize all experimentally relevant decay
modes using the framework of chiral effective field
theory to reliably predict the relevant hadronic form
factors.

(ii) Derive astrophysical bounds on these new decay
channels from the duration of the neutrino signal
from supernova SN 1987A.

(iii) Obtain indirect bounds from LHC searches and
neutral meson oscillations on the colored bosons
needed to mediate the exotic hyperon decays.

In light of the combined bounds from the LHC and SN
1987A, we discuss the required sensitivities that the
searches at BES III and LHCb need to achieve in order
to test uncharted regions of parameter space. In addition,
we discuss the relevance of our results for mesogenesis and
the neutron lifetime anomaly.
Structure of this paper. Our work and results are divided

into the following sections:
Section II: Models and Effective Operators. We start by

compiling an exhaustive list of operators that can trigger the
decay of SM hadrons into dark sector baryons and their
possible UV completions.

Neutron decay anomaly

B-Mesogenesis

= u d d χ

= u d b χ
= u d s χ

Dark Decays of Hadrons

mDS ≲ mn
mDS ≲ mΛ
mDS ≲ mB

Neutron decay anomaly

B-Mesogenesis

= u d d χ

= u d b χ
= u d s χ

mDSmm ≲ mnm
mDSmm ≲ mΛm
mDSmm ≲ mBm

Dark Decays of Hadrons

FIG. 1. Phenomenology of various flavor variations of the dark
baryon χ—SM interactions. Couplings to first generation quarks
lead to a dark decay solution to the neutron lifetime anomaly,
while interactions with third generation quarks enable B-meso-
genesis. Interactions with second generation quarks lead to the
apparent baryon-number-violating signatures in hyperon decays
studied in this work. The maximum mass allowed for dark sector
particles (mDS) produced in the respective hadron decay is also
indicated.
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The operator O generally gives rise to proton decay via
p → n! þ eþ þ νe, followed by the decay of n! through the
channel (a) or (b), and has to be suppressed [20]. Proton
decay can be eliminated from the theory if the sumofmasses
of particles in the minimal final state f of neutron decay, say
Mf, is larger than mp −me. On the other hand, for the
neutron to decay,Mf must be smaller than the neutronmass;
therefore, it is required that mp−me<Mf<mn.
In general, the decay channels (a) and (b) could trigger

nuclear transitions from ðZ; AÞ to ðZ; A − 1Þ. If such a
transition is accompanied by a prompt emission of a state f0

with the sum of masses of particles making up f0 equal to
Mf0 , it can be eliminated from the theory by imposing
Mf0 > ΔM ¼ MðZ; AÞ −MðZ; A − 1Þ. Of course, Mf0

need not be the same as Mf, since the final state f0 in
nuclear decay may not be available in neutron decay.
For example, Mf0 < Mf when the state f0 consists of a
single particle, which is not an allowed final state of the
neutron decay. If f0 ¼ f, then f0 must contain at least
two particles. The requirement becomes, therefore,
ΔM < minfMf0g ≤ Mf < mn. The most stringent of such
nuclear decay constraints comes from the requirement of
9Be stability, for which ΔM ¼ 937.900 MeV; thus,

937.900 MeV < minfMf0 g ≤ Mf < 939.565 MeV: ð2Þ

The condition in Eq. (2) circumvents all nuclear decay
limits listed in PDG [8], including the most severe
ones [21–23].
Consider f to be a two-particle final state containing a

dark sector spin 1=2 particle χ. Assuming the presence
of the interaction χn, the condition in Eq. (2) implies that
the other particle in f has to be a photon or a dark sector
particle ϕ with mass mϕ < 1.665 MeV (we take it to be
spinless). The decay χ → pþ e− þ ν̄e is forbidden if

mχ < mp þme ¼ 938.783 MeV: ð3Þ

Provided there are no other decay channels for χ, Eq. (3)
ensures that χ is stable, thus making it a DM candidate. On
the other hand, if χ → pþ e− þ ν̄e is allowed, although
this prevents χ from being the DM, its lifetime is still long
enough to explain the neutron decay anomaly. In both
scenarios, ϕ can be a DM particle as well.
Without the interaction χn, only the sum of final state

masses is constrained by Eq. (2). Both χ and ϕ can be DM
candidates, provided jmχ −mϕj < mp þme. One can also
have a scalar DM particle ϕwith massmϕ < 938.783 MeV
and χ being a Dirac right-handed neutrino. Trivial model-
building variations are implicit. The scenarios with a
Majorana fermion χ or a real scalar ϕ are additionally
constrained by neutron-antineutron oscillation and dinu-
cleon decay searches [24,25].
Model-independent analysis.—Based on the discussed

experimental constraints, the available channels for the
neutron dark decay are n → χγ, n → χϕ, n → χeþe−, as

well as those involving additional dark particle(s) and/or
photon(s).
Neutron → dark matter þ photon.—This decay is

realized in the case of a two-particle interaction involving
the fermion DM χ and a three-particle interaction including
χ and a photon, i.e., χn; χnγ. Equations (2) and (3) imply
that the DM mass is 937.900 MeV < mχ < 938.783 MeV
and the final state photon energy

0.782 MeV < Eγ < 1.664 MeV: ð4Þ

We are not aware of any experimental constraints on such
monochromatic photons. The search described in [26–28]
measured photons from radiative β decays in a neutron
beam; however, photons were recorded only if they
appeared in coincidence with a proton and an electron,
which is not the case in our proposal.
To describe the decay n → χγ in a quantitative way, we

consider theories with an interaction χn and an interaction
χnγ mediated by mixing between the neutron and χ. An
example of such a theory is given by the effective Lagrangian

Leff
1 ¼ n̄

!
i=∂ −mn þ

gne
2mn

σμνFμν

"
n

þ χ̄ði=∂ −mχÞχ þ εðn̄χ þ χ̄nÞ; ð5Þ

where gn ≃ −3.826 is the neutron g factor, and ε is the
mixing parameter with dimension of mass. The term
corresponding to n→χγ is obtained by transforming
Eq. (5) to the mass eigenstate basis and, for ε≪mn−mχ,
yields

Leff
n→χγ ¼

gne
2mn

ε
ðmn −mχÞ

χ̄σμνFμνn: ð6Þ

Therefore, the neutron dark decay rate is

ΔΓn→χγ ¼
g2ne2

8π

!
1 −

m2
χ

m2
n

"
3 mnε2

ðmn −mχÞ2

≈ ΔΓexp
n

!
1þ x
2

"
3
!

1 − x
1.8 × 10−3

"!
ε½GeV'

9.3 × 10−14

"
2

;

ð7Þ

where x ¼ mχ=mn. The rate is maximized when mχ
saturates the lower bound mχ ¼ 937.9 MeV. A particle
physics realization of this case is provided by model
1 below.
The testable prediction of this class of models is a

monochromatic photonwith an energy in the range specified
by Eq. (4) and a branching fraction ΔΓn→χγ=Γn ≈ 1%.
A signature involving an eþe− pair with total energy
Eeþe− < 1.665 MeV is also expected, but with a suppressed
branching fraction of at most 1.1 × 10−6.
If χ is not a DM particle, the bound in Eq. (3) no longer

applies, and the final state monochromatic photon can have
an energy in a wider range

PHYSICAL REVIEW LETTERS 120, 191801 (2018)

191801-2

mediates n → χγ (or Λ → χγ)

CLAS, BESIII, 
SN1987A

limits from duration of SN1987A ν burst
Br(Λ → χγ) < 1.6 × 10−7
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BNV — Beyond the SM
Can be probed through observed breaking effects 

• BNV can be explicit. 
 ….       


• BNV can be apparent (entrained with dark sectors).
 ….               


• BNV can be spontaneous.                                     
massive mediator of gauged  or ….      

nn̄ oscillations ; nn → νν ; e−p → e+p̄

n → χγ; n → χχχ; nn → χχ

B or B − L
Implications for origins of the BAU, neutrino mass….

Enter neutron stars — as a BNV laboratory!

cf.  anomalyτn
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Neutron Star Schematic 
Observed neutron stars limit neutron dark decay models  

Observational studies 

illuminate structure


& dynamics….[Berryman, SG, & Zakeri, 2022; after Baym & Pethick, 1975]

Enormous 

baryon  

reservoir!

(∼1057)

Here: impact

of energy-loss 
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Conversely, when observations are sufficiently sensitive to possible BNV effects
(GBNV > sobs) and under the assumption that in degenerate cold neutron stars the hy-
drodynamic response rate exceeds the chemical rate (Ghyd > Gchem), we have the following:

I. The star is in both chemical and hydrostatic quasi-equilibrium if GBNV < Gchem. This
state warrants a quasi-equilibrium analysis, as developed in [36].

II. The star remains only in hydrostatic quasi-equilibrium if Gchem < GBNV < Ghyd. A hy-
drostatic equilibrium description is valid on short timescales (dt < G�1

BNV). However,
a complete reaction chain must be considered, as chemical equilibrium is absent in
the EoS.

III. The absence of both equilibria when GBNV > Ghyd requires comprehensive simulations
of the star’s hydrodynamic and chemical evolution.

Version November 21, 2023 submitted to Universe 11 of 31

Neutron Stars:
Dark Decay Pathways

Production Dominates

Mixed EoS
(Dark Particles)

GD < sobs GD > sobs

Static Effects

Depletion Dominates

Standard EoS
(No Dark Particles)

GP < sobsGP > sobs

Dynamic
GBNV = min(GP, GD) No Effects

GBNV > Ghyd Gchem < GBNV < Ghyd GBNV < Gchem

7 Chemical
7 Hydrostatic

7 Chemical
� Hydrostatic

� Chemical
� Hydrostatic

Figure 4. The potential pathways and resultant states stemming from dark particle decay in neutron
stars, dictated by production (GP) and depletion (GD) rates. Observational sensitivity (sobs) and the
star’s response rates—chemical (Gchem) and hydrodynamic (Ghyd)—further influence these pathways.
A departure from chemical and hydrostatic quasi-equilibrium necessitates numerical simulations
for precise stellar modeling, with the expectation that stars transition from non-equilibrium to a
quasi-equilibrium state over time.

space via its EoS. In this case, static limits such as the maximum mass of neutron stars can 390

be used to constrain the dark decays. 391

If neutron decay products such as c further decay or engage in annihilation leading to 392

particles that escape the star, the situation becomes dynamically complex. It’s important 393

to note that these depletion processes need not be direct; they may involve a series of 394

reactions. For instance, if c decays into leptons, it would explicitly violate the baryon 395

number conservation. This triggers a sequence of baryon-conserving reactions within the 396

neutron star. The resulting depletion of baryons manifests not only as neutrino emissions 397

but also contributes to the thermal energy and work done on the stellar fluid. In this case, 398

continuous neutron decays could dynamically influence neutron star properties over its 399

lifetime. Ongoing processes like these could lead to observable changes in neutron stars, 400

including modifications in thermal evolution, variations in pulsar spin, or alterations in 401

the orbital periods of binary pulsars. In this context, neutron stars offer an observational 402

platform for constraining and potentially revealing active dark decay processes. 403

Broadening our perspective, the overall influence of baryon dark decays on neutron 404

stars depends on the production (GP) and depletion (GD) rates of dark particles, as well 405

as the sensitivity (sobs) of neutron star observations. While the depletion mechanisms 406

themselves vary — manifesting as either the direct escape of dark particles from the 407

star or explicit BNV — the crucial factor in modeling these effects is their rate, with one 408

notable exception. The thermal evolution of a neutron star does require a more detailed 409

examination of the depletion mechanism, since it is influenced by the specific sequence of 410

reactions involved in the process. These diverse scenarios necessitate distinct computational 411

approaches, as depicted in Figure 4. 412

In cases where depletion (GD) exceeds production (GP), the star primarily comprises 413

Standard Model particles. Here, GP becomes the effective Baryon Number Violating (BNV) 414

rate to compare against sobs. Conversely, if production (GP) surpasses depletion (GD), dark 415

Figure 4. The potential pathways and resultant states stemming from neutron decays to dark final
states in neutron stars, which are dictated by production (GP) and depletion (GD) rates. Observa-
tional sensitivity (sobs) and the star’s response rates—chemical (Gchem) and hydrodynamic (Ghyd)
ones—further influence these pathways. A departure from chemical and/or hydrostatic quasi-
equilibrium (denoted by 7) necessitates numerical simulations for precise stellar modeling, with the
expectation that stars transition from a nonequilibrium to a quasi-equilibrium state over time.

Notably, in the quasi-equilibrium scenario (I.), baryon number conservation on short
timescales forms a key constraint in the derivation of its EOS. The primary distinction
between production- and depletion-dominated states lies in the inclusion or exclusion of
dark sector elements and the extended definition of the baryon number.

The quasi-equilibrium framework posits that if dark sector perturbations, such as
baryon decays, proceed at a slower rate than the star’s responses, the star will evolve
within an equilibrium configuration space defined by the EoS. In scenarios where dark
particle production dominates, this EoS incorporates the pertinent dark degrees of freedom.
Conversely, in cases where depletion prevails, the EoS remains akin to the standard for-
mulation, which is exclusive of dark sector influences. This approach effectively balances
the dynamical aspects of dark sector interactions against the inherent stabilizing mecha-

Neutron Stars & Dark Decays

Here:

but constrain


through

E loss



For a given EoS, the structure of a n star [ ] 

is fixed by its central energy density  as per the 
solution to the TOV equations & b.c.

Supposing   (quasi-equilibrium)

BNV implies that  changes, yet the resulting 
structure is fixed by BNC physics 

ε(r), p(r)
εc

ΓBNV < < Γweak
εc
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Neutron Stars to Limit BNV
Neglecting rotation &  that does not accumulate χ

Given a rate of change in B, we can predict changes 
in the macroscopic parameters of the star

[Berryman, SG, & Zakeri, 2022 & 2023]

Given these, we can limit microscopic (dark decay) 
models using relativistic mean-field theory….



13

Baryon Number Violation Astrophysical Limits
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M. Zakeri (Zaki) (UKY) BNV in NS (arXiv:2201.02637) November 9, 2022 14 / 52

Neutron Stars (with BNV)

EoS: CMF-1 [Dexheimer & Schramm, 2008]

Their structure moves along a one-parameter sequence 

typical

BNV
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Observable Signatures (BNV)
Model Independent Analysis Constraining BNV with NS

Observational Signatures

Spin Down: Change in the moment of inertia (I) could modify
the pulsar spin-down rate (Ṗs).

Binary Orbital Decay: Changes in the masses and spins of NS
components would modify the binary orbital period decay rate
(Ṗb).

Temperature: BNV would change the cooling history of NS by
generating direct and indirect (via chemical disequilibrium) heat.

M. Zakeri (Zaki) (UKY) BNV in NS (arXiv:2201.02637) November 9, 2022 32 / 52
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8 J. M. Weisberg and Y. Huang

Figure 3. The orbital decay of PSR B1913+16 as a function of
time. The curve represents the orbital phase shift expected from
gravitational wave emission according to General Relativity. The
points, with error bars too small to show, represent our measure-
ments.

a histogram of 1000000 derived ṖGR
b and inferred the

uncertainty therefrom.
Consequently, we find that

Ṗ intr
b

ṖGR
b

=
(�2.398± 0.004)⇥ 10�12

(�2.40263± 0.00005)⇥ 10�12
= 0.9983±0.0016.

(23)
This result demonstrates that the system is losing en-

ergy to gravitational radiation within ⇠ 1� of the rate
predicted by general relativity (see also Fig. 3 and the
red curve in Fig. 4). The above number represents a
significant improvement over the value determined by
WNT, 0.997 ± 0.002, which represented a 1.8� discrep-
ancy between our measurements and general relativity.
Interestingly, the new galactic parameters of Reid et al.
(2014) are the principal reason for the improvement (via
a change in Ṗ gal

b ), while our measured values themselves
changed little.
In addition to confirming general relativistic radiation

damping at this level, our result rules out large parameter
spaces in plausible scalar-tensor theories of gravity. In
recent years, however, other pulsars in neutron star-white
dwarf binary systems have overtaken PSR B1913+16 in
constraining these alternatives (Freire et al. 2012).
DD92 point out that this test is a “mixed” strong-

field probe in that it involves a combination of radiative
e↵ects (via Ṗ obs

b ) and quasi-static phenomena (through
h!̇i and �, whose values are needed in order to make a
prediction of the expected ṖGR

b ). Consequently, addi-
tional tests, such as those described in the next section,
that probe di↵erent aspects of strong-field gravitation,
are also useful in constraining viable alternatives to gen-
eral relativity.

5.2. Shapiro Gravitational Propagation Delay

Each of the two newly measured Shapiro parameters
represents another independent test of relativistic gravi-
tation. As with the Ṗb test of §5.1, the Shapiro tests also
require the complementary measurement of h!̇i and � in
order to make a testable prediction for the value of the
Shapiro parameters. In this case, unlike the Ṗb test, all
of the post-Keplerian quantities probe quasi-static phe-
nomena in strong fields. While Shapiro parameters have
already been measured in several other binary systems, it
is especially useful to constrain theories via systems such
as this one and PSRs B1534+12 and J0737-3039A, where
at least three “excess” post-Keplerian parameters beyond
h!̇i and � (one gravitational radiation parameter and
two Shapiro quantities) are measurable. Although the
precision of the binary pulsar Shapiro parameter mea-
surements is well below their measurement precision in
the weak solar gravitational field, it is this simultaneous
determination of several parameters in strong-field con-
ditions in each of these binary pulsar systems that leads
to the important constraints on relativistic theories of
gravitation.
In the DD formulation of the Shapiro delay within gen-

eral relativity, the Shapiro measurables s and r map di-
rectly onto sin i and m2, respectively. Hence we can test
General Relativity by comparing the Shapiro determina-
tion of sin i (⌘ s) with that determined from h!̇i and �
(called sin ih!̇i,� ; see §4.3):

s

sin ih!̇i,�
=

0.68+0.10
�0.06

0.7327± 0.0004
= 0.93+0.14

�0.07. (24)

Similarly, we can test General relativity by comparing
the Shapiro determination ofm2 (⌘ r M�/T�) with that
determined from h!̇i and �:

r M�/T�
m2;h!̇i,�

=
(1.95+0.55

�0.71) M�

(1.390± 0.001)M�
= 1.40+0.40

�0.51. (25)

The consistency (albeit with a rather low level of pre-
cision) of these Shapiro determinations of sin i and m2
with those measured via the other post-Keplerian terms,
and hence their confirmation of general relativity, is also
graphically depicted in Fig. 4. The Shapiro terms have
also been measured in several other binary pulsar sys-
tems with higher precision, and have also been shown to
be in agreement with general relativity.

6. CONCLUSIONS

We report here on the measurements and relativistic
analyses of 9309 TOAs in over thirty years of high-quality
Arecibo data on binary pulsar PSR B1913+16. We fit-
ted for a number of previously unmeasurable parameters
for the first time in this system (and in one case, for the
first time anywhere), which enabled us to significantly
advance our relativistic analyses of the system. We pro-
vide our newest measurents or derivations of all relevant
physical quantities of the binary system, with the excep-
tion of ⌦, the position angle of the line of nodes. We
rigorously ascertained the uncertainties in the fitted and
derived parameters. Having fully characterized the sys-
tem, we proceeded to use it in several tests of general
relativity in strong-field conditions.
We have measured a gravitational radiation-induced

Binary Pulsar PSR 1913+16

[Weisberg & Huang, 2016]

Discovered by Hulse & Taylor, 1974 

Precise

GR


Test!
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Pulsar Binary Orbital Decay 
Mass-loss induced change in period 

Model Independent Analysis Constraining BNV with NS

The dominant contributions to the observed relative rate of orbital
period decay [Damour and Taylor, 1991]:

 
Ṗb

Pb

!obs

=

 
Ṗb

Pb

!GR

+

 
Ṗb

Pb

!Ė

| {z }
intrinsic

+

 
Ṗb

Pb

!ext

. (14)

1 Gravitational radiation [Peters, 1964]

2 Mass-energy loss

3 Extrinsic e↵ects such as Doppler e↵ects caused by the relative
acceleration a binary pulsar with respect to the solar system

M. Zakeri (Zaki) (UKY) BNV in NS (arXiv:2201.02637) November 9, 2022 36 / 52

BNV here!

 (
·Pb

Pb )
·E

= − 2 (
·Meff

1 + ·Meff
2

M1 + M2 ) [Jeans, 1924; Huang, 1963]

[Note pulsar timing &  n-mirror n mixing: Goldman et al., 2019]

[Lazaridis et al., 2009]
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Neutron Stars to Limit BNV
Quasi-Equilibrium BNV

Parameterize the quasi-equilibrium change in an observable (O) as a
result of a change in B by

Ȯ

O
=

✓
B

O
⇥

@EcO

@EcB

◆

| {z }
b(O)

Ḃ

B
⌘ b(O)⇥

Ḃ

B
(3)

M. Zakeri (Zaki) (UKY) BNV in Pulsars June 20, 2023 11 / 31

Quasi-Equilibrium BNV

Quasi-equilibrium mass loss:

Ṁ e↵
⌘

d

dt

✓
M +

1

2
I⌦2

◆

= b(M)

 
Ḃ

B

!
M + b(I)

 
Ḃ

B

!✓
2⇡2I

P 2
s

◆

| {z }
BNV

�
4⇡2IṖs

P 3
s

,
(4)

M. Zakeri (Zaki) (UKY) BNV in Pulsars June 20, 2023 13 / 31

negligible
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Name J0348+0432 J1614�2230 J0737�3039A/B

Mp (M�) 2.01(4) 1.908(16) 1.338 185(+12,�14) [A]

Mc (M�) 0.172(3) 0.493(3) 1.248 868(+13,�11) [B]

Ps (ms) 39.122 656 901 780 6(5) 3.150 807 655 690 7 22.699 378 986 472 78(9) [A]

Ṗ
obs
s (10�18) 0.240 73(4) 9.624 ⇥ 10�3 1.760 034 9(6) [A]

Pb (days) 0.102 424 062 722(7) 8.686 619 422 56(5) 0.102 251 559 297 3(10)

Ṗ
obs

b
(10�12) �0.273(45) 1.57(13) �1.247 920(78)

Ṗ
ext

b
(10�12) 1.6(3) ⇥ 10�3 1.25(10) �1.68(+11,�10) ⇥ 10�4

Ṗ
int

b
(10�12) �0.275(45) 0.32(16) �1.247 752(79)

Ṗ
GR

b
(10�12) �0.258(+8,�11) �4.17(4) ⇥ 10�4

�1.247 827(+6,�7)

( Ṗb
Pb
)Ė
2�

(yr�1) 2.7 ⇥ 10�10 2.7 ⇥ 10�11 8.3 ⇥ 10�13

( Ṗb
Pb
)⌦̇ (yr�1) < 1.4 ⇥ 10�13

⇡ 4.2 ⇥ 10�15 1.04(7) ⇥ 10�13

( Ṗb
Pb
)BNV
2�

(yr�1) 2.7 ⇥ 10�10 2.7 ⇥ 10�11 7.3 ⇥ 10�13

( Ḃ
B
)BNV
2�

(yr�1) 1.8 ⇥ 10�10 2.0 ⇥ 10�11 4.0 ⇥ 10�13

TABLE I. The relevant binary parameters for J0348+0432 [77], J1614�2230 [79, 80], and

J0737�3039A/B [86]. See the discussion in Sec. 3D for more details.

We can now translate the bounds on (Ṗb/Pb)BNV from Table I to limits on (Ḃ/B) using

Eq. (3.22), which are presented in the last row of Table I. In deriving these limits, we

assumed that BNV is only active in the pulsars. We also note that we can only infer a

model-independent limit on a linear combination of BNV in pulsars A and B of the double

pulsar system (J0737�3039A/B). However, we expect that the rates of BNV (per baryon)

would be about the same in both pulsars, i.e., (Ḃ1/B1) ⇡ (Ḃ2/B2), since their masses are

very close and the composition of light neutron stars ought not change much over 0.1 M�.

In Sec. 6, in which we adopt a specific BNV model (B ! ��), our inferred limits on the

mixing parameter ("B�) are found by evaluating the individual BNV rates in each of the two

pulsars J0737�3039A and J0737�3039B, which we then sum to compare to the observational

limit on BNV in this system. We also observe that changing between the DS(CMF) EoSs

(see Table II) induces variation in, at most, the last significant digit in our limits (see the

discussion below Eq. (3.23)).
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Neutron Stars to Limit BNV
Use pulsar binary period decay rate…  

·B = f × B × ΓBNV ΓBNV < 4 × 10−13 yr−1 [95 % CL]
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Summary

—Orbital periods of pulsar binaries lead to stringent 
constraints for this generic class of BNV:

 & microscopic interpretation 
(flavor structure) thereof limits B-mesogenesis models 
ΓBNV ≲ 10−12 yr−1

—Neutron stars contain  baryons; energy 

loss constraints limit BNV rates under weak 
assumptions…

∼ 1057

—Future studies of neutron star heating may help 
with identification of non-null results

—Quasi-equilibrium BNV relocates the (static) n star 
along its one-parameter sequence

24

—BSM models of n lifetime anomaly exist that are 
insensitive to these constraints (& explain it completely!)
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Neutron Stars with Baryon Number Violation, 

Probing Dark Sectors

J. Berryman, SG, M. Zakeri
arXiv: 2201.02637 & 2305.13377

SG, M. Zakeri, 2311.13649

Jeff Zaki
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Modelling Dense Matter
The Walecka Model

ℒφ/V = ψ̄[(iγμ∂μ − gVγμVμ) − (mN − gsφ)]ψ

+
1
2

(∂μφ∂μφ − m2
s φ2) −

1
4

FμνFμν +
1
2

mVVμVμ + δℒ

~massive QED with a scalar extension;  cons. charge  ℬ
captures basic features of the NN force

[Walecka, 1974; 
Serot & Walecka, 1986]

(∂2 + m2
s ) φ(x) = gsψ̄ψ

∂νFνμ + m2
VVμ = gVψ̄γμψ

{[iγμ∂μ − gvγμVμ(x)] − [mN − gsφ(x)]} ψ(x) = 0.

The mean-field limit  &  in the n.m. 
frame is grossly simplifying & is apropos to dense matter.  

φ(x) → φ̄ Vμ(x) → δμ0V̄0
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Modelling Dense Matter
The Walecka Model

In static, uniform nuclear matter, the mean 
fields depends only on density n
Under 

we can solve a suitably modified free Dirac equation for 

kμ → k*μ ≡ kμ − gVδμ0V̄0 ; m → m* ≡ m − gsφ̄0
ψ(x)

In nuclear matter with a nucleon we thus have


 k*μ ≡ kμ − Σμ = {E*(k*), ⃗k − ⃗Σ }
We can generalize thus to baryon species & include 


additional contributions to ,  m*i Σ0
i

0

Enter RMFT with these parameters fixed by the EOS 
Future?! e.g., Alford et al.,2205.10283
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FIG. 16. (Color Online) Feynman diagrams for n ! �� and ⇤ ! �� decays as mediated by the

baryon-number-carrying scalars Y 2
3
and Y� 1

3
as discussed in text, after Ref. [15].

each of which could saturate the bound we have found for "n�. In regards to the mechanism

of B-mesogenesis, operators with the flavor combinations �bud, �bud, �bcd, and �bcs are

pertinent, and they take one of three forms [29]

✓
(1)

ij
= (�b)(uidj) , ✓

(2)

ij
= (�dj)(uib) , ✓

(3)

ij
= (�ui)(djb) , (7.9)

where i 2 d, s, j 2 u, c, and the colors have been contracted to form a color singlet in

each case. Taking the couplings in Eq. (7.8) one at a time, we find that saturating our "n�

constraint we have found limits the coe�cient of each of the ✓
(3)

ij
operators to be powers of ten

smaller than that needed for B-mesogenesis to be successful [29]. We emphasize, however,

that this is particular to the mass window in � and region of hidden-sector parameter space

we have noted. For the Y 2
3

scalar, those are the operators that would act — and thus we

have ruled out this specific model for B-mesogenesis under the conditions we have noted.

The other UV completions we have considered are not similarly constrained, because the "�⇤

constraints limit just the flavor combinations y�bydu and y�bydc pertinent to B-mesogenesis

— the other flavor combinations associated with ✓
(1)

ij
and ✓

(2)

ij
remain unconstrained despite

54

Interpretation (re B-mesogenesis)
Neutron star results can limit flavor couplings severely

 scenario constrained Y2
3

N.B. leading graphs
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Decay Rates in the Medium
RMFT provides a covariant framework

We exploit our freedom to pick a frame to simplify

our analysis. 
We compute the decay matrix element in a 
background field, e.g., of uniform neutron matter

|ℳ |2 =
ε2

ℬχg2
ℬe2

2(m*ℬ)2 [(p*ℬ ⋅ kχ) + m*ℬmχ] ,

ℬ(pℬ) → χ(kχ) + γ(kγ)

N.B. integration over phase space non-trivial 
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 Proper Decay Rates: ℬ → χγ

n

Λ

εℬχ = 10−16 MeV DS (CMF)-1 EoS

fm−3 s−1
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Scaling the n to Earth’s size implies a charge 
separation 

of < 4μm 


(cf. human hair width 40 μm)

+
−

EDMs to Probe CPV for a BAU? 

|dn | < 1.8 × 10−26 e-cm [90 % C.L.]Neutron: 

Current limits for the electron and neutron 
strongly constrain models of EW baryogenesis 

[Abel et al., 2020]

For a sense of scale: 

Expts under development reach for 10-100x sensitivity
Applied electric fields can be enormously enhanced  

in atoms and molecules  [Purcell and Ramsey, 1950]

ACME II, 2018 (ThO): 
Roussy et al., 2023 (HfF+): 

|de | < 1.1 × 10−29 e-cm [90 % C.L.]
|de | < 4.1 × 10−30 e-cm [90 % C.L.]

Limits new CPV sources; other mechanisms?
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stable against 
to avoid 

0.937993 GeV < mχ < 1.07784 GeV
9Be → χαα

χ → p̄π−


