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overwhelming evidence 
on all scales! 

Figure 1: The galaxy distribution obtained from spectroscopic redshift surveys and from mock

catalogues constructed from cosmological simulations. The small slice at the top shows the CfA2

“Great Wall”3, with the Coma cluster at the centre. Drawn to the same scale is a small section of the

SDSS, in which an even larger “Sloan Great Wall” has been identified100. This is one of the largest

observed structures in the Universe, containing over 10,000 galaxies and stretching over more than 1.37

billion light years. The wedge on the left shows one-half of the 2dFGRS, which determined distances

to more than 220,000 galaxies in the southern sky out to a depth of 2 billion light years. The SDSS

has a similar depth but a larger solid angle and currently includes over 650,000 observed redshifts

in the northern sky. At the bottom and on the right, mock galaxy surveys constructed using semi-

analytic techniques to simulate the formation and evolution of galaxies within the evolving dark matter

distribution of the “Millennium” simulation5 are shown, selected with matching survey geometries and

magnitude limits.
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⌦CDMh2 = 0.1188± 0.0010
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Torsten Bringmann, Stockholm

The WIMP “miracle”

In the early universe, the WIMP
number density n is determined by
the Boltzmann equation

dn

dt
+ 3Hn = −⟨σv⟩

(

n2 − n2
eq

)

Once the interaction rate falls be-
hind the expansion rate of the uni-
verse, WIMPs decouple from the
thermal bath. Today, their relic
density is then given by: Jungman, Kamionkowski & Griest, PR ’96

ΩWIMPh2 ∼3·10−27cm3s−1

⟨σv⟩ = O(0.1) [for interaction strengths of the weak type]

New Gamma-Ray Contributions – p.9/32

The number density of Weakly Interacting Massive 
Particles in the early universe:

(thermal average)

dn�

dt
+ 3Hn� = �⇥�v⇤

�
n2

� � n2
�eq

⇥

��� SM SM

n�eq

time

increasing��v⇥

a3
n

�

Fig.: Jungman, Kamionkowski & Griest, PR’96

��v⇥ :

“Freeze-out” when annihilation 
rate falls behind expansion rate
(⇥ a3n� � const.)

Relic density (today):

for weak-scale 
interactions!

��h2 � 3 · 10�27cm3/s
⇥�v⇤ � O(0.1)

well-motivated from particle physics [SUSY, EDs, …]+
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But where does the asymmetry come from?

Also: ordinary matter (‘baryons’) 
is produced in a different way:

initial matter/antimatter asymmetry 
cross sections much larger than ‘thermal’ value 
annihilate away the symmetric component

‘Asymmetric’ dark matter (of Dirac fermions) !

⌦� = 5.4⌦b = O(1)⌦b
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Maybe dark and ordinary matter 
are not so different after all?

But no independent evidence for such WIMPS (yet)…

review: Zurek, Phys.Rep. ‘14
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Origin of baryon asymmetry unknown

Three necessary conditions:
Baryon number violation 
Violation of both C and CP
Departure from thermal EQ
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too small in standard model !

Sakharov, 1967

Dark sector

Often studied situation: review: Zurek, Phys.Rep. ‘14

Standard 
model sector

 Asymmetry very easy to achieve

 E.g. strong phase transitions possible

transfer (’sharing’)

of asymmetry
(by sphalerons or 

higher-dim operators)
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Neutrons provide the unique relevant operator 
to connect (Dirac) dark matter to the SM:

Cogenesis from neutron-dark matter oscillations

Torsten Bringmann⇤

Department of Physics, University of Oslo, Box 1048, NO-0371 Oslo, Norway

James M. Cline†

McGill University, Department of Physics, 3600 University St., Montréal, QC H3A2T8 Canada

Jonathan M. Cornell‡

McGill University, Department of Physics, 3600 University St., Montréal, QC H3A2T8 Canada and
Department of Physics, University of Cincinnati, Cincinnati, Ohio 45221, USA

It was recently suggested that dark matter consists of ⇠GeV particles that carry baryon number
and mix with the neutron. We demonstrate that this could allow for resonant dark matter-neutron
oscillations in the early universe, at finite temperature, leading to low-scale baryogenesis starting
from a primordial dark matter asymmetry. In this scenario, the asymmetry transfer happens around
30 MeV, just before big bang nucleosynthesis. We illustrate the idea using a model with a dark U(1)0

gauge interaction, which has recently been suggested as a way of addressing the neutron lifetime
anomaly. The asymmetric dark matter component of this model is both strongly self-interacting
and leads to a suppression of matter density perturbations at small scales, allowing to mitigate
the small-scale problems of cold dark matter cosmology. Future CMB experiments will be able to
consistently probe, or firmly exclude, this scenario.

I. INTRODUCTION

One of the curious coincidences of the ⇤CDM cosmo-
logical model is the rough similarity of the contributions
from baryons and dark matter (DM) to the energy den-
sity, ⌦b ' 0.049 versus ⌦CDM ' 0.26 [1], given that in
typical scenarios of the early universe they have a com-
pletely di↵erent origin. An appealing feature of many
models of asymmetric dark matter is that this coinci-
dence could be due to DM having a mass at the GeV
scale, like baryons, and a shared mechanism for the gen-
eration of the two asymmetries. Then instead of need-
ing separate mechanisms for baryogenesis and “darkoge-
nesis,” there could be cogenesis through a single event,
followed by some means of sharing the asymmetry be-
tween the standard model (SM) and DM sectors (for a
review see [2]). Ref. [3] analyzes this scenario in terms
of the lowest-dimension, gauge-invariant e↵ective opera-
tors that would allow such a redistribution of a primor-
dial asymmetry starting in the dark sector. For example,
the operator �udd/⇤2 would induce roughly equal asym-
metries between DM particles � and quarks if it was in
equilibrium at high temperatures.1

In this work, we consider a novel situation where the
�udd/⇤2 coupling only arises below the QCD phase tran-
sition. Then it is replaced by the unique relevant operator
that could connect Dirac dark matter to the SM, namely

⇤
torsten.bringmann@fys.uio.no

†
jcline@physics.mcgill.ca

‡
jonathan.cornell@uc.edu

1
This example requires m� < mn since it would otherwise allow

the DM to decay into quarks.

mass-mixing with the neutron,

Lmix = ��m n̄�+ h.c. (1)

Our purpose is to show that it can produce the baryon
asymmetry at low temperatures ⇠ 30MeV,2 starting
from a � asymmetry (whose origin we do not try to spec-
ify here). This comes about by oscillations between �

and n, in analogy to neutrino oscillations, that are res-
onantly enhanced by finite-temperature e↵ects. Oscilla-
tions of neutrons to a mirror sector partner have been
studied extensively in [4–7], however, to our knowledge
these oscillations have never been considered as a means
for cogenesis. Similiar ideas for producing the baryon
asymmetry at low temperatures via oscillations of SM
baryons have been recently suggested in Refs. [8, 9].
Recently motivation for the operator in Eq. (1) came

from a quite di↵erent direction. It was suggested [10]
that mixing between the neutron and DM could resolve a
long-standing discrepancy between determinations of the
neutron lifetime from decay-in-flight versus bottle mea-
surements, by having a small dark decay channel [11].3

The proposed decays n ! �� and n ! �e
+
e
� were

quickly ruled out by experimental searches [12, 13], sug-
gesting a completely hidden channel, like n ! ��

0 where
�
0 is a dark photon. Even this model is ruled out by

neutron star properties [14–17], unless repulsive � self-
interactions are strong enough, requiring

m�0

g0
. (45� 60)MeV (2)

2
We note that the residual symmetric baryon component is neg-

ligible by this time; see e.g. Fig. 5 of Ref. [8].
3
It has also been proposed that neutron-mirror neutron oscilla-

tions could explain this puzzle [7].
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Oscillations to mirror partner — in analogy to 
neutrino oscillations — have been studied extensively

Berezhiani & Bento, PLB ’06, EPC ’09, …

NEW: means of successful low-scale baryogengesis!

Initial 
Asymmetry in  

Dark sector

(Full particle 
content of) 

standard model
through oscillations

� ! n
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DM would carry
baryon number !
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Crucial ingredient: thermal 
corrections to particle masses

2

to be satisfied [18]. (The uncertainty in the bound is due
to the unknown nuclear equation of state.) This scenario
is highly constrained by a number of observables sensi-
tive to �0, including big bang nucleosynthesis (BBN), the
cosmic microwave background (CMB), DM direct detec-
tion, supernovae, and structure formation e↵ects from
DM self-interactions.

In the present work we will show that it is possible to
explain both the baryon asymmetry and the neutron de-
cay anomaly within the same model, while at the same
time evading all cosmological bounds, if m�0 ⇠ 60 keV
and an additional species of dark radiation ⌫

0 is intro-
duced to enable the decay �0 ! ⌫

0
⌫̄
0. This entails mod-

erate tension with BBN and CMB limits on extra radia-
tion species, implying that it may be testable already in
the near future. Alternatively, larger m�0 consistent with
�
0 ! e

+
e
�, and hence without the need of introducing

the additional degrees of freedom contributed by ⌫0, can
be accommodated if we disregard the neutron lifetime
anomaly.

II. THEORETICAL FRAMEWORK

We consider the same model as in Ref. [18], with an ele-
mentary Dirac dark matter particle � that carries baryon
number and mixes with the neutron through the mass
term (1), and a dark photon coupling to � with strength
g
0. The n-� mass splitting must satisfy

�m ⌘ mn �m� < 1.665MeV +m�0 (3)

for stability of 9Be, which is the most constraining nu-
clear decay [10].

Another relevant parameter is the ratio of the temper-
atures in the two sectors,

⇠ =
T�0

T
(4)

(or T⌫0/T at later times where �0 ! ⌫
0
⌫̄
0 has already oc-

curred). We will show how ⇠ < 1 is determined by the
decoupling temperature between the two sectors, which
turns out to be independent of details of the UV physics.
The baryon asymmetry depends mainly on �m and the
mixing mass �m, with weak dependence on the combina-
tion g

0
⇠.

The dark photon mass must satisfy m�0 < �m to ex-
plain the neutron lifetime anomaly. We will further show
that �m < 0.2 MeV is required to simultaneously re-
spect the limit from n ! �� and to obtain the observed
baryon asymmetry. This bound kinematically forbids
�
0 ! e

+
e
� decays, which in turn makes the dark photon

longlived, such that it overcloses the universe [18, 19]. To
avoid this, we supplement the model with an inert light
particle, dark radiation, taken to be a massless Dirac
neutrino ⌫0 that couples to �0 with strength Q

0
⌫0g

0 and
charge Q

0
⌫0 6= 1. This is anomaly-free and allows for

�
0 ! ⌫

0
⌫̄
0, while the charge di↵erence between ⌫0 and �

forbids mass mixing between the states, that would lead
to proton decay.
A further requirement is that the symmetric compo-

nent of the dark matter must be su�ciently diluted by
annihilations. The channels �̄� ! �

0
�
0
, ⌫

0
⌫̄
0 turn out to

be too ine�cient since we need a small gauge coupling
g
0 ⇠ 10�3 to satisfy previous requirements. This can be

overcome by introducing a heavy dark fermion  with
coupling �̄� to the DM and the dark Higgs �, allowing
for ��̄! ��

⇤ through exchange of  .
Finally, one should avoid leakage of the primordial

� asymmetry into the SM sector at high temperatures,
since this would generally produce too large a baryon
asymmetry relative to the DM abundance. We point
out a simple mechanism for enforcing this requirement
in the present model, by adding a very weakly coupled
interaction �̄� 0 involving a heavy Majorana dark sector
fermion  0.

III. �-n OSCILLATIONS

The oscillations of � into neutrons are determined by
a 2 ⇥ 2 Hamiltonian that includes the mass terms and
thermal self-energy corrections from the forward scatter-
ing of the fermions on particles in the plasma. The most
important such interactions are the elastic scattering of
neutrons on pions and DM on dark photons.
The Hamiltonian is given by

H =

✓
�En +mn �m

�m �E� +m�

◆
. (5)

The thermal energy correction �En to the neutron has
been calculated in Refs. [20–24] using various techniques.
Some of these results are plotted in Fig. 1 (left panel).
The most reliable ones use dispersion relations, supple-
mented by experimentally measured scattering cross sec-
tions [20, 21]. We have digitized the results of Ref. [21]
as our estimate of �En. Using thermal field theory tech-
niques similar to Ref. [25] (see appendix A for details),
we find for the DM energy shift

�E� = g
02 T

2
�0

8m�
. (6)

This result is also plotted, for g
0
⇠ = 1, in Fig. 1 (right

panel).
The combination �En � �E� is relevant for get-

ting resonantly enhanced oscillations, which occur when
�E ⌘ �m + �En � �E� vanishes and the eigenval-
ues of H become degenerate. For illustration, we plot
in Fig. 1 (right panel) the di↵erence in thermal self-
energies, with g

0
⇠ = 0, 0.5, 1, along with a fiducial value

of �m = 0.2MeV. Clearly there are two resonant tem-
peratures, where the curves cross the horizontal line. We
will show that baryon production is dominated by the
resonance at the lower temperature.

For neutrons, the dominant 
contribution derives from 
pion scattering

3
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Figure 1. Left panel. Thermal shifts �En to neutron mass from dispersion relations [20, 21] (solid) and chiral perturbation
theory [22] (dotted). Right panel. E↵ect of including the DM thermal mass. The dotted curve is �E� for g0⇠ = 1 from Eq. (6).
Lower curves show the di↵erence in the thermal self-energies, �En ��E�, for g

0
⇠ = 0, 0.5, 1. For comparison we also indicate

the maximal mass di↵erence �m ⌘ mn � m� . 0.2MeV compatible with baryon asymmetry generation and stability of 9Be
through n ! �+ �.

III.1. Heuristic approach

To find the e�ciency of �! n oscillations for produc-
ing the baryon asymmetry we first use an approximate
formalism [26] that has the advantage of being simple
and intuitive. Diagonalizing H leads to the mixing angle
✓,

tan(2 ✓) =
2 �m

�m+�En ��E�
⌘ 2 �m

�E
. (7)

The di↵erence between the eigenvalues is given by

|�!| =
p

(�E)2 + 4 �m2 (8)

Imagine starting with a state that is purely |�i at t = 0.
Evolving it with the Hamiltonian H in Eq. (5) leads to

| (t)i = e
�i(!1+!2)t/2

✓
cos

�!

2
t� i cos 2✓ sin

�!

2
t

◆
|�i

� i

✓
sin 2✓ sin

�!

2
t

◆
|ni

�
. (9)

Therefore the probability to oscillate into a neutron is
given by

Pn(t) = sin2(2✓) sin2(�! t/2) . (10)

Because of the large rate of interactions �n of neutrons
on heat bath pions, however, there may not be time for
a full oscillation. In general one should carry out a time
average, over the short time scale 1/�n,

P̄n = �n

Z 1

0
dt e

��ntPn(t) =
2 �m2

�!2 + �2
n

, (11)

where we used sin2 2✓ = �m
2
/(�m2 + �E

2
/4).

The rate of production of neutrons via oscillations is
then �osc = P̄n�n per � particle (ignoring the much

smaller elastic scattering rate �� of DM on dark photons
and scalars4). The inverse process of � production must
proceed with the same rate, per neutron, so the number
density of DM overall decreases as ṅ� = ��osc(n��nn).
Since baryon number, and hence the total number of �’s
plus neutrons is conserved, the equation determining the
fraction f = nn/(n�+nn) of DM converting to neutrons
is thus

ḟ = �osc(1� 2f) , (12)

which has the solution

f = 1
2

✓
1� exp

✓
�2

Z
dt�osc

◆◆

⇠= 1
2

✓
1� exp

✓
�2

Z
dT

HT
�nP̄n

◆◆
(13)

(with H ⇠= 1.66
p
g⇤ T

2
/Mp, Mp = 1.22 ⇥ 1019 GeV and

g⇤ ⇠= 10.75) so long as Posc < 1. We need

f ⇠= 0.16 (14)

to get the desired abundance ratio ⌦�/⌦B = (1�f)/f ⇠=
5.3, dictated by the coincidence that m�

⇠= mn.
It remains to determine the rate �n. The cross section

for neutrons to scatter on pions at low energy is [27, 28]5

�n⇡ = 4⇡a20 ⇠=
0.1

m2
⇡

⇠= 2mb , (15)

4
The cross section for �� scattering from the interaction (46) is

10
�7

mb, saturating the bound (49). For m� = 60MeV, for

example, n�/n⇡ is only ⇠ 7 at the resonance temperature. See

also Appendix A.
5
We average the contributions from the I = 1/2 and 3/2 isospin

scattering lengths as � = 4⇡(a21/2 + 2 a23/2)/3.

(combining dispersion relations with experimentally 
obtained scattering cross sections)

Eletsky & Ioffe, PLB ‘97

Mixing angle
tan(2✓) =

�m

(mn �m�) + (�En ��E�)
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Figure 2. The integrand �nP̄n/HT of Eq. (13) versus the pho-
ton temperature T , showing how baryon number generation
is dominated by the resonant enhancement of �-n oscillations,
using the fiducial parameters of Eq. (21).

giving the rate

�n = n⇡h�n⇡vi (16)

with hvi =
p

8T/(⇡m⇡) ⇠= 1.6
p

T/m⇡, where n⇡ is
the thermal density of pions, including a factor of 3 for
isospin multiplicity.

This formalism makes it transparent that baryon pro-
duction is dominated by resonant enhancement of the
oscillations by the finite-T contributions to �E, which al-
low for �E(Tr) = 0 at the resonance temperature Tr. At
T = 0, tight constraints on �m and �m (to be discussed
below) imply a vacuum mixing angle ✓ = 2�m/�m

that is by far too small to allow oscillations e�cient
enough for baryogenesis, but at Tr the mixing is max-
imal, although the oscillation probability is reduced by
the damping from �n in Eq. (11). This is illustrated in
Fig. 2 for a benchmark model, Eq. (21) below, for which
Tr

⇠= 31MeV. Because of the damping, the final e�ciency
for baryon production scales as �m2

/�n.

III.2. Boltzmann equations

A more rigorous approach is to solve Boltzmann equa-
tions for the relative abundances, including o↵-diagonal
terms arising from the density matrix, that take into
account the oscillations. The formalism is described
for oscillations of dark matter and its antiparticle in
Ref. [29, 30], and requires only small modifications for
neutron-dark matter oscillations. In terms of the inde-
pendent variable x ⌘ mn/T , the equation for the matrix

of abundances Y = n/s is6

dY

dx
= � i

Hx
[H, Y ]� �n

2Hx
[Pn, [Pn, Y ]]� ��

2Hx
[P�, [P�, Y ]]

= � i

Hx

✓
��mY� ��m �Y + �E Y12

�m �Y � �E Y21 �mY�

◆

��n + ��

2Hx

✓
0 Y12

Y21 0

◆
, (17)

where we defined �Y ⌘ Y11 � Y22 = Yn � Y�, Y± =
Y12±Y21, and Pn,� projects onto the state 1 (the neutron)
or 2 (the �), respectively. As before, we will ignore ��

since it is much smaller than �n.7

Since � can be assigned a baryon number, which is
conserved, the combination Y11+Y22 = Yn+Y� does not
evolve. It is then convenient to recast the equations in
terms of �Y , Y+ and ⌘� ⌘ i �mY�,

�Y
0 =

2

Hx
⌘� ,

⌘
0
� =

�m

Hx
(�2�m �Y + �E Y+)�

�n

2Hx
⌘� ,

Y
0
+ = � �E

�mHx
⌘� � �n

2Hx
Y+ . (18)

This form has the advantage that all the functions are
now real-valued, and the coe�cients are of order unity,
for cases of interest. The rescaling of Y� by �m alleviates
the problem of sti↵ness in the numerical integration. We
integrate the system (18) with initial conditions Y22 =
Y

1
� and Yij = 0 for the other components. Since Y11+Y22

is conserved, the fraction of DM that converts to neutrons
is f = Y11/Y

1
� = 1�Y22/Y

1
� . We note that this fraction

is necessarily independent of the initial DM abundance
Y

1
� , so for any value of f we can simply rescale Y

1
�

such that the observed DM density ⇢CDM = sm�Y
0
11 is

recovered at late times (in practice, we use Y
1
� = 1 as

initial condition). Given that the DM and neutron are
nearly degenerate, we can identify f/(1�f) = ⌦b/⌦CDM

at late times.

III.3. Results

Fig. 3 shows the correlation between �m and �m

needed to get the observed baryon asymmetry, by fixing
f as stated in Eq. (14), for several values of g0⇠. Each
curve is doubled, with a small splitting, showing the good

6
Here s is taken to be the entropy in the visible sector. Since

baryon number Y1+Y2 is conserved, we are only concerned with

the fraction f of DM that converts to baryons, from which s
divides out.

7
It is worth pointing out that the elastic scatterings on n and

� enter equally into the damping of the oscillations, regardless

of whether one considers n ! � or � ! n transitions. This is

because either interaction can measure the state of the system,

regardless of the outcome of the measurement.
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Heuristic approach:
1. Coherent oscillation probability: 

2.  Average over mean free time between scatterings

3. Solve simple Boltzmann equation for the 
conversion of χ to n: 

3
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Figure 1. Left panel. Thermal shifts �En to neutron mass from dispersion relations [20, 21] (solid) and chiral perturbation
theory [22] (dotted). Right panel. E↵ect of including the DM thermal mass. The dotted curve is �E� for g0⇠ = 1 from Eq. (6).
Lower curves show the di↵erence in the thermal self-energies, �En ��E�, for g

0
⇠ = 0, 0.5, 1. For comparison we also indicate

the maximal mass di↵erence �m ⌘ mn � m� . 0.2MeV compatible with baryon asymmetry generation and stability of 9Be
through n ! �+ �.

III.1. Heuristic approach

To find the e�ciency of �! n oscillations for produc-
ing the baryon asymmetry we first use an approximate
formalism [26] that has the advantage of being simple
and intuitive. Diagonalizing H leads to the mixing angle
✓,

tan(2 ✓) =
2 �m

�m+�En ��E�
⌘ 2 �m

�E
. (7)

The di↵erence between the eigenvalues is given by

|�!| =
p

(�E)2 + 4 �m2 (8)

Imagine starting with a state that is purely |�i at t = 0.
Evolving it with the Hamiltonian H in Eq. (5) leads to

| (t)i = e
�i(!1+!2)t/2

✓
cos

�!

2
t� i cos 2✓ sin

�!

2
t

◆
|�i

� i

✓
sin 2✓ sin

�!

2
t

◆
|ni

�
. (9)

Therefore the probability to oscillate into a neutron is
given by

Pn(t) = sin2(2✓) sin2(�! t/2) . (10)

Because of the large rate of interactions �n of neutrons
on heat bath pions, however, there may not be time for
a full oscillation. In general one should carry out a time
average, over the short time scale 1/�n,

P̄n = �n

Z 1

0
dt e

��ntPn(t) =
2 �m2

�!2 + �2
n

, (11)

where we used sin2 2✓ = �m
2
/(�m2 + �E

2
/4).

The rate of production of neutrons via oscillations is
then �osc = P̄n�n per � particle (ignoring the much

smaller elastic scattering rate �� of DM on dark photons
and scalars4). The inverse process of � production must
proceed with the same rate, per neutron, so the number
density of DM overall decreases as ṅ� = ��osc(n��nn).
Since baryon number, and hence the total number of �’s
plus neutrons is conserved, the equation determining the
fraction f = nn/(n�+nn) of DM converting to neutrons
is thus

ḟ = �osc(1� 2f) , (12)

which has the solution

f = 1
2

✓
1� exp

✓
�2

Z
dt�osc

◆◆

⇠= 1
2

✓
1� exp

✓
�2

Z
dT

HT
�nP̄n

◆◆
(13)

(with H ⇠= 1.66
p
g⇤ T

2
/Mp, Mp = 1.22 ⇥ 1019 GeV and

g⇤ ⇠= 10.75) so long as Posc < 1. We need

f ⇠= 0.16 (14)

to get the desired abundance ratio ⌦�/⌦B = (1�f)/f ⇠=
5.3, dictated by the coincidence that m�

⇠= mn.
It remains to determine the rate �n. The cross section

for neutrons to scatter on pions at low energy is [27, 28]5

�n⇡ = 4⇡a20 ⇠=
0.1

m2
⇡

⇠= 2mb , (15)

4
The cross section for �� scattering from the interaction (46) is

10
�7

mb, saturating the bound (49). For m� = 60MeV, for

example, n�/n⇡ is only ⇠ 7 at the resonance temperature. See

also Appendix A.
5
We average the contributions from the I = 1/2 and 3/2 isospin

scattering lengths as � = 4⇡(a21/2 + 2 a23/2)/3.

difference between 
(thermal) mass eigenvalues

Oscillation probability
Two formalisms: simple QM, or matrix Boltzmann equations; both
agree. Decoherence from interactions is an essential input.

QM approach: start with coherent oscillation probability,

Pχ→n(t) = sin2(2θm) sin2(δωt/2)

Average over nπ → nπ mean free time,

P̄χ→n =

∫

dt e−ΓntPχ→n(t) =
2(δm)2

(δω)2 + Γ2
n

Oscillation rate is Γosc = ΓnP̄χ→n. Solve simple Boltzmann eq. for
fraction f of χ that converts to n:

ḟ = Γosc(1− 2f) =⇒ f = 1
2

(

1− exp(−2

∫

dtΓosc)

)

Demand f ∼= 0.17 to get observed baryon abundance,

Yχ/YB = (1− f)/f ∼= 5 J.Cline, McGill U. – p. 15
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ṅn = �ṅ� = �osc(n� � nn)
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start with 
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Very good agreement with full 
(Matrix) Boltzmann approach 
[when conversion probability is highly peaked]



 (Torsten Bringmann) ‒Baryogenesis from χ-n oscillations

Neutron lifetime anomaly

 9

Long-standing discrepancy 
of lifetime measurements 
in p-appearance (beam) vs 
n-disappearance (bottle) 
experiments

The Discrepancy

Green, Geltenbort, 2016 
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Additional decay channel to DM may 
explain this, if 

Dark neutron decay?
Different neutron lifetime experiments get discrepant results:

e
νn
p

n beam decay in flight: τn = 888.0± 2.0 s

Sensitive only to visible decay modes, since only charged particles
are detected.

Count neutrons in bottle: τn = 879.6± 0.6 s

Sensitive to all decays modes. Results from material versus
magnetic bottles agree.

χn

X Fornal & Grinstein (arXiv:1801.01124) suggest extra
decay channel into dark matter χ plus
something else (X), to reconcile the two.

Need BR(n → Xχ) = 0.9%

J.Cline, McGill U. – p. 2

Fornal & Grinstein, PRL ‘18
BR(n ! X�) = 0.9%

<latexit sha1_base64="4eBe5ZaAX5h7nWIwnxz67K1z0fc=">AAACEXicbZDLSsNAFIZP6q3WW7zs3ARLoW5KIoK6EIpuXFaxF2hCmUwn7dDJJMxMhBr6FL6AW30Dd+LWJ/AFfA4nbRba+sPAx3/OmXP4/ZhRqWz7yygsLa+srhXXSxubW9s75u5eS0aJwKSJIxaJjo8kYZSTpqKKkU4sCAp9Rtr+6Dqrtx+IkDTi92ocEy9EA04DipHSVs88uLqrcldFVsfFQ3p8adcu3ErPLNs1eyprEZwcypCr0TO/3X6Ek5BwhRmSsuvYsfJSJBTFjExKbiJJjPAIDUhXI0chkV46vX5iVbTTt4JI6MeVNXV/T6QolHIc+rozRGoo52uZ+W8tptmHc9tVcO6llMeJIhzPlgcJs3QCWTxWnwqCFRtrQFhQfb+Fh0ggrHSIJR2MMx/DIrROao7m29NyvZ5HVIRDOIIqOHAGdbiBBjQBwyM8wwu8Gk/Gm/FufMxaC0Y+sw9/ZHz+AE+Em98=</latexit><latexit sha1_base64="4eBe5ZaAX5h7nWIwnxz67K1z0fc=">AAACEXicbZDLSsNAFIZP6q3WW7zs3ARLoW5KIoK6EIpuXFaxF2hCmUwn7dDJJMxMhBr6FL6AW30Dd+LWJ/AFfA4nbRba+sPAx3/OmXP4/ZhRqWz7yygsLa+srhXXSxubW9s75u5eS0aJwKSJIxaJjo8kYZSTpqKKkU4sCAp9Rtr+6Dqrtx+IkDTi92ocEy9EA04DipHSVs88uLqrcldFVsfFQ3p8adcu3ErPLNs1eyprEZwcypCr0TO/3X6Ek5BwhRmSsuvYsfJSJBTFjExKbiJJjPAIDUhXI0chkV46vX5iVbTTt4JI6MeVNXV/T6QolHIc+rozRGoo52uZ+W8tptmHc9tVcO6llMeJIhzPlgcJs3QCWTxWnwqCFRtrQFhQfb+Fh0ggrHSIJR2MMx/DIrROao7m29NyvZ5HVIRDOIIqOHAGdbiBBjQBwyM8wwu8Gk/Gm/FufMxaC0Y+sw9/ZHz+AE+Em98=</latexit><latexit sha1_base64="4eBe5ZaAX5h7nWIwnxz67K1z0fc=">AAACEXicbZDLSsNAFIZP6q3WW7zs3ARLoW5KIoK6EIpuXFaxF2hCmUwn7dDJJMxMhBr6FL6AW30Dd+LWJ/AFfA4nbRba+sPAx3/OmXP4/ZhRqWz7yygsLa+srhXXSxubW9s75u5eS0aJwKSJIxaJjo8kYZSTpqKKkU4sCAp9Rtr+6Dqrtx+IkDTi92ocEy9EA04DipHSVs88uLqrcldFVsfFQ3p8adcu3ErPLNs1eyprEZwcypCr0TO/3X6Ek5BwhRmSsuvYsfJSJBTFjExKbiJJjPAIDUhXI0chkV46vX5iVbTTt4JI6MeVNXV/T6QolHIc+rozRGoo52uZ+W8tptmHc9tVcO6llMeJIhzPlgcJs3QCWTxWnwqCFRtrQFhQfb+Fh0ggrHSIJR2MMx/DIrROao7m29NyvZ5HVIRDOIIqOHAGdbiBBjQBwyM8wwu8Gk/Gm/FufMxaC0Y+sw9/ZHz+AE+Em98=</latexit><latexit sha1_base64="4eBe5ZaAX5h7nWIwnxz67K1z0fc=">AAACEXicbZDLSsNAFIZP6q3WW7zs3ARLoW5KIoK6EIpuXFaxF2hCmUwn7dDJJMxMhBr6FL6AW30Dd+LWJ/AFfA4nbRba+sPAx3/OmXP4/ZhRqWz7yygsLa+srhXXSxubW9s75u5eS0aJwKSJIxaJjo8kYZSTpqKKkU4sCAp9Rtr+6Dqrtx+IkDTi92ocEy9EA04DipHSVs88uLqrcldFVsfFQ3p8adcu3ErPLNs1eyprEZwcypCr0TO/3X6Ek5BwhRmSsuvYsfJSJBTFjExKbiJJjPAIDUhXI0chkV46vX5iVbTTt4JI6MeVNXV/T6QolHIc+rozRGoo52uZ+W8tptmHc9tVcO6llMeJIhzPlgcJs3QCWTxWnwqCFRtrQFhQfb+Fh0ggrHSIJR2MMx/DIrROao7m29NyvZ5HVIRDOIIqOHAGdbiBBjQBwyM8wwu8Gk/Gm/FufMxaC0Y+sw9/ZHz+AE+Em98=</latexit>

All possible visible channels (          and               ) 
experimentally ruled out                    

X = �
<latexit sha1_base64="7VMYDq4r4+4sDQ+iLVWA31A6VFY=">AAACA3icbZDPSsNAEMYn9V+t/6oevSwWwVNJRNCLUPDisYJtA20ok+22XbqbhN2NUEKPvoBXfQNv4tUH8QV8DjdtDtr6wcKPb2Z2hi9MBNfGdb+c0tr6xuZWebuys7u3f1A9PGrrOFWUtWgsYuWHqJngEWsZbgTzE8VQhoJ1wsltXu88MqV5HD2YacICiaOIDzlFYy3fv+mNUErsV2tu3Z2LrIJXQA0KNfvV794gpqlkkaECte56bmKCDJXhVLBZpZdqliCd4Ih1LUYomQ6y+b0zcmadARnGyr7IkLn7eyJDqfVUhrZTohnr5Vpu/ltLeP7h0nYzvA4yHiWpYRFdLB+mgpiY5IGQAVeMGjG1gFRxez+hY1RIjY2tYoPxlmNYhfZF3bN8f1lrNIqIynACp3AOHlxBA+6gCS2gIOAZXuDVeXLenHfnY9FacoqZY/gj5/MHJOmYOw==</latexit><latexit sha1_base64="7VMYDq4r4+4sDQ+iLVWA31A6VFY=">AAACA3icbZDPSsNAEMYn9V+t/6oevSwWwVNJRNCLUPDisYJtA20ok+22XbqbhN2NUEKPvoBXfQNv4tUH8QV8DjdtDtr6wcKPb2Z2hi9MBNfGdb+c0tr6xuZWebuys7u3f1A9PGrrOFWUtWgsYuWHqJngEWsZbgTzE8VQhoJ1wsltXu88MqV5HD2YacICiaOIDzlFYy3fv+mNUErsV2tu3Z2LrIJXQA0KNfvV794gpqlkkaECte56bmKCDJXhVLBZpZdqliCd4Ih1LUYomQ6y+b0zcmadARnGyr7IkLn7eyJDqfVUhrZTohnr5Vpu/ltLeP7h0nYzvA4yHiWpYRFdLB+mgpiY5IGQAVeMGjG1gFRxez+hY1RIjY2tYoPxlmNYhfZF3bN8f1lrNIqIynACp3AOHlxBA+6gCS2gIOAZXuDVeXLenHfnY9FacoqZY/gj5/MHJOmYOw==</latexit><latexit sha1_base64="7VMYDq4r4+4sDQ+iLVWA31A6VFY=">AAACA3icbZDPSsNAEMYn9V+t/6oevSwWwVNJRNCLUPDisYJtA20ok+22XbqbhN2NUEKPvoBXfQNv4tUH8QV8DjdtDtr6wcKPb2Z2hi9MBNfGdb+c0tr6xuZWebuys7u3f1A9PGrrOFWUtWgsYuWHqJngEWsZbgTzE8VQhoJ1wsltXu88MqV5HD2YacICiaOIDzlFYy3fv+mNUErsV2tu3Z2LrIJXQA0KNfvV794gpqlkkaECte56bmKCDJXhVLBZpZdqliCd4Ih1LUYomQ6y+b0zcmadARnGyr7IkLn7eyJDqfVUhrZTohnr5Vpu/ltLeP7h0nYzvA4yHiWpYRFdLB+mgpiY5IGQAVeMGjG1gFRxez+hY1RIjY2tYoPxlmNYhfZF3bN8f1lrNIqIynACp3AOHlxBA+6gCS2gIOAZXuDVeXLenHfnY9FacoqZY/gj5/MHJOmYOw==</latexit><latexit sha1_base64="7VMYDq4r4+4sDQ+iLVWA31A6VFY=">AAACA3icbZDPSsNAEMYn9V+t/6oevSwWwVNJRNCLUPDisYJtA20ok+22XbqbhN2NUEKPvoBXfQNv4tUH8QV8DjdtDtr6wcKPb2Z2hi9MBNfGdb+c0tr6xuZWebuys7u3f1A9PGrrOFWUtWgsYuWHqJngEWsZbgTzE8VQhoJ1wsltXu88MqV5HD2YacICiaOIDzlFYy3fv+mNUErsV2tu3Z2LrIJXQA0KNfvV794gpqlkkaECte56bmKCDJXhVLBZpZdqliCd4Ih1LUYomQ6y+b0zcmadARnGyr7IkLn7eyJDqfVUhrZTohnr5Vpu/ltLeP7h0nYzvA4yHiWpYRFdLB+mgpiY5IGQAVeMGjG1gFRxez+hY1RIjY2tYoPxlmNYhfZF3bN8f1lrNIqIynACp3AOHlxBA+6gCS2gIOAZXuDVeXLenHfnY9FacoqZY/gj5/MHJOmYOw==</latexit>

X = e+e�
<latexit sha1_base64="rUAj2cgtBX1wH8LLh9czBfYmOy0=">AAACBHicbZDLSgMxFIYzXmu9VV26CRZBEMuMCLoRCm5cVrAXaaclk55pQ5PMkGSEMnTrC7jVN3Anbn0PX8DnMNPOQlt/CHz855ycwx/EnGnjul/O0vLK6tp6YaO4ubW9s1va22/oKFEU6jTikWoFRANnEuqGGQ6tWAERAYdmMLrJ6s1HUJpF8t6MY/AFGUgWMkqMtR5a1xi6p9A965XKbsWdCi+Cl0MZ5ar1St+dfkQTAdJQTrRue25s/JQowyiHSbGTaIgJHZEBtC1KIkD76fTgCT62Th+HkbJPGjx1f0+kRGg9FoHtFMQM9XwtM/+txSz7cG67Ca/8lMk4MSDpbHmYcGwinCWC+0wBNXxsgVDF7P2YDoki1NjcijYYbz6GRWicVzzLdxflajWPqIAO0RE6QR66RFV0i2qojigS6Bm9oFfnyXlz3p2PWeuSk88coD9yPn8Ar+WX5A==</latexit><latexit sha1_base64="rUAj2cgtBX1wH8LLh9czBfYmOy0=">AAACBHicbZDLSgMxFIYzXmu9VV26CRZBEMuMCLoRCm5cVrAXaaclk55pQ5PMkGSEMnTrC7jVN3Anbn0PX8DnMNPOQlt/CHz855ycwx/EnGnjul/O0vLK6tp6YaO4ubW9s1va22/oKFEU6jTikWoFRANnEuqGGQ6tWAERAYdmMLrJ6s1HUJpF8t6MY/AFGUgWMkqMtR5a1xi6p9A965XKbsWdCi+Cl0MZ5ar1St+dfkQTAdJQTrRue25s/JQowyiHSbGTaIgJHZEBtC1KIkD76fTgCT62Th+HkbJPGjx1f0+kRGg9FoHtFMQM9XwtM/+txSz7cG67Ca/8lMk4MSDpbHmYcGwinCWC+0wBNXxsgVDF7P2YDoki1NjcijYYbz6GRWicVzzLdxflajWPqIAO0RE6QR66RFV0i2qojigS6Bm9oFfnyXlz3p2PWeuSk88coD9yPn8Ar+WX5A==</latexit><latexit sha1_base64="rUAj2cgtBX1wH8LLh9czBfYmOy0=">AAACBHicbZDLSgMxFIYzXmu9VV26CRZBEMuMCLoRCm5cVrAXaaclk55pQ5PMkGSEMnTrC7jVN3Anbn0PX8DnMNPOQlt/CHz855ycwx/EnGnjul/O0vLK6tp6YaO4ubW9s1va22/oKFEU6jTikWoFRANnEuqGGQ6tWAERAYdmMLrJ6s1HUJpF8t6MY/AFGUgWMkqMtR5a1xi6p9A965XKbsWdCi+Cl0MZ5ar1St+dfkQTAdJQTrRue25s/JQowyiHSbGTaIgJHZEBtC1KIkD76fTgCT62Th+HkbJPGjx1f0+kRGg9FoHtFMQM9XwtM/+txSz7cG67Ca/8lMk4MSDpbHmYcGwinCWC+0wBNXxsgVDF7P2YDoki1NjcijYYbz6GRWicVzzLdxflajWPqIAO0RE6QR66RFV0i2qojigS6Bm9oFfnyXlz3p2PWeuSk88coD9yPn8Ar+WX5A==</latexit><latexit sha1_base64="rUAj2cgtBX1wH8LLh9czBfYmOy0=">AAACBHicbZDLSgMxFIYzXmu9VV26CRZBEMuMCLoRCm5cVrAXaaclk55pQ5PMkGSEMnTrC7jVN3Anbn0PX8DnMNPOQlt/CHz855ycwx/EnGnjul/O0vLK6tp6YaO4ubW9s1va22/oKFEU6jTikWoFRANnEuqGGQ6tWAERAYdmMLrJ6s1HUJpF8t6MY/AFGUgWMkqMtR5a1xi6p9A965XKbsWdCi+Cl0MZ5ar1St+dfkQTAdJQTrRue25s/JQowyiHSbGTaIgJHZEBtC1KIkD76fTgCT62Th+HkbJPGjx1f0+kRGg9FoHtFMQM9XwtM/+txSz7cG67Ca/8lMk4MSDpbHmYcGwinCWC+0wBNXxsgVDF7P2YDoki1NjcijYYbz6GRWicVzzLdxflajWPqIAO0RE6QR66RFV0i2qojigS6Bm9oFfnyXlz3p2PWeuSk88coD9yPn8Ar+WX5A==</latexit>

Tang et al, PRL  ’18
Sun et al, PRC ‘18

Avoid decay to protons (                  )
Neutron stability inside nuclei (9Be)

Only small mass window available (                    ):                     
� ! pe�⌫e

<latexit sha1_base64="Ms8VcXAgaSrOVb2Zf8IBC99zLxE=">AAACDnicbVDLSsNAFJ3UV62vVJdugkVwY0lEsMuCG5cV7AOaGibTm3boZDLMTJQS+g/+gFv9A3fi1l/wB/wOJ20W2npg4HDOfc0JBaNKu+6XVVpb39jcKm9Xdnb39g/s6mFHJakk0CYJS2QvxAoY5dDWVDPoCQk4Dhl0w8l17ncfQCqa8Ds9FTCI8YjTiBKsjRTYVZ+Mqa8TR8D9uc/TAAK75tbdOZxV4hWkhgq0AvvbHyYkjYFrwrBSfc8VepBhqSlhMKv4qQKByQSPoG8oxzGoQTY/feacGmXoRIk0j2tnrv7uyHCs1DQOTWWM9Vgte7n4rydoPnBpu44ag4xykWrgZLE8Spljvp9n4wypBKLZ1BBMJDX3O2SMJSbaJFgxwXjLMaySzkXdM/z2stZsFBGV0TE6QWfIQ1eoiW5QC7URQY/oGb2gV+vJerPerY9Fackqeo7QH1ifP3GenBw=</latexit><latexit sha1_base64="Ms8VcXAgaSrOVb2Zf8IBC99zLxE=">AAACDnicbVDLSsNAFJ3UV62vVJdugkVwY0lEsMuCG5cV7AOaGibTm3boZDLMTJQS+g/+gFv9A3fi1l/wB/wOJ20W2npg4HDOfc0JBaNKu+6XVVpb39jcKm9Xdnb39g/s6mFHJakk0CYJS2QvxAoY5dDWVDPoCQk4Dhl0w8l17ncfQCqa8Ds9FTCI8YjTiBKsjRTYVZ+Mqa8TR8D9uc/TAAK75tbdOZxV4hWkhgq0AvvbHyYkjYFrwrBSfc8VepBhqSlhMKv4qQKByQSPoG8oxzGoQTY/feacGmXoRIk0j2tnrv7uyHCs1DQOTWWM9Vgte7n4rydoPnBpu44ag4xykWrgZLE8Spljvp9n4wypBKLZ1BBMJDX3O2SMJSbaJFgxwXjLMaySzkXdM/z2stZsFBGV0TE6QWfIQ1eoiW5QC7URQY/oGb2gV+vJerPerY9Fackqeo7QH1ifP3GenBw=</latexit><latexit sha1_base64="Ms8VcXAgaSrOVb2Zf8IBC99zLxE=">AAACDnicbVDLSsNAFJ3UV62vVJdugkVwY0lEsMuCG5cV7AOaGibTm3boZDLMTJQS+g/+gFv9A3fi1l/wB/wOJ20W2npg4HDOfc0JBaNKu+6XVVpb39jcKm9Xdnb39g/s6mFHJakk0CYJS2QvxAoY5dDWVDPoCQk4Dhl0w8l17ncfQCqa8Ds9FTCI8YjTiBKsjRTYVZ+Mqa8TR8D9uc/TAAK75tbdOZxV4hWkhgq0AvvbHyYkjYFrwrBSfc8VepBhqSlhMKv4qQKByQSPoG8oxzGoQTY/feacGmXoRIk0j2tnrv7uyHCs1DQOTWWM9Vgte7n4rydoPnBpu44ag4xykWrgZLE8Spljvp9n4wypBKLZ1BBMJDX3O2SMJSbaJFgxwXjLMaySzkXdM/z2stZsFBGV0TE6QWfIQ1eoiW5QC7URQY/oGb2gV+vJerPerY9Fackqeo7QH1ifP3GenBw=</latexit><latexit sha1_base64="Ms8VcXAgaSrOVb2Zf8IBC99zLxE=">AAACDnicbVDLSsNAFJ3UV62vVJdugkVwY0lEsMuCG5cV7AOaGibTm3boZDLMTJQS+g/+gFv9A3fi1l/wB/wOJ20W2npg4HDOfc0JBaNKu+6XVVpb39jcKm9Xdnb39g/s6mFHJakk0CYJS2QvxAoY5dDWVDPoCQk4Dhl0w8l17ncfQCqa8Ds9FTCI8YjTiBKsjRTYVZ+Mqa8TR8D9uc/TAAK75tbdOZxV4hWkhgq0AvvbHyYkjYFrwrBSfc8VepBhqSlhMKv4qQKByQSPoG8oxzGoQTY/feacGmXoRIk0j2tnrv7uyHCs1DQOTWWM9Vgte7n4rydoPnBpu44ag4xykWrgZLE8Spljvp9n4wypBKLZ1BBMJDX3O2SMJSbaJFgxwXjLMaySzkXdM/z2stZsFBGV0TE6QWfIQ1eoiW5QC7URQY/oGb2gV+vJerPerY9Fackqeo7QH1ifP3GenBw=</latexit>

�m ⌘ mn �m�
<latexit sha1_base64="XBU2+RSDZ985sMxcE0OWuz9YTxc=">AAACFnicbVDLSgMxFM34rPU16krcBIvgxjIjgi4LunBZwT6gMwyZ9LYNTTJjkimUUvwNf8Ct/oE7cevWH/A7zLRdaOuBC4dz7s3NPXHKmTae9+UsLa+srq0XNoqbW9s7u+7efl0nmaJQowlPVDMmGjiTUDPMcGimCoiIOTTi/nXuNwagNEvkvRmmEArSlazDKDFWitzD4Aa4IVgE8JCxARaRPBNRQHssckte2ZsALxJ/RkpohmrkfgfthGYCpKGcaN3yvdSEI6IMoxzGxSDTkBLaJ11oWSqJAB2OJieM8YlV2riTKFvS4In6e2JEhNZDEdtOQUxPz3u5+K+XsvzBue2mcxWOmEwzA5JOl3cyjk2C84xwmymghg8tIVQx+39Me0QRamySRRuMPx/DIqmfl32/7N9dlCqVWUQFdISO0Sny0SWqoFtURTVE0SN6Ri/o1Xly3px352PauuTMZg7QHzifP36tn18=</latexit><latexit sha1_base64="XBU2+RSDZ985sMxcE0OWuz9YTxc=">AAACFnicbVDLSgMxFM34rPU16krcBIvgxjIjgi4LunBZwT6gMwyZ9LYNTTJjkimUUvwNf8Ct/oE7cevWH/A7zLRdaOuBC4dz7s3NPXHKmTae9+UsLa+srq0XNoqbW9s7u+7efl0nmaJQowlPVDMmGjiTUDPMcGimCoiIOTTi/nXuNwagNEvkvRmmEArSlazDKDFWitzD4Aa4IVgE8JCxARaRPBNRQHssckte2ZsALxJ/RkpohmrkfgfthGYCpKGcaN3yvdSEI6IMoxzGxSDTkBLaJ11oWSqJAB2OJieM8YlV2riTKFvS4In6e2JEhNZDEdtOQUxPz3u5+K+XsvzBue2mcxWOmEwzA5JOl3cyjk2C84xwmymghg8tIVQx+39Me0QRamySRRuMPx/DIqmfl32/7N9dlCqVWUQFdISO0Sny0SWqoFtURTVE0SN6Ri/o1Xly3px352PauuTMZg7QHzifP36tn18=</latexit><latexit sha1_base64="XBU2+RSDZ985sMxcE0OWuz9YTxc=">AAACFnicbVDLSgMxFM34rPU16krcBIvgxjIjgi4LunBZwT6gMwyZ9LYNTTJjkimUUvwNf8Ct/oE7cevWH/A7zLRdaOuBC4dz7s3NPXHKmTae9+UsLa+srq0XNoqbW9s7u+7efl0nmaJQowlPVDMmGjiTUDPMcGimCoiIOTTi/nXuNwagNEvkvRmmEArSlazDKDFWitzD4Aa4IVgE8JCxARaRPBNRQHssckte2ZsALxJ/RkpohmrkfgfthGYCpKGcaN3yvdSEI6IMoxzGxSDTkBLaJ11oWSqJAB2OJieM8YlV2riTKFvS4In6e2JEhNZDEdtOQUxPz3u5+K+XsvzBue2mcxWOmEwzA5JOl3cyjk2C84xwmymghg8tIVQx+39Me0QRamySRRuMPx/DIqmfl32/7N9dlCqVWUQFdISO0Sny0SWqoFtURTVE0SN6Ri/o1Xly3px352PauuTMZg7QHzifP36tn18=</latexit><latexit sha1_base64="XBU2+RSDZ985sMxcE0OWuz9YTxc=">AAACFnicbVDLSgMxFM34rPU16krcBIvgxjIjgi4LunBZwT6gMwyZ9LYNTTJjkimUUvwNf8Ct/oE7cevWH/A7zLRdaOuBC4dz7s3NPXHKmTae9+UsLa+srq0XNoqbW9s7u+7efl0nmaJQowlPVDMmGjiTUDPMcGimCoiIOTTi/nXuNwagNEvkvRmmEArSlazDKDFWitzD4Aa4IVgE8JCxARaRPBNRQHssckte2ZsALxJ/RkpohmrkfgfthGYCpKGcaN3yvdSEI6IMoxzGxSDTkBLaJ11oWSqJAB2OJieM8YlV2riTKFvS4In6e2JEhNZDEdtOQUxPz3u5+K+XsvzBue2mcxWOmEwzA5JOl3cyjk2C84xwmymghg8tIVQx+39Me0QRamySRRuMPx/DIqmfl32/7N9dlCqVWUQFdISO0Sny0SWqoFtURTVE0SN6Ri/o1Xly3px352PauuTMZg7QHzifP36tn18=</latexit>

0.79MeV < �m < 1.67MeV
<latexit sha1_base64="NJxU6I8eEPi1Vzm0iXucrOlQBzM=">AAACJ3icbVDLSgMxFM3UV62vUZdugkUQkWFGxCp0UdCFG6GCfUCnlEx624YmM0OSEcrQf/A3/AG3+gfuRJdu/A7Tx6K2HrhwOOfe3NwTxJwp7bpfVmZpeWV1Lbue29jc2t6xd/eqKkokhQqNeCTrAVHAWQgVzTSHeiyBiIBDLehfj/zaI0jFovBBD2JoCtINWYdRoo3Usk9cp3Dln6a+FPgOqsOifwNcEyxwEXvORWHGatl513HHwIvEm5I8mqLcsn/8dkQTAaGmnCjV8NxYN1MiNaMchjk/URAT2iddaBgaEgGqmY5vGuIjo7RxJ5KmQo3H6uxESoRSAxGYTkF0T817I/FfL2ajB+e2685lM2VhnGgI6WR5J+FYR3gUGm4zCVTzgSGESmb+j2mPSEK1iTZngvHmY1gk1TPH8xzv/jxfKk0jyqIDdIiOkYcKqIRuURlVEEVP6AW9ojfr2Xq3PqzPSWvGms7soz+wvn8BbgOjuA==</latexit><latexit sha1_base64="NJxU6I8eEPi1Vzm0iXucrOlQBzM=">AAACJ3icbVDLSgMxFM3UV62vUZdugkUQkWFGxCp0UdCFG6GCfUCnlEx624YmM0OSEcrQf/A3/AG3+gfuRJdu/A7Tx6K2HrhwOOfe3NwTxJwp7bpfVmZpeWV1Lbue29jc2t6xd/eqKkokhQqNeCTrAVHAWQgVzTSHeiyBiIBDLehfj/zaI0jFovBBD2JoCtINWYdRoo3Usk9cp3Dln6a+FPgOqsOifwNcEyxwEXvORWHGatl513HHwIvEm5I8mqLcsn/8dkQTAaGmnCjV8NxYN1MiNaMchjk/URAT2iddaBgaEgGqmY5vGuIjo7RxJ5KmQo3H6uxESoRSAxGYTkF0T817I/FfL2ajB+e2685lM2VhnGgI6WR5J+FYR3gUGm4zCVTzgSGESmb+j2mPSEK1iTZngvHmY1gk1TPH8xzv/jxfKk0jyqIDdIiOkYcKqIRuURlVEEVP6AW9ojfr2Xq3PqzPSWvGms7soz+wvn8BbgOjuA==</latexit><latexit sha1_base64="NJxU6I8eEPi1Vzm0iXucrOlQBzM=">AAACJ3icbVDLSgMxFM3UV62vUZdugkUQkWFGxCp0UdCFG6GCfUCnlEx624YmM0OSEcrQf/A3/AG3+gfuRJdu/A7Tx6K2HrhwOOfe3NwTxJwp7bpfVmZpeWV1Lbue29jc2t6xd/eqKkokhQqNeCTrAVHAWQgVzTSHeiyBiIBDLehfj/zaI0jFovBBD2JoCtINWYdRoo3Usk9cp3Dln6a+FPgOqsOifwNcEyxwEXvORWHGatl513HHwIvEm5I8mqLcsn/8dkQTAaGmnCjV8NxYN1MiNaMchjk/URAT2iddaBgaEgGqmY5vGuIjo7RxJ5KmQo3H6uxESoRSAxGYTkF0T817I/FfL2ajB+e2685lM2VhnGgI6WR5J+FYR3gUGm4zCVTzgSGESmb+j2mPSEK1iTZngvHmY1gk1TPH8xzv/jxfKk0jyqIDdIiOkYcKqIRuURlVEEVP6AW9ojfr2Xq3PqzPSWvGms7soz+wvn8BbgOjuA==</latexit><latexit sha1_base64="NJxU6I8eEPi1Vzm0iXucrOlQBzM=">AAACJ3icbVDLSgMxFM3UV62vUZdugkUQkWFGxCp0UdCFG6GCfUCnlEx624YmM0OSEcrQf/A3/AG3+gfuRJdu/A7Tx6K2HrhwOOfe3NwTxJwp7bpfVmZpeWV1Lbue29jc2t6xd/eqKkokhQqNeCTrAVHAWQgVzTSHeiyBiIBDLehfj/zaI0jFovBBD2JoCtINWYdRoo3Usk9cp3Dln6a+FPgOqsOifwNcEyxwEXvORWHGatl513HHwIvEm5I8mqLcsn/8dkQTAaGmnCjV8NxYN1MiNaMchjk/URAT2iddaBgaEgGqmY5vGuIjo7RxJ5KmQo3H6uxESoRSAxGYTkF0T817I/FfL2ajB+e2685lM2VhnGgI6WR5J+FYR3gUGm4zCVTzgSGESmb+j2mPSEK1iTZngvHmY1gk1TPH8xzv/jxfKk0jyqIDdIiOkYcKqIRuURlVEEVP6AW9ojfr2Xq3PqzPSWvGms7soz+wvn8BbgOjuA==</latexit>
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Adding a U(1)
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Let’s assume that DM couples to 
some new light (vector) particle

L � g0�̄�µ�A0
µ

<latexit sha1_base64="EaKPM2GDu8F3x5FNqPqrlHcosaA="></latexit><latexit sha1_base64="EaKPM2GDu8F3x5FNqPqrlHcosaA="></latexit><latexit sha1_base64="EaKPM2GDu8F3x5FNqPqrlHcosaA="></latexit><latexit sha1_base64="EaKPM2GDu8F3x5FNqPqrlHcosaA="></latexit>

�n!��0/�n!�� / (g0/µn)
2 � 1

<latexit sha1_base64="ecEUYVHo5bLoi/XCZBK9pMq3osw="></latexit><latexit sha1_base64="ecEUYVHo5bLoi/XCZBK9pMq3osw="></latexit><latexit sha1_base64="ecEUYVHo5bLoi/XCZBK9pMq3osw="></latexit><latexit sha1_base64="ecEUYVHo5bLoi/XCZBK9pMq3osw="></latexit>

0.79MeV < �m < 1.67MeV
<latexit sha1_base64="NJxU6I8eEPi1Vzm0iXucrOlQBzM=">AAACJ3icbVDLSgMxFM3UV62vUZdugkUQkWFGxCp0UdCFG6GCfUCnlEx624YmM0OSEcrQf/A3/AG3+gfuRJdu/A7Tx6K2HrhwOOfe3NwTxJwp7bpfVmZpeWV1Lbue29jc2t6xd/eqKkokhQqNeCTrAVHAWQgVzTSHeiyBiIBDLehfj/zaI0jFovBBD2JoCtINWYdRoo3Usk9cp3Dln6a+FPgOqsOifwNcEyxwEXvORWHGatl513HHwIvEm5I8mqLcsn/8dkQTAaGmnCjV8NxYN1MiNaMchjk/URAT2iddaBgaEgGqmY5vGuIjo7RxJ5KmQo3H6uxESoRSAxGYTkF0T817I/FfL2ajB+e2685lM2VhnGgI6WR5J+FYR3gUGm4zCVTzgSGESmb+j2mPSEK1iTZngvHmY1gk1TPH8xzv/jxfKk0jyqIDdIiOkYcKqIRuURlVEEVP6AW9ojfr2Xq3PqzPSWvGms7soz+wvn8BbgOjuA==</latexit><latexit sha1_base64="NJxU6I8eEPi1Vzm0iXucrOlQBzM=">AAACJ3icbVDLSgMxFM3UV62vUZdugkUQkWFGxCp0UdCFG6GCfUCnlEx624YmM0OSEcrQf/A3/AG3+gfuRJdu/A7Tx6K2HrhwOOfe3NwTxJwp7bpfVmZpeWV1Lbue29jc2t6xd/eqKkokhQqNeCTrAVHAWQgVzTSHeiyBiIBDLehfj/zaI0jFovBBD2JoCtINWYdRoo3Usk9cp3Dln6a+FPgOqsOifwNcEyxwEXvORWHGatl513HHwIvEm5I8mqLcsn/8dkQTAaGmnCjV8NxYN1MiNaMchjk/URAT2iddaBgaEgGqmY5vGuIjo7RxJ5KmQo3H6uxESoRSAxGYTkF0T817I/FfL2ajB+e2685lM2VhnGgI6WR5J+FYR3gUGm4zCVTzgSGESmb+j2mPSEK1iTZngvHmY1gk1TPH8xzv/jxfKk0jyqIDdIiOkYcKqIRuURlVEEVP6AW9ojfr2Xq3PqzPSWvGms7soz+wvn8BbgOjuA==</latexit><latexit sha1_base64="NJxU6I8eEPi1Vzm0iXucrOlQBzM=">AAACJ3icbVDLSgMxFM3UV62vUZdugkUQkWFGxCp0UdCFG6GCfUCnlEx624YmM0OSEcrQf/A3/AG3+gfuRJdu/A7Tx6K2HrhwOOfe3NwTxJwp7bpfVmZpeWV1Lbue29jc2t6xd/eqKkokhQqNeCTrAVHAWQgVzTSHeiyBiIBDLehfj/zaI0jFovBBD2JoCtINWYdRoo3Usk9cp3Dln6a+FPgOqsOifwNcEyxwEXvORWHGatl513HHwIvEm5I8mqLcsn/8dkQTAaGmnCjV8NxYN1MiNaMchjk/URAT2iddaBgaEgGqmY5vGuIjo7RxJ5KmQo3H6uxESoRSAxGYTkF0T817I/FfL2ajB+e2685lM2VhnGgI6WR5J+FYR3gUGm4zCVTzgSGESmb+j2mPSEK1iTZngvHmY1gk1TPH8xzv/jxfKk0jyqIDdIiOkYcKqIRuURlVEEVP6AW9ojfr2Xq3PqzPSWvGms7soz+wvn8BbgOjuA==</latexit><latexit sha1_base64="NJxU6I8eEPi1Vzm0iXucrOlQBzM=">AAACJ3icbVDLSgMxFM3UV62vUZdugkUQkWFGxCp0UdCFG6GCfUCnlEx624YmM0OSEcrQf/A3/AG3+gfuRJdu/A7Tx6K2HrhwOOfe3NwTxJwp7bpfVmZpeWV1Lbue29jc2t6xd/eqKkokhQqNeCTrAVHAWQgVzTSHeiyBiIBDLehfj/zaI0jFovBBD2JoCtINWYdRoo3Usk9cp3Dln6a+FPgOqsOifwNcEyxwEXvORWHGatl513HHwIvEm5I8mqLcsn/8dkQTAaGmnCjV8NxYN1MiNaMchjk/URAT2iddaBgaEgGqmY5vGuIjo7RxJ5KmQo3H6uxESoRSAxGYTkF0T817I/FfL2ajB+e2685lM2VhnGgI6WR5J+FYR3gUGm4zCVTzgSGESmb+j2mPSEK1iTZngvHmY1gk1TPH8xzv/jxfKk0jyqIDdIiOkYcKqIRuURlVEEVP6AW9ojfr2Xq3PqzPSWvGms7soz+wvn8BbgOjuA==</latexit>

m�0
<latexit sha1_base64="vM7LwBM8OQJzAKymSOBCAnSs7p4=">AAACBnicdVDLSgMxFM34rPVVdekmWERXQ+Kz7gpuXFawD2iHkkkzbWgyMyQZoQzd+wNu9Q/ciVt/wx/wO8xMR9CiBwKHc+4rx48F1wahD2dhcWl5ZbW0Vl7f2NzaruzstnSUKMqaNBKR6vhEM8FD1jTcCNaJFSPSF6ztj68zv33PlOZReGcmMfMkGYY84JQYK3VlP+0NiZTkaNqvVJF7jvDVBYLIRTlyUsOnGOJCqYICjX7lszeIaCJZaKggWncxio2XEmU4FWxa7iWaxYSOyZB1LQ2JZNpL85On8NAqAxhEyr7QwFz92ZESqfVE+rZSEjPS814m/unFPBs4t90ENS/lYZwYFtLZ8iAR0EQwywQOuGLUiIklhCpu74d0RBShxiZXtsF8/x7+T1onLsYuvj2r1utFRCWwDw7AMcDgEtTBDWiAJqAgAo/gCTw7D86L8+q8zUoXnKJnD/yC8/4F9iKZ0g==</latexit><latexit sha1_base64="vM7LwBM8OQJzAKymSOBCAnSs7p4=">AAACBnicdVDLSgMxFM34rPVVdekmWERXQ+Kz7gpuXFawD2iHkkkzbWgyMyQZoQzd+wNu9Q/ciVt/wx/wO8xMR9CiBwKHc+4rx48F1wahD2dhcWl5ZbW0Vl7f2NzaruzstnSUKMqaNBKR6vhEM8FD1jTcCNaJFSPSF6ztj68zv33PlOZReGcmMfMkGYY84JQYK3VlP+0NiZTkaNqvVJF7jvDVBYLIRTlyUsOnGOJCqYICjX7lszeIaCJZaKggWncxio2XEmU4FWxa7iWaxYSOyZB1LQ2JZNpL85On8NAqAxhEyr7QwFz92ZESqfVE+rZSEjPS814m/unFPBs4t90ENS/lYZwYFtLZ8iAR0EQwywQOuGLUiIklhCpu74d0RBShxiZXtsF8/x7+T1onLsYuvj2r1utFRCWwDw7AMcDgEtTBDWiAJqAgAo/gCTw7D86L8+q8zUoXnKJnD/yC8/4F9iKZ0g==</latexit><latexit sha1_base64="vM7LwBM8OQJzAKymSOBCAnSs7p4=">AAACBnicdVDLSgMxFM34rPVVdekmWERXQ+Kz7gpuXFawD2iHkkkzbWgyMyQZoQzd+wNu9Q/ciVt/wx/wO8xMR9CiBwKHc+4rx48F1wahD2dhcWl5ZbW0Vl7f2NzaruzstnSUKMqaNBKR6vhEM8FD1jTcCNaJFSPSF6ztj68zv33PlOZReGcmMfMkGYY84JQYK3VlP+0NiZTkaNqvVJF7jvDVBYLIRTlyUsOnGOJCqYICjX7lszeIaCJZaKggWncxio2XEmU4FWxa7iWaxYSOyZB1LQ2JZNpL85On8NAqAxhEyr7QwFz92ZESqfVE+rZSEjPS814m/unFPBs4t90ENS/lYZwYFtLZ8iAR0EQwywQOuGLUiIklhCpu74d0RBShxiZXtsF8/x7+T1onLsYuvj2r1utFRCWwDw7AMcDgEtTBDWiAJqAgAo/gCTw7D86L8+q8zUoXnKJnD/yC8/4F9iKZ0g==</latexit><latexit sha1_base64="vM7LwBM8OQJzAKymSOBCAnSs7p4=">AAACBnicdVDLSgMxFM34rPVVdekmWERXQ+Kz7gpuXFawD2iHkkkzbWgyMyQZoQzd+wNu9Q/ciVt/wx/wO8xMR9CiBwKHc+4rx48F1wahD2dhcWl5ZbW0Vl7f2NzaruzstnSUKMqaNBKR6vhEM8FD1jTcCNaJFSPSF6ztj68zv33PlOZReGcmMfMkGYY84JQYK3VlP+0NiZTkaNqvVJF7jvDVBYLIRTlyUsOnGOJCqYICjX7lszeIaCJZaKggWncxio2XEmU4FWxa7iWaxYSOyZB1LQ2JZNpL85On8NAqAxhEyr7QwFz92ZESqfVE+rZSEjPS814m/unFPBs4t90ENS/lYZwYFtLZ8iAR0EQwywQOuGLUiIklhCpu74d0RBShxiZXtsF8/x7+T1onLsYuvj2r1utFRCWwDw7AMcDgEtTBDWiAJqAgAo/gCTw7D86L8+q8zUoXnKJnD/yC8/4F9iKZ0g==</latexit>

Pressure loss in neutron stars 
from            problematic n ! �

<latexit sha1_base64="iCPx2tdl9AzmUvFh5xZCZ6+aFCU=">AAACBHicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7EM6Q8mkmTY0yQxJRihDt/6AW/0Dd+LW//AH/A4z01lo64HA4Zz7ygkTzrRx3S+nsra+sblV3a7t7O7tH9QPj7o6ThWhHRLzWPVDrClnknYMM5z2E0WxCDnthdOb3O89UqVZLO/NLKGBwGPJIkawsdKD9E2MfDJhw3rDbboF0CrxStKAEu1h/dsfxSQVVBrCsdYDz01MkGFlGOF0XvNTTRNMpnhMB5ZKLKgOsuLgOTqzyghFsbJPGlSovzsyLLSeidBWCmwmetnLxX+9hOUDl7ab6DrImExSQyVZLI9SjuzP80TQiClKDJ9Zgoli9n5EJlhhYmxuNRuMtxzDKuleND2v6d1dNlqtMqIqnMApnIMHV9CCW2hDBwgIeIYXeHWenDfn3flYlFacsucY/sD5/AH1ipiv</latexit><latexit sha1_base64="iCPx2tdl9AzmUvFh5xZCZ6+aFCU=">AAACBHicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7EM6Q8mkmTY0yQxJRihDt/6AW/0Dd+LW//AH/A4z01lo64HA4Zz7ygkTzrRx3S+nsra+sblV3a7t7O7tH9QPj7o6ThWhHRLzWPVDrClnknYMM5z2E0WxCDnthdOb3O89UqVZLO/NLKGBwGPJIkawsdKD9E2MfDJhw3rDbboF0CrxStKAEu1h/dsfxSQVVBrCsdYDz01MkGFlGOF0XvNTTRNMpnhMB5ZKLKgOsuLgOTqzyghFsbJPGlSovzsyLLSeidBWCmwmetnLxX+9hOUDl7ab6DrImExSQyVZLI9SjuzP80TQiClKDJ9Zgoli9n5EJlhhYmxuNRuMtxzDKuleND2v6d1dNlqtMqIqnMApnIMHV9CCW2hDBwgIeIYXeHWenDfn3flYlFacsucY/sD5/AH1ipiv</latexit><latexit sha1_base64="iCPx2tdl9AzmUvFh5xZCZ6+aFCU=">AAACBHicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7EM6Q8mkmTY0yQxJRihDt/6AW/0Dd+LW//AH/A4z01lo64HA4Zz7ygkTzrRx3S+nsra+sblV3a7t7O7tH9QPj7o6ThWhHRLzWPVDrClnknYMM5z2E0WxCDnthdOb3O89UqVZLO/NLKGBwGPJIkawsdKD9E2MfDJhw3rDbboF0CrxStKAEu1h/dsfxSQVVBrCsdYDz01MkGFlGOF0XvNTTRNMpnhMB5ZKLKgOsuLgOTqzyghFsbJPGlSovzsyLLSeidBWCmwmetnLxX+9hOUDl7ab6DrImExSQyVZLI9SjuzP80TQiClKDJ9Zgoli9n5EJlhhYmxuNRuMtxzDKuleND2v6d1dNlqtMqIqnMApnIMHV9CCW2hDBwgIeIYXeHWenDfn3flYlFacsucY/sD5/AH1ipiv</latexit><latexit sha1_base64="iCPx2tdl9AzmUvFh5xZCZ6+aFCU=">AAACBHicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuCG5cV7EM6Q8mkmTY0yQxJRihDt/6AW/0Dd+LW//AH/A4z01lo64HA4Zz7ygkTzrRx3S+nsra+sblV3a7t7O7tH9QPj7o6ThWhHRLzWPVDrClnknYMM5z2E0WxCDnthdOb3O89UqVZLO/NLKGBwGPJIkawsdKD9E2MfDJhw3rDbboF0CrxStKAEu1h/dsfxSQVVBrCsdYDz01MkGFlGOF0XvNTTRNMpnhMB5ZKLKgOsuLgOTqzyghFsbJPGlSovzsyLLSeidBWCmwmetnLxX+9hOUDl7ab6DrImExSQyVZLI9SjuzP80TQiClKDJ9Zgoli9n5EJlhhYmxuNRuMtxzDKuleND2v6d1dNlqtMqIqnMApnIMHV9CCW2hDBwgIeIYXeHWenDfn3flYlFacsucY/sD5/AH1ipiv</latexit>

sufficient counter-pressure for 
m�0/g0 . (45� 60)MeV

<latexit sha1_base64="IPri6K5jyCP76T8cavtsBaNUKMk="></latexit><latexit sha1_base64="IPri6K5jyCP76T8cavtsBaNUKMk="></latexit><latexit sha1_base64="IPri6K5jyCP76T8cavtsBaNUKMk="></latexit><latexit sha1_base64="IPri6K5jyCP76T8cavtsBaNUKMk="></latexit>

McKeen+, 1802.08244
Baym+, 1802.08282

Motta, Guichon & Thomas, 1802.08427

Cline & Cornell,  JHEP ‘18

�
<latexit sha1_base64="2OXnZOCUNfnSpaTmP+NZbMz43ig=">AAAB/3icdVDLSgMxFL3js9ZX1aWbYBFclYn43BXcuKxgH9AOJZNmOqGZzJBkhDJ04Q+41T9wJ279FH/A7zDTjlCLHggczrmvHD8RXBvX/XSWlldW19ZLG+XNre2d3crefkvHqaKsSWMRq45PNBNcsqbhRrBOohiJfMHa/ugm99sPTGkey3szTpgXkaHkAafE5FKPhrxfqbo1dwo0R85dfH2BES6UKhRo9CtfvUFM04hJQwXRuovdxHgZUYZTwSblXqpZQuiIDFnXUkkipr1seusEHVtlgIJY2ScNmqrzHRmJtB5Hvq2MiAn1opeLf3oJzwcubDfBlZdxmaSGSTpbHqQCmRjlYaABV4waMbaEUMXt/YiGRBFqbGRlG8zP79H/pHVaw7iG786q9XoRUQkO4QhOAMMl1OEWGtAECiE8wTO8OI/Oq/PmvM9Kl5yi5wB+wfn4BnMKlsY=</latexit><latexit sha1_base64="2OXnZOCUNfnSpaTmP+NZbMz43ig=">AAAB/3icdVDLSgMxFL3js9ZX1aWbYBFclYn43BXcuKxgH9AOJZNmOqGZzJBkhDJ04Q+41T9wJ279FH/A7zDTjlCLHggczrmvHD8RXBvX/XSWlldW19ZLG+XNre2d3crefkvHqaKsSWMRq45PNBNcsqbhRrBOohiJfMHa/ugm99sPTGkey3szTpgXkaHkAafE5FKPhrxfqbo1dwo0R85dfH2BES6UKhRo9CtfvUFM04hJQwXRuovdxHgZUYZTwSblXqpZQuiIDFnXUkkipr1seusEHVtlgIJY2ScNmqrzHRmJtB5Hvq2MiAn1opeLf3oJzwcubDfBlZdxmaSGSTpbHqQCmRjlYaABV4waMbaEUMXt/YiGRBFqbGRlG8zP79H/pHVaw7iG786q9XoRUQkO4QhOAMMl1OEWGtAECiE8wTO8OI/Oq/PmvM9Kl5yi5wB+wfn4BnMKlsY=</latexit><latexit sha1_base64="2OXnZOCUNfnSpaTmP+NZbMz43ig=">AAAB/3icdVDLSgMxFL3js9ZX1aWbYBFclYn43BXcuKxgH9AOJZNmOqGZzJBkhDJ04Q+41T9wJ279FH/A7zDTjlCLHggczrmvHD8RXBvX/XSWlldW19ZLG+XNre2d3crefkvHqaKsSWMRq45PNBNcsqbhRrBOohiJfMHa/ugm99sPTGkey3szTpgXkaHkAafE5FKPhrxfqbo1dwo0R85dfH2BES6UKhRo9CtfvUFM04hJQwXRuovdxHgZUYZTwSblXqpZQuiIDFnXUkkipr1seusEHVtlgIJY2ScNmqrzHRmJtB5Hvq2MiAn1opeLf3oJzwcubDfBlZdxmaSGSTpbHqQCmRjlYaABV4waMbaEUMXt/YiGRBFqbGRlG8zP79H/pHVaw7iG786q9XoRUQkO4QhOAMMl1OEWGtAECiE8wTO8OI/Oq/PmvM9Kl5yi5wB+wfn4BnMKlsY=</latexit><latexit sha1_base64="2OXnZOCUNfnSpaTmP+NZbMz43ig=">AAAB/3icdVDLSgMxFL3js9ZX1aWbYBFclYn43BXcuKxgH9AOJZNmOqGZzJBkhDJ04Q+41T9wJ279FH/A7zDTjlCLHggczrmvHD8RXBvX/XSWlldW19ZLG+XNre2d3crefkvHqaKsSWMRq45PNBNcsqbhRrBOohiJfMHa/ugm99sPTGkey3szTpgXkaHkAafE5FKPhrxfqbo1dwo0R85dfH2BES6UKhRo9CtfvUFM04hJQwXRuovdxHgZUYZTwSblXqpZQuiIDFnXUkkipr1seusEHVtlgIJY2ScNmqrzHRmJtB5Hvq2MiAn1opeLf3oJzwcubDfBlZdxmaSGSTpbHqQCmRjlYaABV4waMbaEUMXt/YiGRBFqbGRlG8zP79H/pHVaw7iG786q9XoRUQkO4QhOAMMl1OEWGtAECiE8wTO8OI/Oq/PmvM9Kl5yi5wB+wfn4BnMKlsY=</latexit>

�
<latexit sha1_base64="2OXnZOCUNfnSpaTmP+NZbMz43ig=">AAAB/3icdVDLSgMxFL3js9ZX1aWbYBFclYn43BXcuKxgH9AOJZNmOqGZzJBkhDJ04Q+41T9wJ279FH/A7zDTjlCLHggczrmvHD8RXBvX/XSWlldW19ZLG+XNre2d3crefkvHqaKsSWMRq45PNBNcsqbhRrBOohiJfMHa/ugm99sPTGkey3szTpgXkaHkAafE5FKPhrxfqbo1dwo0R85dfH2BES6UKhRo9CtfvUFM04hJQwXRuovdxHgZUYZTwSblXqpZQuiIDFnXUkkipr1seusEHVtlgIJY2ScNmqrzHRmJtB5Hvq2MiAn1opeLf3oJzwcubDfBlZdxmaSGSTpbHqQCmRjlYaABV4waMbaEUMXt/YiGRBFqbGRlG8zP79H/pHVaw7iG786q9XoRUQkO4QhOAMMl1OEWGtAECiE8wTO8OI/Oq/PmvM9Kl5yi5wB+wfn4BnMKlsY=</latexit><latexit sha1_base64="2OXnZOCUNfnSpaTmP+NZbMz43ig=">AAAB/3icdVDLSgMxFL3js9ZX1aWbYBFclYn43BXcuKxgH9AOJZNmOqGZzJBkhDJ04Q+41T9wJ279FH/A7zDTjlCLHggczrmvHD8RXBvX/XSWlldW19ZLG+XNre2d3crefkvHqaKsSWMRq45PNBNcsqbhRrBOohiJfMHa/ugm99sPTGkey3szTpgXkaHkAafE5FKPhrxfqbo1dwo0R85dfH2BES6UKhRo9CtfvUFM04hJQwXRuovdxHgZUYZTwSblXqpZQuiIDFnXUkkipr1seusEHVtlgIJY2ScNmqrzHRmJtB5Hvq2MiAn1opeLf3oJzwcubDfBlZdxmaSGSTpbHqQCmRjlYaABV4waMbaEUMXt/YiGRBFqbGRlG8zP79H/pHVaw7iG786q9XoRUQkO4QhOAMMl1OEWGtAECiE8wTO8OI/Oq/PmvM9Kl5yi5wB+wfn4BnMKlsY=</latexit><latexit sha1_base64="2OXnZOCUNfnSpaTmP+NZbMz43ig=">AAAB/3icdVDLSgMxFL3js9ZX1aWbYBFclYn43BXcuKxgH9AOJZNmOqGZzJBkhDJ04Q+41T9wJ279FH/A7zDTjlCLHggczrmvHD8RXBvX/XSWlldW19ZLG+XNre2d3crefkvHqaKsSWMRq45PNBNcsqbhRrBOohiJfMHa/ugm99sPTGkey3szTpgXkaHkAafE5FKPhrxfqbo1dwo0R85dfH2BES6UKhRo9CtfvUFM04hJQwXRuovdxHgZUYZTwSblXqpZQuiIDFnXUkkipr1seusEHVtlgIJY2ScNmqrzHRmJtB5Hvq2MiAn1opeLf3oJzwcubDfBlZdxmaSGSTpbHqQCmRjlYaABV4waMbaEUMXt/YiGRBFqbGRlG8zP79H/pHVaw7iG786q9XoRUQkO4QhOAMMl1OEWGtAECiE8wTO8OI/Oq/PmvM9Kl5yi5wB+wfn4BnMKlsY=</latexit><latexit sha1_base64="2OXnZOCUNfnSpaTmP+NZbMz43ig=">AAAB/3icdVDLSgMxFL3js9ZX1aWbYBFclYn43BXcuKxgH9AOJZNmOqGZzJBkhDJ04Q+41T9wJ279FH/A7zDTjlCLHggczrmvHD8RXBvX/XSWlldW19ZLG+XNre2d3crefkvHqaKsSWMRq45PNBNcsqbhRrBOohiJfMHa/ugm99sPTGkey3szTpgXkaHkAafE5FKPhrxfqbo1dwo0R85dfH2BES6UKhRo9CtfvUFM04hJQwXRuovdxHgZUYZTwSblXqpZQuiIDFnXUkkipr1seusEHVtlgIJY2ScNmqrzHRmJtB5Hvq2MiAn1opeLf3oJzwcubDfBlZdxmaSGSTpbHqQCmRjlYaABV4waMbaEUMXt/YiGRBFqbGRlG8zP79H/pHVaw7iG786q9XoRUQkO4QhOAMMl1OEWGtAECiE8wTO8OI/Oq/PmvM9Kl5yi5wB+wfn4BnMKlsY=</latexit>

�
<latexit sha1_base64="2OXnZOCUNfnSpaTmP+NZbMz43ig=">AAAB/3icdVDLSgMxFL3js9ZX1aWbYBFclYn43BXcuKxgH9AOJZNmOqGZzJBkhDJ04Q+41T9wJ279FH/A7zDTjlCLHggczrmvHD8RXBvX/XSWlldW19ZLG+XNre2d3crefkvHqaKsSWMRq45PNBNcsqbhRrBOohiJfMHa/ugm99sPTGkey3szTpgXkaHkAafE5FKPhrxfqbo1dwo0R85dfH2BES6UKhRo9CtfvUFM04hJQwXRuovdxHgZUYZTwSblXqpZQuiIDFnXUkkipr1seusEHVtlgIJY2ScNmqrzHRmJtB5Hvq2MiAn1opeLf3oJzwcubDfBlZdxmaSGSTpbHqQCmRjlYaABV4waMbaEUMXt/YiGRBFqbGRlG8zP79H/pHVaw7iG786q9XoRUQkO4QhOAMMl1OEWGtAECiE8wTO8OI/Oq/PmvM9Kl5yi5wB+wfn4BnMKlsY=</latexit><latexit sha1_base64="2OXnZOCUNfnSpaTmP+NZbMz43ig=">AAAB/3icdVDLSgMxFL3js9ZX1aWbYBFclYn43BXcuKxgH9AOJZNmOqGZzJBkhDJ04Q+41T9wJ279FH/A7zDTjlCLHggczrmvHD8RXBvX/XSWlldW19ZLG+XNre2d3crefkvHqaKsSWMRq45PNBNcsqbhRrBOohiJfMHa/ugm99sPTGkey3szTpgXkaHkAafE5FKPhrxfqbo1dwo0R85dfH2BES6UKhRo9CtfvUFM04hJQwXRuovdxHgZUYZTwSblXqpZQuiIDFnXUkkipr1seusEHVtlgIJY2ScNmqrzHRmJtB5Hvq2MiAn1opeLf3oJzwcubDfBlZdxmaSGSTpbHqQCmRjlYaABV4waMbaEUMXt/YiGRBFqbGRlG8zP79H/pHVaw7iG786q9XoRUQkO4QhOAMMl1OEWGtAECiE8wTO8OI/Oq/PmvM9Kl5yi5wB+wfn4BnMKlsY=</latexit><latexit sha1_base64="2OXnZOCUNfnSpaTmP+NZbMz43ig=">AAAB/3icdVDLSgMxFL3js9ZX1aWbYBFclYn43BXcuKxgH9AOJZNmOqGZzJBkhDJ04Q+41T9wJ279FH/A7zDTjlCLHggczrmvHD8RXBvX/XSWlldW19ZLG+XNre2d3crefkvHqaKsSWMRq45PNBNcsqbhRrBOohiJfMHa/ugm99sPTGkey3szTpgXkaHkAafE5FKPhrxfqbo1dwo0R85dfH2BES6UKhRo9CtfvUFM04hJQwXRuovdxHgZUYZTwSblXqpZQuiIDFnXUkkipr1seusEHVtlgIJY2ScNmqrzHRmJtB5Hvq2MiAn1opeLf3oJzwcubDfBlZdxmaSGSTpbHqQCmRjlYaABV4waMbaEUMXt/YiGRBFqbGRlG8zP79H/pHVaw7iG786q9XoRUQkO4QhOAMMl1OEWGtAECiE8wTO8OI/Oq/PmvM9Kl5yi5wB+wfn4BnMKlsY=</latexit><latexit sha1_base64="2OXnZOCUNfnSpaTmP+NZbMz43ig=">AAAB/3icdVDLSgMxFL3js9ZX1aWbYBFclYn43BXcuKxgH9AOJZNmOqGZzJBkhDJ04Q+41T9wJ279FH/A7zDTjlCLHggczrmvHD8RXBvX/XSWlldW19ZLG+XNre2d3crefkvHqaKsSWMRq45PNBNcsqbhRrBOohiJfMHa/ugm99sPTGkey3szTpgXkaHkAafE5FKPhrxfqbo1dwo0R85dfH2BES6UKhRo9CtfvUFM04hJQwXRuovdxHgZUYZTwSblXqpZQuiIDFnXUkkipr1seusEHVtlgIJY2ScNmqrzHRmJtB5Hvq2MiAn1opeLf3oJzwcubDfBlZdxmaSGSTpbHqQCmRjlYaABV4waMbaEUMXt/YiGRBFqbGRlG8zP79H/pHVaw7iG786q9XoRUQkO4QhOAMMl1OEWGtAECiE8wTO8OI/Oq/PmvM9Kl5yi5wB+wfn4BnMKlsY=</latexit>

�
<latexit sha1_base64="2OXnZOCUNfnSpaTmP+NZbMz43ig=">AAAB/3icdVDLSgMxFL3js9ZX1aWbYBFclYn43BXcuKxgH9AOJZNmOqGZzJBkhDJ04Q+41T9wJ279FH/A7zDTjlCLHggczrmvHD8RXBvX/XSWlldW19ZLG+XNre2d3crefkvHqaKsSWMRq45PNBNcsqbhRrBOohiJfMHa/ugm99sPTGkey3szTpgXkaHkAafE5FKPhrxfqbo1dwo0R85dfH2BES6UKhRo9CtfvUFM04hJQwXRuovdxHgZUYZTwSblXqpZQuiIDFnXUkkipr1seusEHVtlgIJY2ScNmqrzHRmJtB5Hvq2MiAn1opeLf3oJzwcubDfBlZdxmaSGSTpbHqQCmRjlYaABV4waMbaEUMXt/YiGRBFqbGRlG8zP79H/pHVaw7iG786q9XoRUQkO4QhOAMMl1OEWGtAECiE8wTO8OI/Oq/PmvM9Kl5yi5wB+wfn4BnMKlsY=</latexit><latexit sha1_base64="2OXnZOCUNfnSpaTmP+NZbMz43ig=">AAAB/3icdVDLSgMxFL3js9ZX1aWbYBFclYn43BXcuKxgH9AOJZNmOqGZzJBkhDJ04Q+41T9wJ279FH/A7zDTjlCLHggczrmvHD8RXBvX/XSWlldW19ZLG+XNre2d3crefkvHqaKsSWMRq45PNBNcsqbhRrBOohiJfMHa/ugm99sPTGkey3szTpgXkaHkAafE5FKPhrxfqbo1dwo0R85dfH2BES6UKhRo9CtfvUFM04hJQwXRuovdxHgZUYZTwSblXqpZQuiIDFnXUkkipr1seusEHVtlgIJY2ScNmqrzHRmJtB5Hvq2MiAn1opeLf3oJzwcubDfBlZdxmaSGSTpbHqQCmRjlYaABV4waMbaEUMXt/YiGRBFqbGRlG8zP79H/pHVaw7iG786q9XoRUQkO4QhOAMMl1OEWGtAECiE8wTO8OI/Oq/PmvM9Kl5yi5wB+wfn4BnMKlsY=</latexit><latexit sha1_base64="2OXnZOCUNfnSpaTmP+NZbMz43ig=">AAAB/3icdVDLSgMxFL3js9ZX1aWbYBFclYn43BXcuKxgH9AOJZNmOqGZzJBkhDJ04Q+41T9wJ279FH/A7zDTjlCLHggczrmvHD8RXBvX/XSWlldW19ZLG+XNre2d3crefkvHqaKsSWMRq45PNBNcsqbhRrBOohiJfMHa/ugm99sPTGkey3szTpgXkaHkAafE5FKPhrxfqbo1dwo0R85dfH2BES6UKhRo9CtfvUFM04hJQwXRuovdxHgZUYZTwSblXqpZQuiIDFnXUkkipr1seusEHVtlgIJY2ScNmqrzHRmJtB5Hvq2MiAn1opeLf3oJzwcubDfBlZdxmaSGSTpbHqQCmRjlYaABV4waMbaEUMXt/YiGRBFqbGRlG8zP79H/pHVaw7iG786q9XoRUQkO4QhOAMMl1OEWGtAECiE8wTO8OI/Oq/PmvM9Kl5yi5wB+wfn4BnMKlsY=</latexit><latexit sha1_base64="2OXnZOCUNfnSpaTmP+NZbMz43ig=">AAAB/3icdVDLSgMxFL3js9ZX1aWbYBFclYn43BXcuKxgH9AOJZNmOqGZzJBkhDJ04Q+41T9wJ279FH/A7zDTjlCLHggczrmvHD8RXBvX/XSWlldW19ZLG+XNre2d3crefkvHqaKsSWMRq45PNBNcsqbhRrBOohiJfMHa/ugm99sPTGkey3szTpgXkaHkAafE5FKPhrxfqbo1dwo0R85dfH2BES6UKhRo9CtfvUFM04hJQwXRuovdxHgZUYZTwSblXqpZQuiIDFnXUkkipr1seusEHVtlgIJY2ScNmqrzHRmJtB5Hvq2MiAn1opeLf3oJzwcubDfBlZdxmaSGSTpbHqQCmRjlYaABV4waMbaEUMXt/YiGRBFqbGRlG8zP79H/pHVaw7iG786q9XoRUQkO4QhOAMMl1OEWGtAECiE8wTO8OI/Oq/PmvM9Kl5yi5wB+wfn4BnMKlsY=</latexit>

Now also the DM mass receives 
thermal corrections from ��0 ! ��0

<latexit sha1_base64="A3zp8BUrHFMeRsycjMJ76IieucU=">AAACGnicbZDLSgMxFIYz9VbrbdSlCMEiuiozIuiy4MZlBXuBzlDOpGkbmmSGJCOUoStfwxdwq2/gTty68QV8DjPtLLT1QODn/8/JSb4o4Uwbz/tySiura+sb5c3K1vbO7p67f9DScaoIbZKYx6oTgaacSdo0zHDaSRQFEXHajsY3ed5+oEqzWN6bSUJDAUPJBoyAsVbPPQ7IiOFgCELAGQ5MjH8bPbfq1bxZ4WXhF6KKimr03O+gH5NUUGkIB627vpeYMANlGOF0WglSTRMgYxjSrpUSBNVhNvvGFJ9ap48HsbJHGjxzf09kILSeiMh2CjAjvZjl5r9ZwvILF7abwXWYMZmkhkoyXz5IObYEck64zxQlhk+sAKKYfT8mI1BAjKVZsWD8RQzLonVR8/2af3dZrdcLRGV0hE7QOfLRFaqjW9RATUTQI3pGL+jVeXLenHfnY95acoqZQ/SnnM8fSSygNg==</latexit><latexit sha1_base64="A3zp8BUrHFMeRsycjMJ76IieucU=">AAACGnicbZDLSgMxFIYz9VbrbdSlCMEiuiozIuiy4MZlBXuBzlDOpGkbmmSGJCOUoStfwxdwq2/gTty68QV8DjPtLLT1QODn/8/JSb4o4Uwbz/tySiura+sb5c3K1vbO7p67f9DScaoIbZKYx6oTgaacSdo0zHDaSRQFEXHajsY3ed5+oEqzWN6bSUJDAUPJBoyAsVbPPQ7IiOFgCELAGQ5MjH8bPbfq1bxZ4WXhF6KKimr03O+gH5NUUGkIB627vpeYMANlGOF0WglSTRMgYxjSrpUSBNVhNvvGFJ9ap48HsbJHGjxzf09kILSeiMh2CjAjvZjl5r9ZwvILF7abwXWYMZmkhkoyXz5IObYEck64zxQlhk+sAKKYfT8mI1BAjKVZsWD8RQzLonVR8/2af3dZrdcLRGV0hE7QOfLRFaqjW9RATUTQI3pGL+jVeXLenHfnY95acoqZQ/SnnM8fSSygNg==</latexit><latexit sha1_base64="A3zp8BUrHFMeRsycjMJ76IieucU=">AAACGnicbZDLSgMxFIYz9VbrbdSlCMEiuiozIuiy4MZlBXuBzlDOpGkbmmSGJCOUoStfwxdwq2/gTty68QV8DjPtLLT1QODn/8/JSb4o4Uwbz/tySiura+sb5c3K1vbO7p67f9DScaoIbZKYx6oTgaacSdo0zHDaSRQFEXHajsY3ed5+oEqzWN6bSUJDAUPJBoyAsVbPPQ7IiOFgCELAGQ5MjH8bPbfq1bxZ4WXhF6KKimr03O+gH5NUUGkIB627vpeYMANlGOF0WglSTRMgYxjSrpUSBNVhNvvGFJ9ap48HsbJHGjxzf09kILSeiMh2CjAjvZjl5r9ZwvILF7abwXWYMZmkhkoyXz5IObYEck64zxQlhk+sAKKYfT8mI1BAjKVZsWD8RQzLonVR8/2af3dZrdcLRGV0hE7QOfLRFaqjW9RATUTQI3pGL+jVeXLenHfnY95acoqZQ/SnnM8fSSygNg==</latexit><latexit sha1_base64="A3zp8BUrHFMeRsycjMJ76IieucU=">AAACGnicbZDLSgMxFIYz9VbrbdSlCMEiuiozIuiy4MZlBXuBzlDOpGkbmmSGJCOUoStfwxdwq2/gTty68QV8DjPtLLT1QODn/8/JSb4o4Uwbz/tySiura+sb5c3K1vbO7p67f9DScaoIbZKYx6oTgaacSdo0zHDaSRQFEXHajsY3ed5+oEqzWN6bSUJDAUPJBoyAsVbPPQ7IiOFgCELAGQ5MjH8bPbfq1bxZ4WXhF6KKimr03O+gH5NUUGkIB627vpeYMANlGOF0WglSTRMgYxjSrpUSBNVhNvvGFJ9ap48HsbJHGjxzf09kILSeiMh2CjAjvZjl5r9ZwvILF7abwXWYMZmkhkoyXz5IObYEck64zxQlhk+sAKKYfT8mI1BAjKVZsWD8RQzLonVR8/2af3dZrdcLRGV0hE7QOfLRFaqjW9RATUTQI3pGL+jVeXLenHfnY95acoqZQ/SnnM8fSSygNg==</latexit>
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Figure 3. Black contours give the right baryon asymmetry
as in Eq. 14), in the �m-�m plane, for several values of g0⇠.
The di↵erences between the baryogenesis predictions from the
matrix Boltzmann equations (18) and the heuristic method
given by Eq. (13) are not visible on this scale. The blue
area is excluded from n ! �� decays (stability of 9Be). Red
(orange) solid lines indicate the values of �m needed to explain
the neutron lifetime anomaly, assumingm�0/g

0 = 60MeV and
g
0 = 0.002 (0.001). The lower dashed curves are the same but

assuming m�0/g
0 = 30MeV.

agreement between the heuristic treatment (lower) and
Boltzmann equation (upper). We noted above that the
baryon asymmetry scales as �m2

/�n. For larger �m,
the resonance temperature is increased, and the rate of
�n is larger due to the higher density of pions, explain-
ing why �m must increase with �m to keep the baryon
asymmetry constant.

On the same figure we plot the upper limit on the
vacuum mixing angle from null searches for the decay
n ! �� (blue curve), whose branching ratio must be
. 0.17 times the 0.9% needed to resolve the lifetime dis-
crepancy [12]. This gives

�m . 5⇥ 10�11 MeV

✓
1MeV

�m

◆1/2

(19)

Fig. 3 thus implies that for reasonable values of g
0
⇠,

the baryon asymmetry can be explained only if �m .
0.2MeV.

We next consider the neutron lifetime anomaly, for
which the mixing mass should satisfy [10]

�m =
4.2⇥ 10�13

(1� (m�0/�m)2)3/4

✓
m�0

g0

◆✓
1MeV

�m

◆1/2

.

(20)

Combining this with the limit on m�0/g
0 from neutron

stars in Eq. (2), this becomes a constraint on �m as a
function of �m and g

0 (with a slight dependence upon
the assumed nuclear equation of state). Using m�0/g

0 =
60MeV, we indicate in Fig. 3 the values of �m that are
required to resolve the lifetime anomaly for two represen-
tative values of g0 = 0.001, 0.002 (solid red and orange
curves, respectively). It is possible to choose a smaller
value of m�0/g

0 (which is consistent with the neutron
star constraint) to plot these constraints on resolving the
lifetime anomaly (and still satisfy the neutron star con-
straint (2)), leading to smaller values of this would lead
to �m. The choice m�0/g

0 = 30MeV is plotted for illus-
tration (dashed red and orange curves), for the same two
values of g0. This value of m�0/g

0 = 30MeV is still con-
sistent with constraints on the DM self-interaction rate;
see Section IV.5 below.
To find a consistent intersection of the baryon asym-

metry and lifetime anomaly curves below the n ! ��

constraint in Fig. 3, it is necessary to take g
0 . 0.002.

The neutron star constraint in Eq. (2) hence implies that
the dark photon must be very light, m�0 . 100 keV. Since
⇠ < 1, the thermal self-energy of � as given in Eq. (6)
is furthermore irrelevant; this e↵ectively places us on the
baryon asymmetry curve corresponding to g

0
⇠ = 0. As

an example, the benchmark values

B1 �m = 0.1MeV, �m = 1.1⇥ 10�10 MeV

g
0 = 0.001, m�0 = 60 keV (21)

are compatible with all the constraints (⇠ being in prin-
ciple unconstrained but, as we will see shortly, uniquely
determined by the decoupling temperature).
The dark photon mass in these scenarios is signifi-

cantly below the 2me threshold. In the absence of ad-
ditional channels the dominant decay mode would then
be �0 ! 3�, which is so slow that the initially thermally
distributed dark photons would be metastable and over-
close the universe [19] (see Ref. [18] for additional con-
straints). This motivates us to introduce the additional
massless Dirac neutrino ⌫0 already mentioned in Section
II, enabling the much more e�cient decay �0 ! ⌫

0
⌫̄
0.

Alternatively, if we ignore the neutron decay anomaly
(assuming, for example, that it is due to experimental
error) and insist only on low-scale baryogenesis, it is not
necessary for g

0 to be small. This in turn allows heav-
ier dark photons and the possiblity for fast �0 ! e

+
e
�

decays through kinetic mixing, via the Lagrangian term
�(✏/2)Fµ⌫F

0µ⌫ , without the need to introduce additional
light degrees of freedom like ⌫0.8

In this simpler scenario, the additional heavy fermion
 described in Sec. II is also no longer required, since with

8
Some extra field carrying U(1)

0
charge will be needed to insure

U(1)
0
charge neutrality of the universe at early times, as we will

discuss in Section IV.1. However it need not be light, and so will

not necessarily contribute extra radiation degrees of freedom that

contribute to Ne↵ . See appendix D for more details.

exp. 
excluded

explaining lifetime 
anomaly requires 
                             , 
in conflict with 
neutron star 
constraints

m�0/g0 > 60MeV
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satisfying the neutron lifetime anomaly requires small
g
0 ⇠ 10�3 and a consequently lower dark photon mass,

m
0
� ⇠ 60 keV, mandating an additional dark radiation

species ⌫0 so that dark photons can decay fast enough
to avoid problems with BBN and the CMB. Intriguingly,
the combination of dark radiation and a very light dark
photon may help to alleviate known issues of ⇤CDM cos-
mology at small scales.

The most ambitious version of our scenario, where
both baryogenesis and the neutron lifetime anomaly are
treated, is challenged by extra radiation contributing to
Ne↵ , being near the edge of current cosmological con-
straints. Updated BBN constraints and future CMB ob-
servations, like the planned Simons observatory [60], are
likely to provide the most sensitive experimental test of
the proposal. On the other hand, no dark radiation is
needed in a simpler version, exemplified by the parame-
ter choices (22), that provides only baryogenesis but no
significant dark decay channel for the neutron. In this
version, new physics signals could arise from kinetic mix-
ing of the photon with the dark photon. In both cases it
is possible that the heavy scalar triplets required by the
UV complete version of the model may be accessible at
the LHC.

Let us stress in closing that the main phenomenon,
of asymmetry-sharing through n-� oscillations, depends
only upon the existence of n-� mass mixing at low ener-
gies. It is remarkable that purely standard model physics,
giving the neutron a negative self-energy correction at fi-
nite temperature, makes it possible for the oscillations
to be resonant at temperatures not far above BBN. To
make this part of a coherent picture including dark mat-
ter generation in the early universe requires lifting the
e↵ective theory to its UV completion. It could be in-
teresting to find other examples of microscopic models
leading to these phenomena.

ACKNOWLEDGMENTS

We thank F. Kahlhoefer and K. Kainulainen for valu-
able discussions. This work was performed in part at the
Aspen Center for Physics, which is supported by National
Science Foundation grant PHY-1607611. T.B. wishes to
thank McGill University, where part of this manuscript
was completed, for generous support and hospitality.

Appendix A: Thermal self-energy of �

The thermal contributions to the � self-energy are
shown in Fig. 6, in which the propagators of the inter-
mediate light bosons are replaced by their thermal cor-
rections (see for example ref. [25]),

1

p2 �m2
! 2⇡�(p2 �m

2)

eE/T � 1
. (A1)

χ χ χ χ

γ′ φ

Figure 6. Thermal self-energy corrections to �, where the
intermediate boson has a finite-temperature propagator.

Evaluating the contribution from the hidden photon �
0

gives

⌃� = g
2

Z
d
4
p

(2⇡)3
�
µ
�(p2 �m

2
�0)

/k + /p�m�
�
⌫
�⌘µ⌫ + pµp⌫/m

2
�0

e
|p0|/T�0 � 1

,

(A2)

which simplifies in the limit ~k ! 0 of nonrelativistic �,
and neglecting the dark photon mass, m�0 ⌧ T�0 . We
get

�E� = ⌃� ⇠= g
02 T

2
�0

8m�
(A3)

in this limit.
A similar contribution to �E� ⇠ �

2
3/8m arises when

introducing the additional fermion  , with a coupling to
� given in Eq. (46). For large values of g0, this contribu-
tion is parametrically suppressed by a factor of m�/m 

with respect to Eq. (A3). If g0 ⌧ �3, on the other hand,
this can in fact be the dominant contribution to the ther-
mal self-energy of � – but would still be so small that it
does not a↵ect any of our numerical results (in Fig. 1,
in particular, we would still remain on the curve labelled
‘⇠g0 = 0’). In our analysis, we therefore neglect the con-
tribution from  to �E�.

Appendix B: Decoupling of dark sector

We estimate the freezeout temperature for the
dimension-7 interaction (26) from the scattering process
��! udd. At T � m�, we can approximate all particles
as being massless, with momenta p1 = p�, p2 = p�, and
p3,4,5 for the final-state quarks. The matrix element is

h|M|2i = 6

⇤6
p1 · p3 p4 · p5

where 1/⇤3 ⇠= 1.7⇥ 10�10 GeV�3 is the coe�cient of the
operator (26). We can evaluate the cross section in the
center of mass frame, choosing the 3-momenta to be

~p1 = E1(s↵c�, s↵s�, c↵) (B1)

~p2 = �~p1 (B2)

~p3 = E3(0, 0, 1) (B3)

~p4 = E4(s� , 0, c�) (B4)

~p5 = �(~p3 + ~p4) (B5)

where the angle between p3 and p4 is fixed by energy-
momentum conservation,

c� = 1 +
s� 2

p
s(E3 + E4)

2E3E4
(B6)

thermal corrections

g0
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BM1: successful 
baryogenesis, 
address lifetime 
anomaly, satisfy 
all constraints

BM2: ‘minimal’ 
version for successful 
baryogenesis (no 
lifetime anomaly!): 
large coupling and 50 
MeV dark photon.

BR(n ! �� 0) = 0.9%
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sizeable values of g0 the process ��̄! �
0
�
0 can e�ciently

annihilate away the symmetric DM component. Possible
benchmark values for such a minimal cogenesis scenario
are

B2 �m = 0.15MeV, �m = 1.2⇥ 10�10 MeV

g
0
⇠ = 0.5, m�0 = 50MeV. (22)

In theB2model, an upper bound on the kinetic mixing
parameter ✏ comes from the scattering interactions of �
o↵ protons, with a cross section

��p =
4↵(g0✏)2 µ2

p�

m
4
A0

(23)

where µp� is the reduced mass of � and the proton. Re-
sults from CRESST-III limit g0✏ . 1.2⇥ 10�7 [31]. Even
more constraining are the beam dump experiments at Or-
say [32] and SLAC (E137) [33], which limit ✏ & 1.5⇥10�5

or ✏ . 4.2 ⇥ 10�8 [34], and observations of the flux of
neutrinos from supernova 1987A, which constrain ✏ &
4.7⇥ 10�8 or ✏  3.2⇥ 10�10 [35].

The decay of the dark photon to electrons and
positrons proceeds with a width and lifetime given by

� =
↵✏

2

3m�0

�
m

2
�0 + 2m2

e

� �
1� 4m2

e/m
2
�0
�1/2

⌧ ⇠= 0.5

✓
10�10

✏

◆2

s . (24)

The above constraints combine to limit ⌧ & 0.05 s, which
is su�ciently early to avoid disturbing the production of
light elements during BBN [36, 37]. As will be discussed
in section IV.3, interactions other than the kinetic mixing
can thermalize the dark and visible sectors, so there is no
constraint on ✏ from this requirement.

IV. THERMAL HISTORY

To have a fully consistent scenario, we need to ad-
dress several issues: (1) redistribution of the presumed
initial � asymmetry into baryons should not have taken
place at a higher temperature through the interactions
present in our model, since this might be more impor-
tant than the �-n oscillations; (2) the U(1)0-breaking
transition where � gets its VEV must occur before the
oscillations go through resonance; (3) the additional light
degrees of freedom in the dark sector must be compatible
with constraints from BBN and CMB; (4) the symmet-
ric component of the � relic density must be su�ciently
suppressed, to avoid having more dark matter than is ob-
served; (5) the self-interaction cross section of � should
respect constraints from structure formation. We con-
sider these in turn. The constraints (2–5) are automat-
ically satisfied for the benchmark point B2 if they are
fulfilled for B1, so we adopt the B1 parameters in this
section.

IV.1. Sequestering of B at high T

Our assumption is that initial asymmetries in �, �, and
⌫
0 were somehow created at a high temperature, while the

standard model baryon and lepton asymmetries were ini-
tially vanishing. Asymmetries in � or ⌫0 are needed in
addition to that in � to maintain U(1)0 charge neutral-
ity of the universe, since U(1)0 remains unbroken until
T ⇠ 100MeV (see section IV.2). However the UV model
of reference [18], augmented for the present purposes (see
section IV.4), includes interactions which at high tem-
peratures will redistribute these initial asymmetries into
the other dark sector particles as well as into the visible
sector. The relevant interactions are

LUV = �1d̄
a
PL��1,a + �2✏

abc
ū

C
aPRdb�2,c

+ �3�̄� + µ��1,a�
⇤a
2 +H.c. . (25)

�1,2,3 are dimensionless coupling constants, while µ is a
constant with units of mass. �1 and �2 are both TeV
scale scalar fields that are colored triplets with baryon
number �2/3, and �1 also caries U(1)0 charge. The re-
sulting decays and inverse decays will be in equilibrium
at high temperatures, redistributing any initial asymme-
try amongst all particles in the plasma. Generically, this
will induce an early baryon asymmetry of the same order
as that in dark matter, contrary to our hypothesis that
only neutron-DM oscillations are important.
To see this, it is su�cient to consider temperatures

just below the electroweak phase transition (EWPT),
Tc

⇠= 160GeV, at which the relevant SM interactions
are sphalerons (still in equilibrium since the EWPT is a
cross-over transition) and W

� $ dū, W� $ e⌫̄. Follow-
ing Ref. [39] we take the up- and down-type quarks of all
generations to have common chemical potentials µu and
µd, and denote the sum of neutrino chemical potentials
by µ⌫ . (The charged lepton potentials µL are eliminated
in favor of µW and µ.) At this scale the e↵ective operator
from integrating out �i is

�1�2µ

m
2
�1

m
2
�2

� ✏
abc (ūC

aPRdb) (�̄PRdc) (26)

which is in equilibrium down to T ⇠= 11GeV for a light
dark scalar � (see appendix B).9 The coe�cient of (26)
is fixed, since it gives rise to the n-� mass mixing term
when � gets its VEV,

�m =
�1�2�h�iµ
m

2
�1

m
2
�2

⇠ 10�10 MeV . (27)

where � = 0.014GeV3 [38] from the lattice matrix ele-
ment hn|udd|0i.
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After this interaction no longer keeps � in equilibrium, it will lead

to � decays before the QCD phase transition. However, the life-

time for such a decay is ⇠ 10 seconds for our benchmark points,

so the e↵ect of these decays on the abundance of � particles will

be minimal.
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The above constraints combine to limit ⌧ & 0.05 s, which
is su�ciently early to avoid disturbing the production of
light elements during BBN [36, 37]. As will be discussed
in section IV.3, interactions other than the kinetic mixing
can thermalize the dark and visible sectors, so there is no
constraint on ✏ from this requirement.
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To have a fully consistent scenario, we need to ad-
dress several issues: (1) redistribution of the presumed
initial � asymmetry into baryons should not have taken
place at a higher temperature through the interactions
present in our model, since this might be more impor-
tant than the �-n oscillations; (2) the U(1)0-breaking
transition where � gets its VEV must occur before the
oscillations go through resonance; (3) the additional light
degrees of freedom in the dark sector must be compatible
with constraints from BBN and CMB; (4) the symmet-
ric component of the � relic density must be su�ciently
suppressed, to avoid having more dark matter than is ob-
served; (5) the self-interaction cross section of � should
respect constraints from structure formation. We con-
sider these in turn. The constraints (2–5) are automat-
ically satisfied for the benchmark point B2 if they are
fulfilled for B1, so we adopt the B1 parameters in this
section.
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Our assumption is that initial asymmetries in �, �, and
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0 were somehow created at a high temperature, while the
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tially vanishing. Asymmetries in � or ⌫0 are needed in
addition to that in � to maintain U(1)0 charge neutral-
ity of the universe, since U(1)0 remains unbroken until
T ⇠ 100MeV (see section IV.2). However the UV model
of reference [18], augmented for the present purposes (see
section IV.4), includes interactions which at high tem-
peratures will redistribute these initial asymmetries into
the other dark sector particles as well as into the visible
sector. The relevant interactions are

LUV = �1d̄
a
PL��1,a + �2✏

abc
ū
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�1,2,3 are dimensionless coupling constants, while µ is a
constant with units of mass. �1 and �2 are both TeV
scale scalar fields that are colored triplets with baryon
number �2/3, and �1 also caries U(1)0 charge. The re-
sulting decays and inverse decays will be in equilibrium
at high temperatures, redistributing any initial asymme-
try amongst all particles in the plasma. Generically, this
will induce an early baryon asymmetry of the same order
as that in dark matter, contrary to our hypothesis that
only neutron-DM oscillations are important.
To see this, it is su�cient to consider temperatures

just below the electroweak phase transition (EWPT),
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⇠= 160GeV, at which the relevant SM interactions
are sphalerons (still in equilibrium since the EWPT is a
cross-over transition) and W

� $ dū, W� $ e⌫̄. Follow-
ing Ref. [39] we take the up- and down-type quarks of all
generations to have common chemical potentials µu and
µd, and denote the sum of neutrino chemical potentials
by µ⌫ . (The charged lepton potentials µL are eliminated
in favor of µW and µ.) At this scale the e↵ective operator
from integrating out �i is

�1�2µ

m
2
�1

m
2
�2

� ✏
abc (ūC
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which is in equilibrium down to T ⇠= 11GeV for a light
dark scalar � (see appendix B).9 The coe�cient of (26)
is fixed, since it gives rise to the n-� mass mixing term
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to � decays before the QCD phase transition. However, the life-

time for such a decay is ⇠ 10 seconds for our benchmark points,

so the e↵ect of these decays on the abundance of � particles will
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(LHC)

Φ1 also carries U(1) charge
B = �2/3
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It was recently suggested that dark matter consists of ⇠GeV particles that carry baryon number
and mix with the neutron. We demonstrate that this could allow for resonant dark matter-neutron
oscillations in the early universe, at finite temperature, leading to low-scale baryogenesis starting
from a primordial dark matter asymmetry. In this scenario, the asymmetry transfer happens around
30 MeV, just before big bang nucleosynthesis. We illustrate the idea using a model with a dark U(1)0

gauge interaction, which has recently been suggested as a way of addressing the neutron lifetime
anomaly. The asymmetric dark matter component of this model is both strongly self-interacting
and leads to a suppression of matter density perturbations at small scales, allowing to mitigate
the small-scale problems of cold dark matter cosmology. Future CMB experiments will be able to
consistently probe, or firmly exclude, this scenario.

I. INTRODUCTION

One of the curious coincidences of the ⇤CDM cosmo-
logical model is the rough similarity of the contributions
from baryons and dark matter (DM) to the energy den-
sity, ⌦b ' 0.049 versus ⌦CDM ' 0.26 [1], given that in
typical scenarios of the early universe they have a com-
pletely di↵erent origin. An appealing feature of many
models of asymmetric dark matter is that this coinci-
dence could be due to DM having a mass at the GeV
scale, like baryons, and a shared mechanism for the gen-
eration of the two asymmetries. Then instead of need-
ing separate mechanisms for baryogenesis and “darkoge-
nesis,” there could be cogenesis through a single event,
followed by some means of sharing the asymmetry be-
tween the standard model (SM) and DM sectors (for a
review see [2]). Ref. [3] analyzes this scenario in terms
of the lowest-dimension, gauge-invariant e↵ective opera-
tors that would allow such a redistribution of a primor-
dial asymmetry starting in the dark sector. For example,
the operator �udd/⇤2 would induce roughly equal asym-
metries between DM particles � and quarks if it was in
equilibrium at high temperatures.1

In this work, we consider a novel situation where the
�udd/⇤2 coupling only arises below the QCD phase tran-
sition. Then it is replaced by the unique relevant operator
that could connect Dirac dark matter to the SM, namely

⇤
torsten.bringmann@fys.uio.no

†
jcline@physics.mcgill.ca

‡
jonathan.cornell@uc.edu

1
This example requires m� < mn since it would otherwise allow

the DM to decay into quarks.

mass-mixing with the neutron,

Lmix = ��m n̄�+ h.c. (1)

Our purpose is to show that it can produce the baryon
asymmetry at low temperatures ⇠ 30MeV,2 starting
from a � asymmetry (whose origin we do not try to spec-
ify here). This comes about by oscillations between �

and n, in analogy to neutrino oscillations, that are res-
onantly enhanced by finite-temperature e↵ects. Oscilla-
tions of neutrons to a mirror sector partner have been
studied extensively in [4–7], however, to our knowledge
these oscillations have never been considered as a means
for cogenesis. Similiar ideas for producing the baryon
asymmetry at low temperatures via oscillations of SM
baryons have been recently suggested in Refs. [8, 9].
Recently motivation for the operator in Eq. (1) came

from a quite di↵erent direction. It was suggested [10]
that mixing between the neutron and DM could resolve a
long-standing discrepancy between determinations of the
neutron lifetime from decay-in-flight versus bottle mea-
surements, by having a small dark decay channel [11].3

The proposed decays n ! �� and n ! �e
+
e
� were

quickly ruled out by experimental searches [12, 13], sug-
gesting a completely hidden channel, like n ! ��

0 where
�
0 is a dark photon. Even this model is ruled out by

neutron star properties [14–17], unless repulsive � self-
interactions are strong enough, requiring

m�0

g0
. (45� 60)MeV (2)

2
We note that the residual symmetric baryon component is neg-

ligible by this time; see e.g. Fig. 5 of Ref. [8].
3
It has also been proposed that neutron-mirror neutron oscilla-

tions could explain this puzzle [7].
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UV model
How to get n-χ mass mixing? We introduce two heavy color-triplet
scalars Φi, coupling to uR, dR quarks and DM,

L ∋ λ1 d̄
aPLχΦ1,a + λ2 ϵ

abc ūcaPR dbΦ2,c .

and coupling to dark scalar

L ∋ µΦ1,aΦ
∗a
2 φ

When φ gets VEV v′, induces mass mixing

δm =
βµλ1λ2v′

m2
Φ1
m2

Φ2

∼= 8 · 10−10 MeV

(

v′

60MeV

)(

λ1λ2µ

TeV

)

(

TeV4

m2
Φ1
m2

Φ2

)

with β = ⟨n|udd|0⟩ = 0.014GeV3 from lattice QCD.

Need δm ∼ (10−11 − 10−10)MeV for neutron lifetime anomaly.

N.B.: we can assign baryon number to χ; B is conserved.
J.Cline, McGill U. – p. 9
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[                                                  from lattice QCD:                        ]Aoki+, PRD ‘17

TB, Cline & Cornell, 1811.08215

U(1) phase transition indeed happens before 
resonance temperature

For benchmark B1 at around 100 MeV



 (Torsten Bringmann) ‒Baryogenesis from χ-n oscillations

But B1 needs further d.o.f…
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Need ~100 GeV Majorana fermion ψ’ to avoid 
transferring original asymmetry before oscillations 

Problematic ‘low-energy’ process: 

TB, Cline & Cornell, 1811.08215

��⇤ ! udd
<latexit sha1_base64="VUPxJ/t5B3jzUCP80fuQ9JqTZFE=">AAACEXicbVDLSsNAFJ34rPUVHzs3g0UQFyERQZcFNy4r2Ac0sUwmk2boZDLMTIQa+hX+gFv9A3fi1i/wB/wOJ20W2npg4HDOfc0JBaNKu+6XtbS8srq2Xtuob25t7+zae/sdleUSkzbOWCZ7IVKEUU7ammpGekISlIaMdMPRdel3H4hUNON3eixIkKIhpzHFSBtpYB/6OKHQFwm9P/N1BnMYwWhgN1zHnQIuEq8iDVChNbC//SjDeUq4xgwp1fdcoYMCSU0xI5O6nysiEB6hIekbylFKVFBMr5/AE6NEMM6keVzDqfq7o0CpUuM0NJUp0oma90rxX0/QcuDcdh1fBQXlIteE49nyOGfQfL2MB0ZUEqzZ2BCEJTX3Q5wgibA2IdZNMN58DIukc+54nuPdXjSaThVRDRyBY3AKPHAJmuAGtEAbYPAInsELeLWerDfr3fqYlS5ZVc8B+APr8weGJpyQ</latexit><latexit sha1_base64="VUPxJ/t5B3jzUCP80fuQ9JqTZFE=">AAACEXicbVDLSsNAFJ34rPUVHzs3g0UQFyERQZcFNy4r2Ac0sUwmk2boZDLMTIQa+hX+gFv9A3fi1i/wB/wOJ20W2npg4HDOfc0JBaNKu+6XtbS8srq2Xtuob25t7+zae/sdleUSkzbOWCZ7IVKEUU7ammpGekISlIaMdMPRdel3H4hUNON3eixIkKIhpzHFSBtpYB/6OKHQFwm9P/N1BnMYwWhgN1zHnQIuEq8iDVChNbC//SjDeUq4xgwp1fdcoYMCSU0xI5O6nysiEB6hIekbylFKVFBMr5/AE6NEMM6keVzDqfq7o0CpUuM0NJUp0oma90rxX0/QcuDcdh1fBQXlIteE49nyOGfQfL2MB0ZUEqzZ2BCEJTX3Q5wgibA2IdZNMN58DIukc+54nuPdXjSaThVRDRyBY3AKPHAJmuAGtEAbYPAInsELeLWerDfr3fqYlS5ZVc8B+APr8weGJpyQ</latexit><latexit sha1_base64="VUPxJ/t5B3jzUCP80fuQ9JqTZFE=">AAACEXicbVDLSsNAFJ34rPUVHzs3g0UQFyERQZcFNy4r2Ac0sUwmk2boZDLMTIQa+hX+gFv9A3fi1i/wB/wOJ20W2npg4HDOfc0JBaNKu+6XtbS8srq2Xtuob25t7+zae/sdleUSkzbOWCZ7IVKEUU7ammpGekISlIaMdMPRdel3H4hUNON3eixIkKIhpzHFSBtpYB/6OKHQFwm9P/N1BnMYwWhgN1zHnQIuEq8iDVChNbC//SjDeUq4xgwp1fdcoYMCSU0xI5O6nysiEB6hIekbylFKVFBMr5/AE6NEMM6keVzDqfq7o0CpUuM0NJUp0oma90rxX0/QcuDcdh1fBQXlIteE49nyOGfQfL2MB0ZUEqzZ2BCEJTX3Q5wgibA2IdZNMN58DIukc+54nuPdXjSaThVRDRyBY3AKPHAJmuAGtEAbYPAInsELeLWerDfr3fqYlS5ZVc8B+APr8weGJpyQ</latexit><latexit sha1_base64="VUPxJ/t5B3jzUCP80fuQ9JqTZFE=">AAACEXicbVDLSsNAFJ34rPUVHzs3g0UQFyERQZcFNy4r2Ac0sUwmk2boZDLMTIQa+hX+gFv9A3fi1i/wB/wOJ20W2npg4HDOfc0JBaNKu+6XtbS8srq2Xtuob25t7+zae/sdleUSkzbOWCZ7IVKEUU7ammpGekISlIaMdMPRdel3H4hUNON3eixIkKIhpzHFSBtpYB/6OKHQFwm9P/N1BnMYwWhgN1zHnQIuEq8iDVChNbC//SjDeUq4xgwp1fdcoYMCSU0xI5O6nysiEB6hIekbylFKVFBMr5/AE6NEMM6keVzDqfq7o0CpUuM0NJUp0oma90rxX0/QcuDcdh1fBQXlIteE49nyOGfQfL2MB0ZUEqzZ2BCEJTX3Q5wgibA2IdZNMN58DIukc+54nuPdXjSaThVRDRyBY3AKPHAJmuAGtEAbYPAInsELeLWerDfr3fqYlS5ZVc8B+APr8weGJpyQ</latexit>

Cure:                  sets
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The equilibrium constraints from Eq. (26) and the SM
interactions [39] are then

µ� = µ� + µu + 2µd (28)

µW = µd � µu (29)

0 = 9µu + 6µW + µ⌫ (30)

These are supplemented by the vanishing of the con-
served charges, electric and U(1)0,

Q / 3µu � µ⌫ � 9µW = 0 (31)

Q
0 / µ� + µ� +Q

0
⌫0µ⌫0 = 0 (32)

where we have used that Q0
⌫0 is the ⌫0 charge relative to

that of � or �. These equations give quark asymmetries

µu =
1

11
(µ� � µ�), µd = 5µu (33)

unless µ� = µ� at this temperature. Such a cancellation
does not come about without tuning the relative initial
asymmetries of � and ⌫0. How these chemical potentials
are related to the initial asymmetries, possibly generated
at a much higher scale, is discussed in appendix C. The
⌫
0 asymmetry is determined by Eq. (32) alone.
However there is a simple low-energy mechanism for

enforcing µ� = µ�, supposing there is a massive Majo-
rana fermion  0 in the dark sector with coupling

�
0
�̄� 

0 +H.c. (34)

If in equilbrium, this gives the desired relation µ� = µ�,
since µ 0 = 0 by the Majorana nature of  0. The decays
 
0 ! �� are in equilbrium for T � Tc = 160GeV so long

as

�
02

m 0
& 0.9⇥ 10�8

✓
100GeV

m 0

◆1/2

(35)

This supplies the extra condition needed to ensure that
no baryon asymmetry is induced prior to the onset of
n–� oscillations.

The new interaction (34) is potentially dangerous since
it violates baryon number. The dominant process is the
�B = 2 oscillations of �–�̄ due to the mass term

1
2�m��̄�

C +H.c. =
�
02
v
02

2m 0
�̄�

C +H.c. (36)

arising after � gets its VEV v
0
/
p
2 and integrating out

 
0. In our scenario, this can be very small, �m�

⇠= 3 ⇥
10�18 MeV for v

0 = 60MeV as we have assumed, and
�
0 saturating the bound (35) with m

0
 = 100GeV. Such

oscillations have been studied in detail in Ref. [30]. They
are damped by the scattering of � on dark photons as
long as the scattering rate �s ⇠ g

04
T

3
/m

2
�0 exceeds the

oscillation rate 2�m�, true for temperatures

T &
 
2�m�m

02
�

g04

!1/3

⇠ 3 keV (37)

which is far below the scales of interest for cogenesis
through �-n oscillations. The estimate (37) applies for
the B1 benchmark model, but is even lower for B2.

IV.2. U(1)0-breaking phase transition

The dark scalar � must get its VEV before the n-�
oscillations begin, since the mass mixing term �m coming
from (26) is proportional to h�i in our model. Because
the gauge coupling g

0 is very small, the phase transition
in the dark sector is controlled by the dark scalar � alone.
Supposing its potential is

V0 = ��(|�|2 � v
02
/2)2 (38)

the field-dependent masses for the real and imaginary
parts of � = ('r + i'i)/

p
2 are

m
2
r =

@
2
V

@'2
r

= ��(6|�|2 � v
02),

m
2
i =

@
2
V

@'
2
i

= ��(2|�|2 � v
02) (39)

(assuming that 'r is the component that gets the VEV).
At mean-field level, the finite-temperature contribution
to the potential is [40]

VT =
T

02

24
(m2

r +m
2
i ) (40)

where T 0 is the temperature of the dark sector. Combin-
ing (38) and (40) one finds that the critical temperature,
where the curvature of the full potential at � = 0 van-
ishes, is given by

T
0
c =

p
3 v0 =

p
3
m�0

g0
⇠= 104MeV (41)

independently of ��, so long as �� � g
02. Since T

0 = ⇠T

with ⇠ < 1, we see that the critical temperature as mea-
sured in the visible sector is even larger, Tc > 104MeV.
This is comfortably above the resonance temperature
T3 ⇠ 30MeV for our benchmark model.

IV.3. Constraints on extra degrees of freedom

The dark sector in our model has new light degrees
of freedom at the scale of BBN, the ⇠ 60 keV dark pho-
ton and two massless Weyl neutrinos ⌫0, the latter being
also present during temperatures relevant for the CMB.
We show in appendix B that the e↵ective operator (26)
keeps the two sectors in equilbrium until T ⇠= 11GeV,
irrespective of the details of the UV model parameters.
This relatively high decoupling temperature helps to re-
duce the number of extra radiation degrees of freedom,
conventionally parametrized as the number of additional
e↵ective neutrino species, �Ne↵ ,
Following decoupling, the entropies in the two sectors

are separately conserved. During the QCD transition,
the relative temperature ⇠ = T

0
/T goes down because the

number of SM degrees of freedom, gSM(11GeV) ' 86.25,

L �
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Need ~100 GeV Dirac fermion ψ to get rid of 
symmetric DM component

Freeze-out from                 not efficient enough for small  �� ! �0�0
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<latexit sha1_base64="+/PF31MkxBylh+30OJlvGKLSYfs=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovoqiRF0GXBjcsq9gFtKJPpTTt0MgkzE6GU4g+41T9wJ279Fn/A73DSZqGtBy4czrkvTpAIro3rfjmFtfWNza3idmlnd2//oHx41NJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+Cbz24+oNI/lg5kk6Ed0KHnIGTVWuh+e98sVt+rOQVaJl5MK5Gj0y9+9QczSCKVhgmrd9dzE+FOqDGcCZ6VeqjGhbEyH2LVU0gi1P51/OiNnVhmQMFa2pCFz9ffElEZaT6LAdkbUjPSyl4n/egnPFi5dN+G1P+UySQ1KtjgepoKYmGRRkAFXyIyYWEKZ4vZ/wkZUUWZsYCUbjLccwypp1aqeV/XuLiv1Wh5REU7gFC7Agyuowy00oAkMQniGF3h1npw35935WLQWnHzmGP7A+fwBZu+VjA==</latexit><latexit sha1_base64="+/PF31MkxBylh+30OJlvGKLSYfs=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovoqiRF0GXBjcsq9gFtKJPpTTt0MgkzE6GU4g+41T9wJ279Fn/A73DSZqGtBy4czrkvTpAIro3rfjmFtfWNza3idmlnd2//oHx41NJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+Cbz24+oNI/lg5kk6Ed0KHnIGTVWuh+e98sVt+rOQVaJl5MK5Gj0y9+9QczSCKVhgmrd9dzE+FOqDGcCZ6VeqjGhbEyH2LVU0gi1P51/OiNnVhmQMFa2pCFz9ffElEZaT6LAdkbUjPSyl4n/egnPFi5dN+G1P+UySQ1KtjgepoKYmGRRkAFXyIyYWEKZ4vZ/wkZUUWZsYCUbjLccwypp1aqeV/XuLiv1Wh5REU7gFC7Agyuowy00oAkMQniGF3h1npw35935WLQWnHzmGP7A+fwBZu+VjA==</latexit><latexit sha1_base64="+/PF31MkxBylh+30OJlvGKLSYfs=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovoqiRF0GXBjcsq9gFtKJPpTTt0MgkzE6GU4g+41T9wJ279Fn/A73DSZqGtBy4czrkvTpAIro3rfjmFtfWNza3idmlnd2//oHx41NJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+Cbz24+oNI/lg5kk6Ed0KHnIGTVWuh+e98sVt+rOQVaJl5MK5Gj0y9+9QczSCKVhgmrd9dzE+FOqDGcCZ6VeqjGhbEyH2LVU0gi1P51/OiNnVhmQMFa2pCFz9ffElEZaT6LAdkbUjPSyl4n/egnPFi5dN+G1P+UySQ1KtjgepoKYmGRRkAFXyIyYWEKZ4vZ/wkZUUWZsYCUbjLccwypp1aqeV/XuLiv1Wh5REU7gFC7Agyuowy00oAkMQniGF3h1npw35935WLQWnHzmGP7A+fwBZu+VjA==</latexit><latexit sha1_base64="+/PF31MkxBylh+30OJlvGKLSYfs=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovoqiRF0GXBjcsq9gFtKJPpTTt0MgkzE6GU4g+41T9wJ279Fn/A73DSZqGtBy4czrkvTpAIro3rfjmFtfWNza3idmlnd2//oHx41NJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+Cbz24+oNI/lg5kk6Ed0KHnIGTVWuh+e98sVt+rOQVaJl5MK5Gj0y9+9QczSCKVhgmrd9dzE+FOqDGcCZ6VeqjGhbEyH2LVU0gi1P51/OiNnVhmQMFa2pCFz9ffElEZaT6LAdkbUjPSyl4n/egnPFi5dN+G1P+UySQ1KtjgepoKYmGRRkAFXyIyYWEKZ4vZ/wkZUUWZsYCUbjLccwypp1aqeV/XuLiv1Wh5REU7gFC7Agyuowy00oAkMQniGF3h1npw35935WLQWnHzmGP7A+fwBZu+VjA==</latexit>

Cure: freeze-out from ��!   
<latexit sha1_base64="8CH+5q4yTCCw7CYH5//6Ng0DYJs=">AAACEHicbVDLSsNAFJ3UV62vaJduBovgqiQi6rLgxmUF+4AmlMl00g6dzAwzEyGE/oQ/4Fb/wJ249Q/8Ab/DSZqFVg9cOJxzX5xIMqqN5306tbX1jc2t+nZjZ3dv/8A9POprkSpMelgwoYYR0oRRTnqGGkaGUhGURIwMovlN4Q8eiNJU8HuTSRImaMppTDEyVhq7zQDPaFlGBFLTosZuy2t7JeBf4lekBSp0x+5XMBE4TQg3mCGtR74nTZgjZShmZNEIUk0kwnM0JSNLOUqIDvPy+QU8tcoExkLZ4gaW6s+JHCVaZ0lkOxNkZnrVK8R/PUmLhSvXTXwd5pTL1BCOl8fjlEEjYJEOnFBFsGGZJQgrav+HeIYUwsZm2LDB+Ksx/CX987bvt/27i1bnsoqoDo7BCTgDPrgCHXALuqAHMMjAE3gGL86j8+q8Oe/L1ppTzTTBLzgf3/kjnYw=</latexit><latexit sha1_base64="8CH+5q4yTCCw7CYH5//6Ng0DYJs=">AAACEHicbVDLSsNAFJ3UV62vaJduBovgqiQi6rLgxmUF+4AmlMl00g6dzAwzEyGE/oQ/4Fb/wJ249Q/8Ab/DSZqFVg9cOJxzX5xIMqqN5306tbX1jc2t+nZjZ3dv/8A9POprkSpMelgwoYYR0oRRTnqGGkaGUhGURIwMovlN4Q8eiNJU8HuTSRImaMppTDEyVhq7zQDPaFlGBFLTosZuy2t7JeBf4lekBSp0x+5XMBE4TQg3mCGtR74nTZgjZShmZNEIUk0kwnM0JSNLOUqIDvPy+QU8tcoExkLZ4gaW6s+JHCVaZ0lkOxNkZnrVK8R/PUmLhSvXTXwd5pTL1BCOl8fjlEEjYJEOnFBFsGGZJQgrav+HeIYUwsZm2LDB+Ksx/CX987bvt/27i1bnsoqoDo7BCTgDPrgCHXALuqAHMMjAE3gGL86j8+q8Oe/L1ppTzTTBLzgf3/kjnYw=</latexit><latexit sha1_base64="8CH+5q4yTCCw7CYH5//6Ng0DYJs=">AAACEHicbVDLSsNAFJ3UV62vaJduBovgqiQi6rLgxmUF+4AmlMl00g6dzAwzEyGE/oQ/4Fb/wJ249Q/8Ab/DSZqFVg9cOJxzX5xIMqqN5306tbX1jc2t+nZjZ3dv/8A9POprkSpMelgwoYYR0oRRTnqGGkaGUhGURIwMovlN4Q8eiNJU8HuTSRImaMppTDEyVhq7zQDPaFlGBFLTosZuy2t7JeBf4lekBSp0x+5XMBE4TQg3mCGtR74nTZgjZShmZNEIUk0kwnM0JSNLOUqIDvPy+QU8tcoExkLZ4gaW6s+JHCVaZ0lkOxNkZnrVK8R/PUmLhSvXTXwd5pTL1BCOl8fjlEEjYJEOnFBFsGGZJQgrav+HeIYUwsZm2LDB+Ksx/CX987bvt/27i1bnsoqoDo7BCTgDPrgCHXALuqAHMMjAE3gGL86j8+q8Oe/L1ppTzTTBLzgf3/kjnYw=</latexit><latexit sha1_base64="8CH+5q4yTCCw7CYH5//6Ng0DYJs=">AAACEHicbVDLSsNAFJ3UV62vaJduBovgqiQi6rLgxmUF+4AmlMl00g6dzAwzEyGE/oQ/4Fb/wJ249Q/8Ab/DSZqFVg9cOJxzX5xIMqqN5306tbX1jc2t+nZjZ3dv/8A9POprkSpMelgwoYYR0oRRTnqGGkaGUhGURIwMovlN4Q8eiNJU8HuTSRImaMppTDEyVhq7zQDPaFlGBFLTosZuy2t7JeBf4lekBSp0x+5XMBE4TQg3mCGtR74nTZgjZShmZNEIUk0kwnM0JSNLOUqIDvPy+QU8tcoExkLZ4gaW6s+JHCVaZ0lkOxNkZnrVK8R/PUmLhSvXTXwd5pTL1BCOl8fjlEEjYJEOnFBFsGGZJQgrav+HeIYUwsZm2LDB+Ksx/CX987bvt/27i1bnsoqoDo7BCTgDPrgCHXALuqAHMMjAE3gGL86j8+q8Oe/L1ppTzTTBLzgf3/kjnYw=</latexit>

Need ~massless sterile neutrinos ν’ as an invisible 
decay channel for thermally produced γ’ 

                not kinematically accessible      quasi-stable       overclosure
Cure: any light inert d.o.f. that cannot mix with χ
�0 ! e+e�

<latexit sha1_base64="NNreIRtNTUHVKvH9IX8R8YJv4Is=">AAACDnicbVDLSsNAFJ3UV62vVJdugkUUxJKIqMuCG5cV7AOatEymN+3QmUmYmSgl9B/8Abf6B+7Erb/gD/gdTtoutHpg4HDOfc0JE0aVdt1Pq7C0vLK6VlwvbWxube/Y5d2milNJoEFiFst2iBUwKqChqWbQTiRgHjJohaPr3G/dg1Q0Fnd6nEDA8UDQiBKsjdSzy/4Ac46PfB070D2B7mnPrrhVdwrnL/HmpILmqPfsL78fk5SD0IRhpTqem+ggw1JTwmBS8lMFCSYjPICOoQJzUEE2PX3iHBql70SxNE9oZ6r+7MgwV2rMQ1PJsR6qRS8X//USmg9c2K6jqyCjIkk1CDJbHqXMMX/Ps3H6VALRbGwIJpKa+x0yxBITbRIsmWC8xRj+kuZZ1fOq3u15pXYxj6iI9tEBOkYeukQ1dIPqqIEIekBP6Bm9WI/Wq/Vmvc9KC9a8Zw/9gvXxDYvcm4w=</latexit><latexit sha1_base64="NNreIRtNTUHVKvH9IX8R8YJv4Is=">AAACDnicbVDLSsNAFJ3UV62vVJdugkUUxJKIqMuCG5cV7AOatEymN+3QmUmYmSgl9B/8Abf6B+7Erb/gD/gdTtoutHpg4HDOfc0JE0aVdt1Pq7C0vLK6VlwvbWxube/Y5d2milNJoEFiFst2iBUwKqChqWbQTiRgHjJohaPr3G/dg1Q0Fnd6nEDA8UDQiBKsjdSzy/4Ac46PfB070D2B7mnPrrhVdwrnL/HmpILmqPfsL78fk5SD0IRhpTqem+ggw1JTwmBS8lMFCSYjPICOoQJzUEE2PX3iHBql70SxNE9oZ6r+7MgwV2rMQ1PJsR6qRS8X//USmg9c2K6jqyCjIkk1CDJbHqXMMX/Ps3H6VALRbGwIJpKa+x0yxBITbRIsmWC8xRj+kuZZ1fOq3u15pXYxj6iI9tEBOkYeukQ1dIPqqIEIekBP6Bm9WI/Wq/Vmvc9KC9a8Zw/9gvXxDYvcm4w=</latexit><latexit sha1_base64="NNreIRtNTUHVKvH9IX8R8YJv4Is=">AAACDnicbVDLSsNAFJ3UV62vVJdugkUUxJKIqMuCG5cV7AOatEymN+3QmUmYmSgl9B/8Abf6B+7Erb/gD/gdTtoutHpg4HDOfc0JE0aVdt1Pq7C0vLK6VlwvbWxube/Y5d2milNJoEFiFst2iBUwKqChqWbQTiRgHjJohaPr3G/dg1Q0Fnd6nEDA8UDQiBKsjdSzy/4Ac46PfB070D2B7mnPrrhVdwrnL/HmpILmqPfsL78fk5SD0IRhpTqem+ggw1JTwmBS8lMFCSYjPICOoQJzUEE2PX3iHBql70SxNE9oZ6r+7MgwV2rMQ1PJsR6qRS8X//USmg9c2K6jqyCjIkk1CDJbHqXMMX/Ps3H6VALRbGwIJpKa+x0yxBITbRIsmWC8xRj+kuZZ1fOq3u15pXYxj6iI9tEBOkYeukQ1dIPqqIEIekBP6Bm9WI/Wq/Vmvc9KC9a8Zw/9gvXxDYvcm4w=</latexit><latexit sha1_base64="NNreIRtNTUHVKvH9IX8R8YJv4Is=">AAACDnicbVDLSsNAFJ3UV62vVJdugkUUxJKIqMuCG5cV7AOatEymN+3QmUmYmSgl9B/8Abf6B+7Erb/gD/gdTtoutHpg4HDOfc0JE0aVdt1Pq7C0vLK6VlwvbWxube/Y5d2milNJoEFiFst2iBUwKqChqWbQTiRgHjJohaPr3G/dg1Q0Fnd6nEDA8UDQiBKsjdSzy/4Ac46PfB070D2B7mnPrrhVdwrnL/HmpILmqPfsL78fk5SD0IRhpTqem+ggw1JTwmBS8lMFCSYjPICOoQJzUEE2PX3iHBql70SxNE9oZ6r+7MgwV2rMQ1PJsR6qRS8X//USmg9c2K6jqyCjIkk1CDJbHqXMMX/Ps3H6VALRbGwIJpKa+x0yxBITbRIsmWC8xRj+kuZZ1fOq3u15pXYxj6iI9tEBOkYeukQ1dIPqqIEIekBP6Bm9WI/Wq/Vmvc9KC9a8Zw/9gvXxDYvcm4w=</latexit>

 <latexit sha1_base64="KqGlFOe3/S8OWwBxHnpjiUR0d9E=">AAACA3icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLgxmUF+4A2lMlk2g6dTMLMjVBCl/6AW/0Dd+LWD/EH/A4nbRbaeuDC4Zz74gSJFAZd98spra1vbG6Vtys7u3v7B9XDo7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHKb+51Hro2I1QNOE+5HdKTEUDCKVur2JaehwXhQrbl1dw6ySryC1KBAc1D97ocxSyOukElqTM9zE/QzqlEwyWeVfmp4QtmEjnjPUkUjbvxs/u+MnFklJMNY21JI5urviYxGxkyjwHZGFMdm2cvFf71E5AuXruPwxs+ESlLkii2OD1NJMCZ5ICQUmjOUU0so08L+T9iYasrQxlaxwXjLMayS9kXd8+re/WWtcVVEVIYTOIVz8OAaGnAHTWgBAwnP8AKvzpPz5rw7H4vWklPMHMMfOJ8/qYCYhg==</latexit><latexit sha1_base64="KqGlFOe3/S8OWwBxHnpjiUR0d9E=">AAACA3icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLgxmUF+4A2lMlk2g6dTMLMjVBCl/6AW/0Dd+LWD/EH/A4nbRbaeuDC4Zz74gSJFAZd98spra1vbG6Vtys7u3v7B9XDo7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHKb+51Hro2I1QNOE+5HdKTEUDCKVur2JaehwXhQrbl1dw6ySryC1KBAc1D97ocxSyOukElqTM9zE/QzqlEwyWeVfmp4QtmEjnjPUkUjbvxs/u+MnFklJMNY21JI5urviYxGxkyjwHZGFMdm2cvFf71E5AuXruPwxs+ESlLkii2OD1NJMCZ5ICQUmjOUU0so08L+T9iYasrQxlaxwXjLMayS9kXd8+re/WWtcVVEVIYTOIVz8OAaGnAHTWgBAwnP8AKvzpPz5rw7H4vWklPMHMMfOJ8/qYCYhg==</latexit><latexit sha1_base64="KqGlFOe3/S8OWwBxHnpjiUR0d9E=">AAACA3icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLgxmUF+4A2lMlk2g6dTMLMjVBCl/6AW/0Dd+LWD/EH/A4nbRbaeuDC4Zz74gSJFAZd98spra1vbG6Vtys7u3v7B9XDo7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHKb+51Hro2I1QNOE+5HdKTEUDCKVur2JaehwXhQrbl1dw6ySryC1KBAc1D97ocxSyOukElqTM9zE/QzqlEwyWeVfmp4QtmEjnjPUkUjbvxs/u+MnFklJMNY21JI5urviYxGxkyjwHZGFMdm2cvFf71E5AuXruPwxs+ESlLkii2OD1NJMCZ5ICQUmjOUU0so08L+T9iYasrQxlaxwXjLMayS9kXd8+re/WWtcVVEVIYTOIVz8OAaGnAHTWgBAwnP8AKvzpPz5rw7H4vWklPMHMMfOJ8/qYCYhg==</latexit><latexit sha1_base64="KqGlFOe3/S8OWwBxHnpjiUR0d9E=">AAACA3icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLgxmUF+4A2lMlk2g6dTMLMjVBCl/6AW/0Dd+LWD/EH/A4nbRbaeuDC4Zz74gSJFAZd98spra1vbG6Vtys7u3v7B9XDo7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHKb+51Hro2I1QNOE+5HdKTEUDCKVur2JaehwXhQrbl1dw6ySryC1KBAc1D97ocxSyOukElqTM9zE/QzqlEwyWeVfmp4QtmEjnjPUkUjbvxs/u+MnFklJMNY21JI5urviYxGxkyjwHZGFMdm2cvFf71E5AuXruPwxs+ESlLkii2OD1NJMCZ5ICQUmjOUU0so08L+T9iYasrQxlaxwXjLMayS9kXd8+re/WWtcVVEVIYTOIVz8OAaGnAHTWgBAwnP8AKvzpPz5rw7H4vWklPMHMMfOJ8/qYCYhg==</latexit>  <latexit sha1_base64="KqGlFOe3/S8OWwBxHnpjiUR0d9E=">AAACA3icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLgxmUF+4A2lMlk2g6dTMLMjVBCl/6AW/0Dd+LWD/EH/A4nbRbaeuDC4Zz74gSJFAZd98spra1vbG6Vtys7u3v7B9XDo7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHKb+51Hro2I1QNOE+5HdKTEUDCKVur2JaehwXhQrbl1dw6ySryC1KBAc1D97ocxSyOukElqTM9zE/QzqlEwyWeVfmp4QtmEjnjPUkUjbvxs/u+MnFklJMNY21JI5urviYxGxkyjwHZGFMdm2cvFf71E5AuXruPwxs+ESlLkii2OD1NJMCZ5ICQUmjOUU0so08L+T9iYasrQxlaxwXjLMayS9kXd8+re/WWtcVVEVIYTOIVz8OAaGnAHTWgBAwnP8AKvzpPz5rw7H4vWklPMHMMfOJ8/qYCYhg==</latexit><latexit sha1_base64="KqGlFOe3/S8OWwBxHnpjiUR0d9E=">AAACA3icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLgxmUF+4A2lMlk2g6dTMLMjVBCl/6AW/0Dd+LWD/EH/A4nbRbaeuDC4Zz74gSJFAZd98spra1vbG6Vtys7u3v7B9XDo7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHKb+51Hro2I1QNOE+5HdKTEUDCKVur2JaehwXhQrbl1dw6ySryC1KBAc1D97ocxSyOukElqTM9zE/QzqlEwyWeVfmp4QtmEjnjPUkUjbvxs/u+MnFklJMNY21JI5urviYxGxkyjwHZGFMdm2cvFf71E5AuXruPwxs+ESlLkii2OD1NJMCZ5ICQUmjOUU0so08L+T9iYasrQxlaxwXjLMayS9kXd8+re/WWtcVVEVIYTOIVz8OAaGnAHTWgBAwnP8AKvzpPz5rw7H4vWklPMHMMfOJ8/qYCYhg==</latexit><latexit sha1_base64="KqGlFOe3/S8OWwBxHnpjiUR0d9E=">AAACA3icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLgxmUF+4A2lMlk2g6dTMLMjVBCl/6AW/0Dd+LWD/EH/A4nbRbaeuDC4Zz74gSJFAZd98spra1vbG6Vtys7u3v7B9XDo7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHKb+51Hro2I1QNOE+5HdKTEUDCKVur2JaehwXhQrbl1dw6ySryC1KBAc1D97ocxSyOukElqTM9zE/QzqlEwyWeVfmp4QtmEjnjPUkUjbvxs/u+MnFklJMNY21JI5urviYxGxkyjwHZGFMdm2cvFf71E5AuXruPwxs+ESlLkii2OD1NJMCZ5ICQUmjOUU0so08L+T9iYasrQxlaxwXjLMayS9kXd8+re/WWtcVVEVIYTOIVz8OAaGnAHTWgBAwnP8AKvzpPz5rw7H4vWklPMHMMfOJ8/qYCYhg==</latexit><latexit sha1_base64="KqGlFOe3/S8OWwBxHnpjiUR0d9E=">AAACA3icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLgxmUF+4A2lMlk2g6dTMLMjVBCl/6AW/0Dd+LWD/EH/A4nbRbaeuDC4Zz74gSJFAZd98spra1vbG6Vtys7u3v7B9XDo7aJU814i8Uy1t2AGi6F4i0UKHk30ZxGgeSdYHKb+51Hro2I1QNOE+5HdKTEUDCKVur2JaehwXhQrbl1dw6ySryC1KBAc1D97ocxSyOukElqTM9zE/QzqlEwyWeVfmp4QtmEjnjPUkUjbvxs/u+MnFklJMNY21JI5urviYxGxkyjwHZGFMdm2cvFf71E5AuXruPwxs+ESlLkii2OD1NJMCZ5ICQUmjOUU0so08L+T9iYasrQxlaxwXjLMayS9kXd8+re/WWtcVVEVIYTOIVz8OAaGnAHTWgBAwnP8AKvzpPz5rw7H4vWklPMHMMfOJ8/qYCYhg==</latexit>
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Additional light d.o.f. currently 
lead to 2σ tension w/ CMB+BBN

8

decreases by a greater factor than the corresponding de-
crease in the dark sector (�+ ⌫

0 + �+ �
0 ! ⌫

0 + �
0). We

thus expect

⇠BBN
⇠=

✓
86.25

10.75

◆�1/3 ✓6.5

11

◆�1/3

⇠= 0.59 (42)

at T > me when electrons are still in equilibrium. At
this temperature, the dark photons and neutrinos are
both present in the dark sector, and they contribute

�Ne↵ =

✓
4

7
⇥ 3 + 2

◆
⇠
4
BBN ⇠ 0.47 (43)

to the e↵ective number of neutrino species. This is below
the 3� bound�Ne↵ < 0.54, but larger than the 2� bound
�Ne↵ < 0.31 allowed by BBN [41] (similar BBN limits
are reported by Cyburt et al. [42]).

At lower temperatures, the number of relativistic de-
grees of freedom again changes in both sectors, as elec-
trons and dark photons disappear. At the time of the
CMB, we have a temperature ratio of

⇠CMB
⇠=

✓
10.75

3.91
⇥ 3.5

6.5

◆�1/3

⇠BBN
⇠= 0.52 . (44)

Taking into account that the temperature ratio of SM
neutrinos and photons has also increased by that time,
we hence get

�Ne↵ = 2 ⇠4CMB ⇥ (11/4)4/3 ⇠ 0.56 . (45)

This is above the 3� limit of �Ne↵ < 0.45 from Planck
[1, 44], combining CMB and BAO measurements. But
we note that this limit weakens to �Ne↵ < 0.55 (0.66) at
2� (3�) [44] when adding the direct measurement of the
Hubble rate, H0 = (73.45 ± 1.66) km s�1 Mpc�1 [43], to
these datasets.

For a more quantitative treatment we implemented the
full temperature dependence of the energy density for
each dark sector d.o.f. in DarkSUSY [46], rather than the
relativistic limit used in the above estimates, and plot the
expected �Ne↵ as a function of decoupling temperature
Tdec in Fig. 4. The red line shows �Ne↵ at CMB times,
while the blue line shows this quantity for T = 1MeV;
the blue band corresponds to �Ne↵ for the whole range
of temperatures 0.1MeV < T < 5MeV most strongly
probed by BBN. We also indicate in this plot the al-
ready mentioned constraints from BBN and CMB. For
the benchmark point B1, Fig. 4 confirms the above esti-
mates for �Ne↵ . At the same time, this figure illustrates
the e↵ect of changing Tdec. For example, for a smaller
h�i = m�0/g

0 the coe�cient in front of Eq. (26) would
increase, leading to a decrease in Tdec that sharpens the
tension with BBN and CMB. A larger value of h�i, on
the other hand, cannot be achieved in view of the neu-
tron star constraint (2). To decrease the tension with
�Ne↵ would thus require to modify the low-energy oper-
ator given in Eq. (26) – or to make the dark photon and
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Figure 4. The extra contributions to the e↵ective number
of neutrino species, �Ne↵ , from the dark neutrinos ⌫

0, the
dark photon �

0 (at T & 60 keV), and the dark Higgs boson
� (for T & 60MeV). Dotted lines show the e↵ect of adding
a fermion with m = 50GeV. The vertical line indicates the
decoupling temperature Tdec for the benchmark pointB1. We
also indicate limits from BBN [41] and Planck data [1].

Higgs non-relativistic already during BBN, as in bench-
mark point B2. Finally, if decoupling happens while
some of the heavy degrees of freedom are still in equilib-
rium, this will increase the entropy ultimately dumped
into ⌫0; we illustrate this in Fig. 4 by showing the e↵ect
of an additional fermion with mass m = 50GeV (dotted
lines).

IV.4. Dark matter annihilation and kinetic
decoupling

Although we are assuming that the asymmetric compo-
nent of the DM abundance is generated by an unknown
mechanism, the symmetric (thermal) component is de-
termined by the annihilations of ��̄ into lighter parti-
cles. Because of the small value of g0 = 10�3, the cross
sections for ��̄ ! �

0
�
0 and ��̄ ! ⌫

0
⌫̄
0 are inadequate

for avoiding overclosure. However the channel ��̄! ��
⇤

becomes available if we introduce a neutral Dirac fermion
 with coupling

�3�̄� +H.c. (46)

This is consistent with stability of � as long as m > m�.
The cross section for ��̄! ��

⇤ by  exchange, to leading
order in the center-of-mass velocity vcm of the DM and
for m � m�, is

�vrel =
�
4
3 v

2
cm

16⇡m2
 

. (47)

After thermally averaging, we find that to avoid overclo-
sure one needs m �

�2
3 . 1TeV [45].

For a more quantitative estimate one needs to take
into account the non-standard temperature evolution in

firmly testable in near future!

Late-time                induces cutoff in power-
spectrum of matter density perturbations
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Late-time               can 
affect DM distribution in 
dwarf galaxies
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the dark sector. To this end, we implemented the exact
⇠(T ) dependence as well as the full expressions for �vrel
in DarkSUSY. Solving the Boltzmann equation numeri-
cally for input parameters in the range of interest, we
find that the following provides a reliable fit to the relic
density of the symmetric component in the absence of an
asymmetric component:

(⌦h2)�+�̄ ' 0.19

✓
m /�

2
3

500GeV

◆1.82

(48)

The additional presence of the asymmetric component,
however, makes the annihilation of �̄more e�cient. From
Fig. 4 in Ref. [45], we can read o↵ that already an anni-
hilation rate h�vi a factor of 2 larger than the cross sec-
tion h�vi0 that would give the correct relic density in the
purely symmetric case, i.e. in accordance with Eq. (48),
results in a suppression of the symmetric component by a
factor of almost 50. Choosing this reference relic density
as (⌦h2)�+�̄ = 0.145 (rather than the standard value of
(⌦h2)DM ' 0.12 because 17% of the DM will convert to
neutrons), this translates to the requirement

m 

�
2
3

. 300GeV . (49)

This condition is easily satisfied as long as �3 is not too
small (note that decreasing m below about 100GeV
would increases the tension with �Ne↵ , c.f. Fig. 4).

Even after freeze-out, both the symmetric and the
asymmetric DM component are kept in local (kinetic)
equilibrium with ⌫

0. This is exactly one of the scenarios
studied in Ref. [47] where, due to the presence of a light
mediator, elastic scattering between � and ⌫

0 is highly
e�cient and kinetic decoupling therefore happens signif-
icantly later than for standard WIMP candidates. The
dark acoustic oscillations in the �-⌫0 fluid during and af-
ter decoupling lead to a cuto↵ in the power spectrum
of matter density perturbations with an associated mass
scale of

Mcut ' 2 · 109 M�

✓
⇠

0.5

◆ 9
2

Q

3
2
⌫0

✓
g
0

0.001

◆3 ⇣
m�0

60 keV

⌘�3
.

(50)

A warm DM candidate with mass
⇥
1011h�1

M�/Mcut

⇤1/4

keV generates an almost identical small-scale suppression
of the nonlinear power spectrum [48]. This implies that
Lyman-↵ constraints on our model can be easily evaded
as long as the charge of the dark sector neutrino is not
too large, Q⌫0 . 1 [49–51]. For Q⌫0 ⇠ 1, in fact, the
resulting mild suppression of the power spectrum might
help to alleviate the missing satellites problem [47, 52].

IV.5. Dark matter self interactions

The cross section for �� ! �� scattering is nonper-
turbatively enhanced by multiple �0 exchange, and hence
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Figure 5. Phase space averaged self-interaction cross sec-
tion over mass, h�T i/m�, versus characteristic DM veloc-
ity v0, for g

0 = 0.001 and m�0 = 60 keV (solid) or m�0 =
30 keV (dashed). The vertical bands indicate typical veloc-
ities encountered in dwarf spheroidal galaxies, Milky Way-
sized galaxies, and clusters. Mitigating the ⇤CDM small-scale
problems requires h�T i/m� ⇠ 0.1� 1 cm2/g at dwarf scales.

cannot be calculated in the Born limit. We use Dark-
SUSY to calculate the transfer cross section for a repul-
sive Yukawa potential in the classical limitm�vrel � m�0 ,
based on parameterizations from Ref. [53], averaged over
a Maxwellian velocity distribution with a most prob-
able velocity v0. For our benchmark model (21) and
v0 = 30 km/s, this leads to h�T i/m� ⇠ 0.15 cm2/g, which
may be strong enough to visibly a↵ect the structure of
dwarf galaxies [54–56]. The cross sections required to
fully address the small-scale structure problems of cold
DM are typically quoted to be a bit larger. This can
be achieved by choosing a slightly smaller dark pho-
ton mass: for m�0 = 30 keV for example, still respect-
ing the constraint on Mcut implied by Eq. (50), we find
h�T i/m� ⇠ 0.6 cm2/g. The dependence of the transfer
cross section on v0 is shown in Fig. 5. The self-interaction
rate drops very sharply with the typical velocity, imply-
ing that constraints on cluster scales [57–59] are not rel-
evant for our model.

V. CONCLUSIONS

We have demonstrated that cogenesis of baryons, start-
ing from an initial dark matter asymmetry, can be suc-
cessfully implemented through dark matter-neutron os-
cillations. It is intriguing that the same model invented
to address the neutron lifetime anomaly in Ref. [18]
is capable, with small modifications, of producing the
observed baryon asymmetry in this way. A key re-
quirement is that a somewhat smaller mass splitting
�m = mn � m� ⇠ 0.1MeV is now needed, relative to
resolving only the lifetime anomaly. This arises because
the baryogenesis curves in Fig. 3 fall in the region ex-
cluded by n ! �� limits at larger �m. Simultaneously

address further ΛCDM 
small-scale problems?

6.1
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Figure 3. Black contours give the right baryon asymmetry
as in Eq. 14), in the �m-�m plane, for several values of g0⇠.
The di↵erences between the baryogenesis predictions from the
matrix Boltzmann equations (18) and the heuristic method
given by Eq. (13) are not visible on this scale. The blue
area is excluded from n ! �� decays (stability of 9Be). Red
(orange) solid lines indicate the values of �m needed to explain
the neutron lifetime anomaly, assumingm�0/g

0 = 60MeV and
g
0 = 0.002 (0.001). The lower dashed curves are the same but

assuming m�0/g
0 = 30MeV.

agreement between the heuristic treatment (lower) and
Boltzmann equation (upper). We noted above that the
baryon asymmetry scales as �m2

/�n. For larger �m,
the resonance temperature is increased, and the rate of
�n is larger due to the higher density of pions, explain-
ing why �m must increase with �m to keep the baryon
asymmetry constant.

On the same figure we plot the upper limit on the
vacuum mixing angle from null searches for the decay
n ! �� (blue curve), whose branching ratio must be
. 0.17 times the 0.9% needed to resolve the lifetime dis-
crepancy [12]. This gives

�m . 5⇥ 10�11 MeV

✓
1MeV

�m

◆1/2

(19)

Fig. 3 thus implies that for reasonable values of g
0
⇠,

the baryon asymmetry can be explained only if �m .
0.2MeV.

We next consider the neutron lifetime anomaly, for
which the mixing mass should satisfy [10]

�m =
4.2⇥ 10�13

(1� (m�0/�m)2)3/4

✓
m�0

g0

◆✓
1MeV

�m

◆1/2

.

(20)

Combining this with the limit on m�0/g
0 from neutron

stars in Eq. (2), this becomes a constraint on �m as a
function of �m and g

0 (with a slight dependence upon
the assumed nuclear equation of state). Using m�0/g

0 =
60MeV, we indicate in Fig. 3 the values of �m that are
required to resolve the lifetime anomaly for two represen-
tative values of g0 = 0.001, 0.002 (solid red and orange
curves, respectively). It is possible to choose a smaller
value of m�0/g

0 (which is consistent with the neutron
star constraint) to plot these constraints on resolving the
lifetime anomaly (and still satisfy the neutron star con-
straint (2)), leading to smaller values of this would lead
to �m. The choice m�0/g

0 = 30MeV is plotted for illus-
tration (dashed red and orange curves), for the same two
values of g0. This value of m�0/g

0 = 30MeV is still con-
sistent with constraints on the DM self-interaction rate;
see Section IV.5 below.
To find a consistent intersection of the baryon asym-

metry and lifetime anomaly curves below the n ! ��

constraint in Fig. 3, it is necessary to take g
0 . 0.002.

The neutron star constraint in Eq. (2) hence implies that
the dark photon must be very light, m�0 . 100 keV. Since
⇠ < 1, the thermal self-energy of � as given in Eq. (6)
is furthermore irrelevant; this e↵ectively places us on the
baryon asymmetry curve corresponding to g

0
⇠ = 0. As

an example, the benchmark values

B1 �m = 0.1MeV, �m = 1.1⇥ 10�10 MeV

g
0 = 0.001, m�0 = 60 keV (21)

are compatible with all the constraints (⇠ being in prin-
ciple unconstrained but, as we will see shortly, uniquely
determined by the decoupling temperature).
The dark photon mass in these scenarios is signifi-

cantly below the 2me threshold. In the absence of ad-
ditional channels the dominant decay mode would then
be �0 ! 3�, which is so slow that the initially thermally
distributed dark photons would be metastable and over-
close the universe [19] (see Ref. [18] for additional con-
straints). This motivates us to introduce the additional
massless Dirac neutrino ⌫0 already mentioned in Section
II, enabling the much more e�cient decay �0 ! ⌫

0
⌫̄
0.

Alternatively, if we ignore the neutron decay anomaly
(assuming, for example, that it is due to experimental
error) and insist only on low-scale baryogenesis, it is not
necessary for g

0 to be small. This in turn allows heav-
ier dark photons and the possiblity for fast �0 ! e

+
e
�

decays through kinetic mixing, via the Lagrangian term
�(✏/2)Fµ⌫F

0µ⌫ , without the need to introduce additional
light degrees of freedom like ⌫0.8

In this simpler scenario, the additional heavy fermion
 described in Sec. II is also no longer required, since with

8
Some extra field carrying U(1)

0
charge will be needed to insure

U(1)
0
charge neutrality of the universe at early times, as we will

discuss in Section IV.1. However it need not be light, and so will

not necessarily contribute extra radiation degrees of freedom that

contribute to Ne↵ . See appendix D for more details.

BM1 BM2
'light dark photon, 
small DM coupling’

‘heavy dark photon, 
large DM coupling’

low-scale 
baryogenesis 
through χ-n 
oscillations

low-scale 
baryogenesis 
through χ-n 
oscillations

explain neutron 
lifetime anomaly

address ΛCDM 
small-scale problems

UV complete model 
(with proliferation of 
new dof ?)
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since 6.1: DM self-interactions

(also for                               )Tdark 6= Tphoton
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2. Cusps or cores?

6 de Blok et al.

Fig. 2.— Histogram of the values of the inner power-law slope α of the mass density profiles presented in Fig. 1. We distinguish between
well-resolved (hatched histogram) and unresolved (blank histogram) galaxies. The unresolved galaxies generally have higher values of α.

Fig. 3.— Value of the inner slope α of the mass density profiles plotted against the radius of the innermost point. Black dots are from the
dBMR sample, stars are from the de Blok & Bosma (2001) sample, open circles represent the four LSB galaxies from the Verheijen (1997)
sample. Over-plotted are the theoretical slopes of a pseudo-isothermal halo model (dotted lines) with core radii of 0.5 (left-most), 1 (canter)
and 2 (right-most) kpc. The full line represents a NFW model (Navarro, Frenk & White 1996), the dashed line a CDM r−1.5 model (Moore
et al. 1999). Both of the latter models have parameters c = 8 and V200 = 100 km s−1, which were chosen to approximately fit the data points
in the lower part of the diagram.

� � r�

Blok et al., ApJ ’01

Cuspy inner density 
profiles predicted by 
simulations not found in 
(all) observations 

3. Too big to fail?

The `Too big to fail’ problem
6 M. Boylan-Kolchin, J. S. Bullock and M. Kaplinghat

Figure 3. Rotation curves for all subhalos with Vinfall > 30 km s�1 and Vmax > 10 km s�1, after excluding Magellanic Cloud analogs, in
each of the six Aquarius simulations (top row, from left to right: A, B, C; bottom row: D, E, F). Subhalos that are at least 2� denser
than every bright MW dwarf spheroidal are plotted with solid curves, while the remaining subhalos are plotted as dotted curves. Data
points with errors show measured Vcirc values for the bright MW dSphs. Not only does each halo have several subhalos that are too
dense to host any of the dSphs, each halo also has several massive subhalos (nominally capable of forming stars) with Vcirc comparable
to the MW dSphs that have no bright counterpart in the MW. In total, between 7 and 22 of these massive subhalos are unaccounted for
in each halo.

of Vcirc(r1/2) for the bright Milky Way dwarf spheroidals.
As in Fig. 2, we plot only halos with Vinfall > 30 km s�1

and Vmax(z = 0) > 10 km s�1. Subhalos that are at least 2�
more massive than every dwarf (at r1/2) are plotted as solid
curves; these are the “massive failures” discussed in BBK,
and each halo has at least four such subhalos. Fig. 3 shows
that each halo has several other subhalos with Vinfall > 30
that are unaccounted for as well: for example, halo B has
three subhalos that are not massive failures by our defini-
tion but that are inconsistent at 2� with every dwarf except
Draco. Even ignoring the subhalos that are completely un-
accounted for (and are yet more massive than all of the MW
dSphs), the remaining massive subhalos do not resemble the
bright MW dSph population.

3.3 High redshift progenitors of massive subhalos

To investigate the possible impact of reionization on our re-
sults, we show the evolution of the progenitors of all subhalos
with Vinfall > 30 km s�1 in Figure 4. The solid curve show
the median M(z), while the shaded region contains 68% of
the distribution, centered on the median, at each redshift.

For comparison, we also show Tvir(z) = 104 K (the tempera-
ture at which primordial gas can cool via atomic transitions)
and 105 K (dashed lines), as well as the mass Mc(z) below
which at least half of a halo’s baryons have been removed
by photo-heating from the UV background (Okamoto et al.
2008). Subhalos with Vinfall > 30 km s�1 lie above Mc and
Tvir = 104 K at all redshifts plotted, indicating that they are
too massive for photo-ionization feedback to significantly al-
ter their gas content and thereby inhibit galaxy formation.

Figure 5 focuses on the z = 6 properties of these sub-
halos. It shows the distribution of halo masses at z = 6
for “massive failures” (open histogram) and the remaining
subhalos (filled histogram), which are possible hosts of the
MW dSphs. The massive failures are more massive at z = 6,
on average, than the potentially luminous subhalos. This
further emphasizes that reionization is not a plausible ex-
planation of why the massive failures do not have stars: the
typical massive failure is a factor of ten more massive than
the UV suppression threshold at z = 6. Implications of this
result will be discussed in Boylan-Kolchin et al. (in prepa-
ration).
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Most massive subhalos 
in simulations are too 
dense to form observed 
brightest dwarf galaxies

1. Missing satellites?

Many more satellites in 
simulations of MW-like 
galaxies than observed

2 DARK MATTER SUBSTRUCTURE

2. SUBSTRUCTURE WITHIN GALAXIES AND CLUSTERS

We simulate the hierarchical formation of dark matter
halos in the correct cosmological context using a high res-
olution parallel treecode pkdgrav. An object is chosen
from a simulation of an appropriate cosmological volume.
The small scale waves of the power spectrum are realised
within the volume that collapses to this object with pro-
gressively lower resolution at increasing distances from the
object. The simulation is then re-run to the present epoch
with the higher mass and force resolution. We have ap-
plied this technique to several halos identified from a 106

Mpc3 volume, including a cluster similar to the nearby
Virgo cluster (Ghigna et al. 1998) and a galaxy with a
circular velocity and isolation similar to the Milky Way.

Fig. 1.— The density of dark matter within a cluster halo of mass
5×1014M⊙ (upper) and a galaxy halo of mass 2×1012M⊙ (lower).
The edge of the box is the virial radius, 300kpc for the galaxy and
2000 kpc for the cluster (peak circular velocities of 200 km s−1 and
1100 km s−1 respectively).

The cosmology that we investigate is a universe dom-
inated with a critical density of cold dark matter, nor-
malised to reproduce the local abundance of galaxy clus-

ters. The important numerical parameters to remember
are that each halo contains more than one million particles
within the final virial radius rvir , and we use a force reso-
lution ∼ 0.1%rvir. Further details of computational tech-
niques and simulation parameters can be found in Ghigna
et al. (1998) and Moore et al. (1999). Here we focus our
attention directly on a comparison with observations.

Figure 1 shows the mass distribution at a redshift z = 0
within the virial radii of our simulated cluster and galaxy.
It is virtually impossible to distinguish the two dark mat-
ter halos, even though the cluster halo is nearly a thou-
sand times more massive and forms 5 Gyrs later than the
galaxy halo. Both objects contain many dark matter sub-
structure halos. We apply a group finding algorithm to
extract the sub-clumps from the simulation data and use
the bound particles to directly measure their kinematical
properties; mass, circular velocity, radii, orbital parame-
ters (c.f. Ghigna et al. 1998). Although our simulations
do not include a baryonic tracer component, we can com-
pare the properties of these systems with observations us-
ing the Tully-Fisher relation (Tully & Fisher 1977). This
provides a simple benchmark for future studies that in-
corporate additional physics such as cooling gas and star-
formation.

Fig. 2.— The abundance of cosmic substructure within our
Milky Way Galaxy, the Virgo cluster and our models of comparable
masses. We plot the cumulative numbers of halos as a function of

their circular velocity (vc =
√

(Gmb/rb), where mb is the bound
mass within the bound radius rb of the substructure, normalised to
the circular velocity, Vglobal of the parent halo that they inhabit.
The dotted curve shows the distribution of the satellites within the
Milky Way’s halo (Mateo 1998) and the open circles with Poisson
errors is data for the Virgo galaxy cluster (Binggeli et al. 1985). We
compare these data with our simulated galactic mass halo (dashed
curves) and cluster halo (solid curve). The second dashed curve
shows data for the galaxy at an earlier epoch, 4 billion years ago -
dynamical evolution has not significantly altered the properties of
the substructure over this timescale.

Figure 2 shows the observed mass (circular velocity)
function of substructure within the Virgo cluster of galax-
ies compared with our simulation results. The circular ve-
locities of substructure halos are measured directly from

Moore et al., ApJ ’99
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Massive mediators induce a Yukawa 
potential between DM particles.
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parameters remains open. Nonetheless, the absence of
dramatic departures from CDM predictions has allowed
important constraints to be placed [24, 25].

In this Letter, we examine the possible existence of a
dark force from a di↵erent perspective. Rather than limit
its allowed range of parameters based on observations,
we show that it can ameliorate tensions in astrophysi-
cal data. In particular, we find that a Yukawa force in
dark matter scattering would naturally produce cores in
dwarf galaxies while avoiding the myriad constraints on
SIDM which arise in systems with a much larger veloc-
ity dispersion, such as clusters of galaxies. The specific
velocity dependence of the interaction cross-section, as
well as the possible exothermic nature of the interaction,
alleviate earlier concerns about the SIDM model. To dis-
tinguish from previous approaches with a constant cross
section or a simple power law velocity dependence, we
label this scenario as Yukawa-Potential Interacting Dark
Matter (YIDM).

Dark Forces. The mediator of the force � could be
either a scalar or a vector, as magnetic-type interactions
are negligible. The force could couple to standard model
fields through kinetic mixing with the photon, or through
mass mixing with the Higgs boson. Constraints on the
presence of such a force come from a wide range of pro-
cesses [26, 27], but ample parameter space remains for

a small mixing angle, ✏
<⇠ 10�3. New searches are un-

derway to find precisely such a force carrier at ⇠ GeV
energy experiments [28].

Scattering through a massive mediator is equivalent to
having a Yukawa potential. The elastic scattering prob-
lem is then analogous to the screened Coulomb scatter-
ing in a plasma [29], which is well fit by a cross-section
[24, 30],
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where � = ⇡v

2
�/v

2 = 2↵dm�/(m�v
2), and v is the rela-

tive velocity of the particles. We use angular brackets to
denote that this is the momentum-transfer weighted cross
section. Here, v� is the velocity at which the momentum-
weighted scattering rate h�vi peaks at a cross section
value of �max = 22.7/m2

�. The above expression can be
approximately generalized to the inelastic case by sub-
stituting m� !

p
m�� for the characteristic minimum

momentum transfer when m� <
p
m�� (see discussion

in [30]). This expression is derived using classical physics,
and thus, it is important to note what quantum e↵ects
can come into play. In cases where the de Broglie wave-
length is longer than the Compton wavelength of the
force m

�1
� , the quantum calculation should be consid-

ered for quantitative results. Nonetheless, the same qual-
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FIG. 1: Dependence of the self-interaction cross-section (�) on
the relative velocity (v) for dark matter interacting through a
Yukawa potential. The normalizations of � and v are set by
free parameters in the underlying Lagrangian (see Appendix),
and we show two possible curves peaking at v� = 10 km s�1

and = 100 km s�1 (blue, solid and purple, dashed, respec-
tively).

itative features should remain: the cross section should
saturate at low velocities near � ⇠ m

�2
� , and at high

velocities, where the classical approximation is valid, it
should fall rapidly.
Figure 1 depicts the velocity dependence of the elas-

tic cross-section in Eq. (1). Interestingly, the scattering
rate is nearly constant at low velocities, peaks at a ve-
locity v�, and declines sharply at v > v�, allowing it to
introduce cores in dwarf galaxies where the velocity dis-
persion is low (v ⇠ 10 km s�1) but not in clusters of
galaxies where the characteristic velocities are larger by
two orders of magnitude (v ⇠ 103 km s�1). The nor-
malizations of the cross-section and velocity are deter-
mined by free parameters in the interaction Lagrangian
(see Appendix), with the Compton wavelength of the in-
teraction setting the relevant spatial scale. We show two
possible values of the peak velocity, one that would pro-
duce cores only in dwarf galaxies (v� = 10 km s�1), and
another that would produce cores in more massive galax-
ies (v� = 102 km s�1) as implied by data on low surface
brightness galaxies [31]. At any given halo mass, we ex-
pect scatter in the core properties of individual halos,
due to variations in their age and assembly history.
Having one collision per Hubble time at the character-

istic core density of dwarf galaxies ⇠ 0.1M� pc�3, trans-
lates to the condition (m�/10GeV)(m�/100MeV)2 ⇠ 1
(see Appendix). An order of magnitude larger cross-
sections are also allowed by the data. Figure 2 shows
the allowed parameter ranges [25] that would naturally
explain the dark matter distribution in observed astro-
physical objects. We find that even though collisions
shape the central profiles of dwarf galaxies, the standard
collisionless treatment still provides an excellent approx-
imation for the dark matter dynamics in X-ray clusters.
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This can address the cusp-core 
and too-big-to-fail problems!
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It has recently been pointed out that TeV-scale dark matter with the characteristic velocity-
dependent self-interaction rate resulting from a light mediator particle can address all small-scale
problems of standard ⇤CDM cosmology simultaneously, provided that kinetic decoupling happens
su�ciently late. Here, we argue that dark matter scattering with sterile neutrinos charged under
a new U(1) gauge interaction is a particularly natural realization of this idea. Interestingly, those
sterile neutrinos may act as a – possibly rather small – dark radiation component at late times,
making the scenario a promising target for both current and upcoming observations of the cosmic
microwave background. We discuss various model-building avenues, current constraints as well as
prospects for a future experimental verification of such scenarios.

I. INTRODUCTION

We consider the scenario of [1], where the dark matter
scatters o↵ light particles (possibly contributing to dark
radiation), which solves all three small-scale problems of
structure formation.

• 1st par: CDM success + shortcomings (many refs)

• 2nd par: point out only existing ‘solution for ev-
erything’ + possible connection to dark radiation

• 3rd: motivations for sterile neutrinos

• connect everything, give a short outlook on the sce-
narios that are interesting

II. SELF-INTERACTING DARK MATTER AND
⇤CDM AT SMALL SCALES

Self-interacting DM (SIDM) has early been proposed
as a way to change the predictions of ⇤CDM at small
scales [2]. The original proposal of a constant cross sec-
tion for the scattering rate, however, faces severe phe-
nomenological problems deriving from the observed el-
lipticity of clusters [3], the survivability of large galaxies
in clusters or dwarf galaxies in the Local Group [4], as
well as the imminent relaxation of halo cores to even
denser states in a ‘gravothermal catastrophe’ [5]; also
the observation of cluster mergers places relevant con-
straints on the self-interaction rate [6]. More recently, it
was realized that the characteristic velocity-dependence
of the scattering rate expected for a Yukawa potential be-
tween the DM particles may not only alleviate the above
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mentioned problems [7] but indeed potentially address
all shortcomings of ⇤CDM mentioned in the introduc-
tion simultaneously [1].
The idea of SIDM with a Yukawa potential (YIDM)

corresponds to the existence of a light messenger particle
� that mediates this ’dark force’, which means that it is
much better motivated from a particle physics point of
view than SIDM with a constant interaction rate (or with
an ad-hoc velocity dependence as studied e.g. in Ref. [8]).
In this Section, we adopt a purely phenomenological ap-
proach and work out the general requirements to address
the ⇤CDM small-scale problems in this framework. In
the remainder of this article, we will then translate these
considerations to concrete particle physics models that
can realize this general idea.

A. DM self-scattering

Rather than the full di↵erential scattering cross sec-
tion, d�/d⌦, one typically only considers the transfer
cross section

�T ⌘

Z
d⌦(1� cos ✓)

d�

d⌦
(1)

in the context of DM scattering as this conveniently
regulates divergences appearing for forward scattering –
which anyway does not change the DM distribution (see
Ref. [9] for an extensive discussion).
Assuming a coupling constant g� in the interaction

term between the DM particles and the (vector or scalar)
messenger � in the Lagrangian, the resulting Yukawa po-
tential is given by

V (r) = ±
↵�

r
e
�m�r , (2)

where ↵� ⌘ g
2

�/(4⇡). For scalar � as well as self-
conjugate DM, like Majorana fermions, the potential is
always repulsive (+); otherwise it can be both attractive
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FIG. 2: Left: Numerical calculation of �T /mX , truncated at fixed `max, showing convergence with in-
creasing `max. The parameter point chosen corresponds to the classical regime with an attractive potential.
The convergence to the classical analytic result shown by dashed line. Right: Numerical calculation (solid
blue) of �T /mX versus m�, showing convergence to the classical analytical formula (dotted pink) and Born
approximation (dashed gold) in the classical and Born regimes.

of Ref. [26] requires integrating Eq. (13) to much larger x than in our method, and is therefore
much less efficient. Thus, Ref. [26] truncates at `max = 5 in their calculation, whereas we are
able to perform efficient calculations with `max ⇠ 1000. We demonstrate this point in Fig. 2,
showing how �T depends on `max for one parameter choice in the classical regime. Our numerical
calculation (solid line) converges for `max & 1000, in good agreement with the classical cross
section (dashed line).3

We can also see the convergence to classical and Born analytic formulae in the right panel of
Fig. 2. The dashed gold and dotted pink lines show the results for the Born and classical analytic
formulae, and we see that in the regime of validity, our numerical results (solid blue line) agree
well with the analytic formulae. In the quantum resonant regime, neither of the analytic formulae
reproduce the behavior of the resonant peaks and anti-resonant valleys. Also note that the Born
approximation over-estimates the cross section in the classical regime.

B. Velocity-dependence in dark matter scattering

The most important feature that emerges from our numerical study is the highly nontrivial
velocity-dependence of �T within the resonant regime. While previous studies have focused on
either constant �T or specific v-dependencies, a rich array of possibilities can arise in general, and
the velocity behavior can be rather complicated.

In Fig. 3, we show the cross section as a function of velocity for an attractive potential with
↵X = 10�2. Each curve corresponds to a different value for b (where b ⌘ ↵XmX/m�), as
indicated by the numerical values in the figures. The quantity �Tm2

X is a useful normalization
for the cross section since, for fixed ↵X , it depends on v and mX/m� only (as opposed to mX

and m� separately). Thus, to obtain the required level scattering in dwarf halos, each curve can

3 The reader should not be troubled by the fact that �T can be negative for certain values of `max. Due to the fact
that the momentum and orbital angular momentum operators do not commute, the transfer cross section, defined in
terms of momentum eigenstates, is a physical quantity only in the limit `max ! 1, not for a particular value of `.
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[resonances only for attractive potential]

Resulting scattering cross section
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Adding one more light particle
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A stable massive mediator would overclose 
the universe (c.f. cosmological bound on massive neutrinos)

Decay to SM particles essentially not possible
severe CMB bounds due to Sommerfeld-enhanced annihilation

scalar mediators (p-wave) evade those, but are typically excluded 
by direct detection Kaplinghat, Tulin & Yu, PRD ’14
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Invisible decay also leads to 
very late kinetic decoupling, 
and thereby addresses the 
missing satellites problem! 
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