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Abstract

In a companion paper [1], lattice field theory methods are used to show that in two-color,

two-flavor QCD there are stable nuclear states in the spectrum. As a commonly studied theory of

composite dark matter, this motivates the consideration of possible nuclear physics in this and other

composite dark sectors. In this work, early Universe cosmology and indirect detection signatures

are explored for both symmetric and asymmetric dark matter, highlighting the unique features that

arise from considerations of dark nuclei and associated dark nuclear processes. The present day

dark matter abundance may be composed of dark nucleons and/or dark nuclei, where the latter are

generated through dark nucleosynthesis. For symmetric dark matter, indirect detection signatures

are possible from annihilation, dark nucleosynthesis, and dark nuclear capture and we present a

novel explanation of the galactic center gamma ray excess based on the latter. For asymmetric dark

matter, dark nucleosynthesis may alter the capture of dark matter in stars, allowing for captured

particles to be processed into nuclei and ejected from the star through dark nucleosynthesis in

the core. Notably, dark nucleosynthesis realizes a novel mechanism for indirect detection signals

of asymmetric dark matter from regions such as the galactic center, without having to rely on a

symmetric dark matter component.
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I. INTRODUCTION

It remains a pressing challenge in particle physics to understand the particle nature

of dark matter (DM). The relentless experimental exploration of the possible interactions

between DM and Standard Model (SM) fields has revealed a great deal of crucial information

about potential interactions. However, as yet no unambiguous signals of DM have emerged,

and many popularly considered DM candidates have come under increasing pressure from

null experimental results. This situation motivates the continued, and ever-diversifying

experimental and theoretical efforts to probe the DM frontier. In particular, it is pertinent

to map out the theoretical landscape of DM paradigms, as candidates with exotic properties

may motivate the consideration of non-standard experimental signatures of DM. In recent

years, there has been a surge of interest in models of DM with distinctive interactions and/or

multiple states. Along these lines, the properties of the SM fields have in some cases guided

the exploration of possibilities for the dark sector via analogy. Popular examples include dark

sectors, or sub-sectors, with dark atomic behavior [2–17] or strongly-coupled dark sectors

leading to composite DM candidates [18–40], which are the focus of this work.1

Composite DM, which arises due to confining gauge dynamics in the dark sector, has

been considered for some time. In all studies thus far, the DM candidate has been assumed

to be a hadron of the dark sector, such as a dark meson or a dark baryon. However, if

the analogy with the SM is taken seriously there is also the possibility of stable composites

of the hadrons themselves: dark nuclei.2 The nuclei of the SM provide a clear proof-of-

principle that such states may exist. Determining the spectrum of nuclei in any strongly

coupled gauge theory is a difficult task, only now becoming possible through advances in

the application of lattice field theory methods [43–45]. This explains why, thus far, only the

hadronic spectrum of postulated strongly coupled dark sectors has been studied seriously.

In a first step towards quantitatively exploring the possibility of a dark nuclear spectrum,

we present lattice calculations in a companion paper [1] that demonstrate that in two-color,

two-flavor QCD, stable nuclear states are possible with the lowest lying states being a bound

states of π and ρ mesons and their baryonic partners. Thus any discussion of DM candidates

1 See also [41, 42] for treatment of annihilation and scattering dynamics in composite dark sectors where

resonant effects are important.
2 Through analogy with the SM the possibility of nuclei in the dark sector has been discussed in [2, 14].

2



in this theory now necessitates some consideration of the nuclear states. Going further,

this suggests the possibility of analogues of nuclei should be considered in any strongly

interacting composite model. Our work substantially extends, and is complementary to,

earlier pioneering lattice studies of DM candidates in such strongly coupled sectors [33, 35–

38, 40, 46].

As will be demonstrated, the phenomenology of dark sectors exhibiting composite DM

candidates broadens significantly when the possibility of dark nuclei is introduced. In this

work, we construct a model based on the broad qualitative findings of the lattice study and

undertake an exploration of the cosmology and possible indirect detection signatures of dark

nuclei.

The genesis of dark nuclei is achieved through a dark nucleosynthesis processes.3 A

prototypical example in the SM is the first step of nucleosynthesis, n + p → d + γ, where

d is a deuteron. For symmetric dark sectors, dark nuclear capture is also possible, and an

analogous SM example would be p+ d→ n+ γ. Generally speaking, the broad topology of

both processes is that of so-called semi-annihilation [48–51], which has also arisen in other

models [52–54]. We will find that the distinguishing features of dark nucleosynthesis arise

from the small binding energies involved in these reactions (i.e., in the SM, Md 'Mn+Mp).

In the case of asymmetric DM, the conservation of dark baryon-number also leads to novel

possibilities. For symmetric and asymmetric DM, the early Universe cosmology may be

altered quite radically by dark nucleosynthesis, and in extreme cases it is possible that the

interactions are strong enough such that all the available dark nucleons may be processed

into dark nuclei through a late period of dark nucleosynthesis, much as the available SM

neutrons are processed into nuclei in Big Bang Nucleosynthesis.

The phenomenology of indirect detection may also be modified significantly. This is

most notable for the case of asymmetric DM. In standard asymmetric DM scenarios, in-

direct detection signals are not possible unless some symmetric DM component is present.

This effectively makes the indirect detection signature a feature of symmetric, rather than

asymmetric, DM. However, dark nucleosynthesis preserves dark baryon number and is thus

possible for a purely asymmetric dark sector. If the additional neutral states produced

3 Some aspects of dark nucleosynthesis have been discussed in Ref. [47] that appeared as we were concluding

our study.
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in dark nucleosynthesis are observable, this leads to a novel mechanism for the indirect

detection of asymmetric DM. Again, this may be seen through the analogous SM nucleosyn-

thesis process, n + p → d + γ. In the case of symmetric DM, the usual DM annihilation

processes are possible, however the new channels of dark nucleosynthesis and dark nuclear

capture may give rise to additional signals.4 Furthermore, the energy scale associated with

dark nucleosynthesis is hierarchically smaller than that of annihilation, and this may lead

to complementary signals from the same DM candidates that would have the same spatial

morphology, but at very different energy scales.

The phenomenology of DM capture in stars and other astrophysical bodies may also

be significantly altered by dark nucleosynthesis. DM may become captured within stars,

with a rate determined by the magnitude of the DM-nucleon scattering cross section. If

the DM is asymmetric, then dark nucleosynthesis may lead to indirect detection signatures,

in contrast to standard asymmetric DM candidates. Furthermore, even for relatively small

binding energy fractions, dark nucleosynthesis may result in the dark nucleus being ejected

from the Sun, or other bodies. This hinders the buildup of asymmetric DM within stars,

leading to significantly different phenomenology from the signatures of standard asymmetric

DM.

In Sec. II, we will briefly review the lattice field theory calculations which provide evi-

dence for the presence of stable nuclear states in two-color, two-flavor QCD, leaving the full

technical details to the companion paper. In Sec. III, we present a simplified model of the

dark sector based on dark π, ρ, fields as well as dark nuclei D (for simplicity, we restrict

our discussion to the lightest dark nucleus) and a dark Higgs, hD. This simple effective the-

ory serves to mock-up the qualitative (though not necessarily quantitative) behavior of the

relevant states and interactions, allowing for an exploration of the particle phenomenology.

In Sec. IV, we solve the relevant Boltzmann equations to determine the relic abundance of

the dark nucleons and dark nuclei for various interaction strengths for both symmetric and

asymmetric DM scenarios. In Sec. V, we explore the indirect detection signatures of the

model. In Sec. V A we discuss a novel explanation of the galactic center gamma ray excess

based on dark nuclear capture. In Sec. V B we present a novel paradigm for asymmetric DM

indirect detection through dark-baryon number conserving nucleosynthesis reactions and we

4 This is similar to the indirect detection signatures of asymmetric DM discussed previously in [55].
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briefly sketch potential modifications of the phenomenology of DM capture in stars which

arise due to the introduction of dark nucleosynthesis, leaving detailed study to a dedicated

analysis. We conclude in Sec. VI.

II. LATTICE INVESTIGATION OF MODEL SPECTRUM

In this work, we focus on a putative model for dark matter involving a strongly interacting

SU(Nc = 2) gauge theory with Nf = 2 degenerate fermions in the fundamental representa-

tion. In a companion paper [1], we undertake a detailed, lattice field-theoretic exploration

of the spectroscopy of hadronic states that appear in this model. Importantly, we show

that light stable nuclei (systems with baryon number B ≥ 2) appear even in this simple

model and we extract the spectrum of the lightest few nuclei for representative values of

the fermion masses. In this section, we summarize the main results that are obtained from

these calculations.

As will be discussed below, this model has a large set of global symmetries that constrain

the dynamics in the limit of vanishing quark masses. It is expected that the theory produces

five degenerate (pseudo-)Goldstone boson states: three mesons analogous to the usual QCD

pions, and a baryon and anti-baryon which are (pseudo-)Goldstone bosons carrying baryon

number. Ref. [34] considered the interesting possibility that dark baryon number is conserved

and that dark matter is composed of the Goldstone baryon with a mass parametrically small

compared to typical strong interactions in the theory that are set by the scale ΛNc=2. In

our numerical investigations, we focus on a regime of the model in which explicit chiral

symmetry breaking through quark masses is dominant over the effects of dynamical chiral

symmetry breaking. This regime is characterised by having 0.5 < Mπ/Mρ < 1, where Mπ

and Mρ are the masses of particle in the lightest multiplets containing pseudoscalar and

vector mesons (and their baryon partners), respectively.

After a careful analysis of the relevant correlation functions of this theory at multiple

lattice spacings and multiple volumes, we are able to extract the continuum limit, infinite

volume spectrum of light nuclei for a range of relevant quark masses. While there is some

variation with the quark masses that are used, the overall picture that emerges from these

calculations is as follows.

• For the maximally symmetric flavor irreducible representation, the spin J = 1 axial-
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vector nuclei with baryon number B = 2 and 3 are clearly bound, with energies below

the threshold for breakup into individual baryons. The J = 1, B = 4 system is likely

bound, but our results are not precise enough to be definitive in this case. Higher

baryon number states with J = 1 are clearly above the relevant breakup thresholds

and likely do not form bound states. The binding energies of these systems are quite

deep. Measured in units of the dark nucleon mass, MN , we find a dimensionless binding

energy per baryon ∆EB/BMN ∼ 0.001–0.01 (for SM nuclei, the same quantity ranges

between 0.001 and 0.006). Phrased in terms of the individual baryon masses, the

bindings are at the few percent level. For different values of the quark masses, the

precise values of these ratios change and both smaller and larger values of the binding

seem feasible.

• Spin J = 0 scalar multi-baryon systems of maximal flavor symmtery were also studied

but do not form bound states for the masses that are considered.

• Multi-baryon states with higher spin or in different flavour representations have not

been studied, so no statement about their spectroscopy can be made.

• By performing calculations with a range of quark masses, the Feynman-Hellmann

theorem can be used to extract the σ-terms for the various hadrons that govern the

couplings of the states of the theory to scalar currents. These couplings are found to

be of a natural size, with f
(H)
q ≡ 〈H|mqqq|H〉

MH
∼ 0.15–0.3.

Full details of the calculations and results are presented in the companion paper [1]. In

principle, lattice field theory methods can also be used to investigate elastic scattering in

the dark sector and provide determinations of couplings of the dark states to an analogue

electroweak sector and/or to other parts of the dark sector. However, such calculations

are beyond our current scope, and we will instead rely on dimensional analysis and these

qualitative results to provide estimates in our discussion of the rich phenomenology of this

theory.

III. AN EXPLICIT MODEL OF DARK NUCLEI

Building upon these lattice investigations, a demonstrative model of dark nucleosynthesis

is now presented.
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Field Spin SU(2)L SU(2)R uL

dL

 1/2 � 1

 uR

dR

 1/2 1 �

HD 0 1 1

TABLE I: Field content and gauge interactions of the model in the UV.

A. Dark Mesons

The field content of the model is shown in Table I and the Lagrangian is

L = Lstrong −
λ

4

(
vD −H2

D

)2 −
(
κHD(u†RuL + d†LdR) + h.c.

)
. (1)

The strong dynamics of the SU(Nc = 2) sector is described implicitly within Lstrong and

characterized by a scale ΛQC2D. HD is a ‘dark’ Higgs boson as this model could be UV

completed in such a way that hD is the Higgs boson remaining after spontaneous symmetry

breaking of a dark U(1) gauge symmetry. We assume that vD and the scalar quartic- and

Yukawa-interactions are sufficiently small that the resulting dark Higgs boson mass and the

quark masses are below the strong coupling scale mhD . Λ. Throughout we consider dark

Higgs masses mhD ∼ O(few GeV) thus constraints on dissipation and DM self-interactions

are satisfied. If mhD . O(few keV) then it may be possible for the dark halo to cool via dark

Higgs emission and form a disk [10, 11] however we do not consider this parameter range

here. As discussed in [56], DM self-interactions comparable to SM nucleon self-interaction

cross sections may improve the agreement between the results of N-body simulations and

observations. Even stronger interactions are in tension with e.g. observations of the Bullet

Cluster [57]. Since we consider DM heavier than MDM � O(few GeV) such constraints

are not relevant to the parameter ranges discussed here, however it would be interesting to

consider DM masses in the few GeV range, where these effects become relevant. Approaching

the strong coupling scale from above, the relevant interactions are

L = Lstrong − V (hD)−
(
mq(1 + hD/vD)(u†RuL + d†LdR) + h.c.

)
, (2)

which includes the SU(2)D gauge interactions. In the absence of the Yukawa terms and

quark masses, there is an SU(2)L × SU(2)R global symmetry which is enlarged to SU(2)L ×
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SU(2)R → SU(4) because the SU(2)D representations are pseudo-real, enabling the right-

handed quarks to fall into multiplets alongside the left-handed quarks.

We also include a small mixing term between the visible-sector Higgs boson and the

dark Higgs boson through the Higgs portal operator |hD|2|H|2. The dark Higgs boson is a

SM gauge singlet, hence below the scale of U(1)D breaking, this coupling mimics the usual

mixing between a SM singlet scalar and the SM Higgs boson. This is introduced to enable

the dark Higgs to decay via standard Higgs boson decay channels such as hD → bb. There

are already strong constraints on the allowed mixing angle, and we thus assume this mixing

is small, below the ∼ few% level [58–61].

Below the strong-coupling scale, a quark condensate forms and breaks the global symme-

try SU(4) → Sp(4) [62–64]. There are five pseudo-Goldstone bosons corresponding to the

broken generators of SU(4). They obtain mass due to the quark mass terms which break

this symmetry explicitly. Three of these pseudo-Goldstone bosons are familiar from QCD

and can be thought of as the pions (π0, π+, π−) made up of the u- and d-quarks and anti-

quarks. The other two pseudo-Goldstone bosons may be thought of as ud and ud composites

carrying baryon-number. We denote these pseudo-Goldstone bosons as πB and πB. Thus

there are in total five pseudo-Goldstone degrees of freedom denoted π0, π+, π−, πB, πB.

As with the analogous QCD case, the Goldstone manifold for SU(4)/Sp(4) may be pa-

rameterized as

Σ = UΣcU
T (3)

where

U = exp


i

f


π0

√
2π+ 0

√
2πB

√
2π− −π0 −

√
2πB 0

0 −
√

2πB π0
√

2π−

√
2πB 0

√
2π− −π0



 , and Σc =


0 0 −1 0

0 0 0 −1

+1 0 0 0

0 +1 0 0

 .

(4)

Under chiral rotations, Σ→ LΣR† (where L and R are rotations in the underlying SU(2)L,R),

or equivalently, Σ → GΣG† where G is an SU(4) rotation. The quark mass matrix can be

written as Mq = mq(1 + hD/vD)Σc and may be thought of as transforming under SU(4)

in the same way as the pion field Σ. The pion masses and Higgs-pion couplings may be
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determined from the SU(4)-invariant chiral Lagrangian

Leff =
f 2

2
Tr ∂µΣ∂µΣ† −Gπmq(1 + hD/vD) Tr(ΣcΣ) , (5)

where Gπ is an unknown dimensionful constant. As all pions are equally massive, they

couple to the Higgs in the same way.

There are also five vector mesons which are odd under the analogue of G-parity. Since

we choose mq comparable to the strong scale, they have similar masses to the pions. We

continue the analogy with QCD and denote these vector bosons ρ0
µ, ρ

+
µ , ρ

−
µ , ρ

B
µ , ρ

B
µ , with the

latter two carrying baryon number +1 and -1, respectively. The vector bosons and their

interactions with the pseudo-Goldstone bosons are constrained by chiral symmetry. This can

be implemented in a number of ways including through the ‘heavy-field’ formalism [65–67],

since the mass of these particles remains nonzero even for vanishing quark masses. Using

this approach, we introduce ξ =
√

Σ (transforming as ξ →
√
RΣL†) and parameterize the

vector boson fields as a 4× 4 matrix of fields, Oµ, in analogy with the pion fields.

The leading interactions are parameterized with the Lagrangian

Lv = −itr
[
O†µV · DOµ

]
+ igV tr

[
{O†µ, Oν}Aλ

]
vσε

µνρσ

+M2
V,0tr

[
O†µO

µ
]

+ λ1tr
[
{O†µ, Oµ}M

]
+ λ2tr

[
O†µO

µ
]

tr [M] (6)

where M = 1
2
(ξmqξ + ξ†mqξ

†) and DµOν = ∂µOµ + [Vµ, Oν ] with Vµ = 1
2
(ξ∂µξ† + ξ†∂µξ)

and Aµ = i
2
(ξ∂µξ† − ξ†∂µξ). gV , λ1 and λ2 are unknown dimensionless couplings and

MV,0 ∼ ΛQC2D is the vector boson mass in the limit of vanishing quark masses.

We will only need the lowest-order couplings of the dark Higgs to the composite bosons,

and express them as

LInt = AπhD

(
(π0)2/2 + π+π− + πBπB

)
+ AρhD

(
(ρ0)2/2 + ρ+ρ− + ρBρB

)
, (7)

where the sum over Lorentz indices for the vector mesons is implied. This completes the

interactions necessary for the annihilation processes ππ → hDhD and ρρ → hDhD relevant

for the cosmological abundance and indirect detection signals of these states. We will take

these couplings to be free parameters in what follows, however for a specific choice of quark

masses they could be calculated from the σ-terms discussed in Sec. II where it is found that

the couplings take perturbative values of O(0.1). With DM masses near the weak scale this

suggests that annihilation and nucleosynthesis cross sections would typically take weak-scale

values.
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B. Dark Nuclei

As demonstrated through the lattice calculation, in this simple model a π boson and a ρ

boson may combine to form stable two-body bound states: the dark nucleus, D. In analogy

to the visible sector, we will refer to the π and ρ bosons as dark nucleons, and to the D as

the dark deuteron. These dark nuclei have mass MD = Mπ + Mρ − BD where BD is the

binding energy of the dark nucleus and may take a range of values. In what follows we will

assume the isospin symmetric case where any of the five dark π bosons may combine with

any of the five dark ρ bosons, leading to a total of 25 dark nuclei which may carry dark

baryon number QB = 0,±1,±2. Although the lattice calculations give specific values for the

binding energies, we do not wish to restrict ourselves to particular values of masses, binding

energies, and coupling constants. We thus allow these to be free parameters throughout,

taking the lattice values as a rough guide. We will only consider dark nuclei composed of

two dark nucleons in order to simplify the treatment of the cosmology and indirect detection

phenomenology. The lattice calculations suggest that three- and perhaps four-body states

may also be stable, which would enrich the phenomenology even further. Other possibile

examples of strongly interacting dynamics may produce higher-body bound states as well.

Assuming mhD < BD, dark nucleosynthesis proceeds in this model via the process π+ρ→

D+hD, in analogy with the first step of nucleosynthesis in the Standard Model, n+p→ d+γ.

As discussed in Sec. I, the reaction π + ρ → D + hD is a semi-annihilation reaction as the

number of dark matter states changes by one (stable+stable)→ (stable+unstable), followed

by (unstable) → (SM). In this work we call this particular realization of semi-annihilation

dark nucleosynthesis to reflect that dark nuclei are forming from dark nucleons.

In order to estimate the cosmological relic abundance of the dark nuclei, or the indirect

detection signals from dark nucleosynthesis, it is necessary to determine the dark nucleosyn-

thesis cross section σ(πρ → DhD). A full nuclear effective field theory estimation would

treat the dark nuclear scattering amplitude as an infinite sum of dark nucleon loops and

determine the corresponding propagator for the dark nucleus from this sum. Such a treat-

ment is well beyond the scope of this work and instead we opt for a simplified effective field

theory estimation which takes the rudimentary assumption of treating the dark nucleus as

a fundamental state at energies near or below mD. Effective operators for π, ρ, and D

interactions are then determined from the symmetry structure and dimensional analysis.
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In terms of the remaining Sp(4) global flavour symmetry, the π and ρ fields both live

in the coset space SU(4)/Sp(4). Rather than constraining the interactions using an Sp(4)

basis for the D fields, we instead utilize the local isomorphism Sp(4) ∼= SO(5). The π

and ρ bosons transform as fundamentals under the the global SO(5) symmetry. Thus the

D fields, which are composites of these two fundamentals, must decompose as the tensor

product 5× 5 = 1+ 10+ 14. These SO(5) representations are at most 2-index, simplifying

the calculation of vertices relative to the alternative Sp(4) representations. The bosons in

SO(5) are real degrees of freedom and do not fall naturally into the classification of pions

and baryons discussed above. However, the two bases for these fields may be simply found

from the following unitary rotation π = U ·πR, where the subscript R denotes a real SO(5)

representation. Specifically, this relationship is

π+

π−

π0

πB

πB


=

1√
2



+1 +i 0 0 0

+1 −i 0 0 0

0 0 +
√

2 0 0

0 0 0 +1 +i

0 0 0 +1 −i


·



π1

π2

π3

π4

π5


, (8)

and similarly for the ρ mesons. The 25 real degrees of freedom in D furnish an SO(5) singlet,

an antisymmetric representation, and a symmetric representation. Using the rotation of

Eq. (8), we may relate this basis of real fields to a more intuitive basis of 5 real and 10

complex vector fields which have varying baryon number. This representation is

Dµ =



Sµ+ Dµ
2,0 Dµ

1,0 Dµ
1,−1 Dµ

1,1

D
µ

2,0 Sµ− Dµ
−1,0 Dµ

−1,−1 Dµ
−1,1

D
µ

1,0 D
µ

−1,0 Sµ0 Dµ
0,−1 Dµ

0,1

D
µ

1,−1 D
µ

−1,−1 D
µ

0,−1 SµB Dµ
0,2

D
µ

1,1 D
µ

−1,1 D
µ

0,1+ D
µ

0,2 Sµ
B


, (9)

where all diagonal elements are real and the subscript denotes the states that the diagonal

elements couple to in the notation of the pion fields. The off-diagonal elements are complex

vectors for which the first subscript denotes the global U(1)D charge and the second subscript

the dark U(1)B baryon number in the same units as the pions. In this notation the various

11



real SO(5) representations may be written as

Dµ
1 = Tr(Dµ) , (10)

Dµ
10 =

i

2

(
Dµ −DµT

)
, (11)

Dµ
14 =

1

2

(
Dµ +DµT

)
− 1

5
Tr(Dµ)15 . (12)

The lattice calculation considered the nuclei in the symmetric representation,D14, finding

bound states for a range of quark masses, but did not investigate the singlet or antisym-

metric representations. To simplify the calculations relevant for phenomenology, we will

assume that all nuclei representations are stable and equally massive. This is purely for

the sake of simplifying the phenomenology, however if it turned out that the antisymmetric

representation was unstable this would only result in minor modifications. There is some

contribution to the mass of the dark nuclei from the masses of the constituent hadrons, and

some from their interactions. For the regime in which it makes sense to call D a ‘nucleus’,

the binding energy should be small, BD �Mπ,Mρ, and the first contribution from the con-

stituent masses should to be dominant. Since the nuclei are ultimately built from quarks,

there is a coupling to the Higgs field which we may write (under the assumption of equal

masses) as

LInt =
1

2
ADhD Tr

(
D†D

)
, (13)

where again AD is taken as a free parameter of O(0.1 × ΛQC2D). Also, consistent with the

remaining symmetries in the real-field basis the 1, 10, and 14 of SO(5) may couple to the

mesons as

LρπD ∼ π†(λ̄1Dµ
1 + λ̄10D

µ
10 + λ̄14D

µ
14)ρµ . (14)

The remaining symmetry does not constrain these interactions any further, however to

simplify the calculation of annihilation and semi-annihilation cross sections we make the

further additional assumption that λ̄1 = λ̄10 = λ̄14 = λ̄, thus the coupling written in terms

of the real degrees of freedom may be simply expressed as LπρD = λ̄π†R ·D
µ
R · ρµR where

DR is a 5 × 5 matrix of real fields. This trilinear coupling, combined with the dark Higgs

couplings, leads to dark nucleosynthesis, π + ρ → D + hD, by dressing one of the external

propagators in three-body scattering with a dark Higgs vertex. If all parameters were known,

then these additional couplings and diagrams should be included in a full treatment of semi-

annihilation. However, as the energy carried away by hD in the semi-annihilation process
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1

⇡

⇢ D

hD

FIG. 1: A dark nucleosynthesis event. This is realized in the model of Sec. III and is analogous to

the SM process n+p→ D+γ. Such dark nucleosynthesis processes are important in early Universe

cosmology as they may alter relic abundances. In the present day they may also be relevant as

they may give rise to observable indirect detection signatures from the galactic center and from

stars.

is EhD ∼ O(BD) � Mπ,Mρ,mD, we may integrate out these interactions to generate an

effective quartic vertex

LEff = λhDπ
†
R ·D

µ
R · ρµR , (15)

where λ is taken as a free parameter assumed to be λ ∼ O(0.1). This interaction is depicted

in Fig. 1. There would also be an effective quartic vertex of the same form simply from the

effective theory and this additional contribution is absorbed into the parameter λ. Thus,

Eq. (7) and Eq. (13) contain all of the information relevant for annihilation, and Eq. (15)

determines dark nucleosynthesis.

IV. COSMOLOGY OF DARK NUCLEOSYNTHESIS

The cosmology and possible experimental signatures of dark nuclei, and in particular of

dark nucleosynthesis, are rich subjects. Throughout we aim to stress the differences between

scenarios with dark nuclei and standard dark matter models, finding that dark nuclei may

possess a very distinctive phenomenology. We will appeal to the specific model of Sec. III

in order to illustrate the signatures. We do this to demonstrate that explicit realizations of

these signatures exist, and also for the pedagogical purposes of providing a familiar example.

However, we emphasize that the signatures are common to the broad class of possibilities

for dark nuclei and are not restricted to this model. As such, the various cross sections are

taken as free parameters and, motivated by the values of the σ-terms determined from the
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lattice calculation, they are assumed to be σ ∼ O(0.12/8πM2
π). We begin by considering the

early Universe cosmology and relic abundance of a sector capable of dark nucleosynthesis.

A. Symmetric Dark Matter

Thermal freeze-out of the coupled system involves the π and ρ nucleons and D nuclei of

Sec. III. For a symmetric DM scenario, it is useful to return to the real basis of fields. This

is because all 5 π meson degrees of freedom are equally massive and similarly for the 5 ρ

mesons and the 25 nuclei. We will also use the rotated form of the nucleus matrix such that

all of these fields are contained within a 5× 5 matrix of real fields where each field interacts

with a particular π and ρ combination in the same way. The assumed symmetry reduces

the coupled system of Boltzmann equations down from 35 individual equations to 3 as the

number density of any πa must be equal to the number density of any other πb and so on

for the other fields. We thus write nπa = nπ/5, nρa = nρ/5, nDa = nD/25. Also, the total

number of π degrees of freedom is 5, the total number of ρ degrees of freedom is 5× 3 = 15

due to the spin states of the massive vectors, and for the nuclei, there are 25×3 = 75 degrees

of freedom. For simplicity, we will also assume that Mπ = Mρ.

If we let (σv)0 be a free parameter describing the typical scale for scattering cross sections

in the dark sector which is of order the weak scale, we may write the thermally-, and spin-

averaged individual dark nuclear capture cross section as 〈σv(πaDb → ρchD)〉 = 〈σv(ρaDb →

πchD)〉 = RN(σv)0 where the subscript denotes that this is a nuclear process.5 If we write the

nuclear binding energy as BD = δMπ and the dark Higgs boson mass as MhD = κMπ, the

dark nucleosynthesis process πa+ρb → Dc+hD is only possible at zero relative velocity if κ <

δ. Even in this case, dark nucleosynthesis must occur close to the kinematic threshold. It was

shown some time ago that in determining the cosmological evolution of DM abundances, any

near-threshold processes have distinctive features when compared to more typical processes,

such as annihilation to light states [68]. In order to simplify the presentation of results in this

section we choose κ = δ in many instances, such that dark nucleosynthesis may only occur

exactly on threshold. We have not found an analytic solution for the thermally averaged cross

section in the most general case, and hence choose to provide an approximate expression.

5 Note that this particular capture process only occurs for specific combinations of nucleons and nuclei, for

example πB +D0,2 → ρB + hD, while other channels are excluded.
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FIG. 2: Relic density of nucleons and nuclei in the presence of annihilations and dark nucleosyn-

thesis. Nucleon masses are Mπ = Mρ = 100 GeV, the dark Higgs at 10 GeV, and the binding

energy fraction δ = 0.1 (B = 10 GeV), thus dark nucleosynthesis occurs precisely at threshold.

The full solutions are shown as solid lines and the equilibrium values as dashed lines. The total

DM abundance is shown in solid black. Even a small dark nucleosynthesis cross section may have a

dramatic effect on the relic density, most notably as the nuclei may remain in thermal equilibrium

through interactions with nucleons down to the freeze-out temperature of the lighter nucleons.

Interestingly once all of the nuclei and nucleons fall out of thermal equilibrium the nucleus fraction

may be repopulated at lower temperatures due to the continued nucleosynthesis reactions.
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For the case where δ > κ and nucleosynthesis is possible at zero relative velocity, we calculate

the standard velocity-independent cross section. To this, we include the thermally averaged

cross section when nucleosynthesis is possible exactly on threshold (δ = κ) which we calculate

following Ref. [68]. The resulting expression is approximate, however it is appropriate for

the case we will usually consider with δ = κ, and has the correct limits in the more general

case. Thus we find that the thermally-averaged nucleosynthesis cross section is

〈σv(πaρb → DchD)〉 ≈ 9

4

(√
δ2 − κ2 +

3√
πx

(
1− 4

3x

))
RN(σv)0

= f(x)RN(σv)0 , (16)

where x = Mπ/T , in agreement with the results of [68]. As expected, this cross section

vanishes in the zero temperature limit at threshold (δ = κ) and if nucleosynthesis is kine-

matically allowed (δ > κ) the correct limit is reached for s-wave scattering in the zero tem-

perature limit. The various spin-averaged annihilation cross sections may be parameterized

relative to (σv)0 as

〈σv(πaπa → hDhD)〉/5 = Rπ(σv)0 ,

〈σv(ρaρa → hDhD)〉/15 = Rρ(σv)0 , (17)

〈σv(DaDa → hDhD)〉/75 = RD(σv)0 ,

where Rπ, Rρ and RD are simple rescaling factors introduced to allow different annihilation

cross sections for the various fields. The co-moving number densities are written as Yπ,ρ,D =

nπ,ρ,D/s, where na is the temperature-dependent number density of a particle species and s

is the temperature-dependent entropy density. The equilibrium co-moving number densities

are defined as Y eq
f and we use the parameterization

λ =
5x(σv)0

H(Mπ)

∣∣∣∣
x=1

. (18)

With all of these definitions in place the set of coupled Boltzmann equations for all particle
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species may be rearranged following standard methods [69] and are written

dYπ
dx

= −λ
[
Rπ

(
Y 2
π − Y eq

π
2
)

+
1

5
RN(YπYD −

Yρ
Y eq
ρ
Y eq
π Y eq

D ) (19)

−1

5
RN(YρYD −

Yπ
Y eq
π
Y eq
ρ Y eq

D ) +RNf(x)(YπYρ −
YD
Y eq
D

Y eq
π Y eq

ρ )

]
,

dYρ
dx

= −λ
[
Rρ

(
Y 2
ρ − Y eq

ρ
2
)

+
1

5
RN(YρYD −

Yπ
Y eq
π
Y eq
ρ Y eq

D )

−1

5
RN(YπYD −

Yρ
Y eq
ρ
Y eq
π Y eq

D ) +RNf(x)(YρYπ −
YD
Y eq
D

Y eq
ρ Y eq

π )

]
,

dYD
dx

= −λ
[
RD

(
Y 2
D − Y

eq
D

2
)
−RNf(x)(YπYρ −

YD
Y eq
D

Y eq
π Y eq

ρ )

+
1

5
RN

(
(Yπ + Yρ)YD −

(
Yρ
Y eq
ρ
Y eq
π +

Yπ
Y eq
π
Y eq
ρ

)
Y eq
D

)]
,

where the various multiplicities of the species have been taken into account. Further, in

any given nucleosynthesis reaction the symmetry structure requires that only one nucleus is

produced for any particular combination of π and ρ. This can be seen clearly in the SO(5)

basis. These coupled Boltzmann equations may then be solved to determine the total relic

abundance of dark matter, and also the relative abundances of the dark nucleons, ρ, π, and

the dark nuclei D. The energy density in any particle relative to the critical density may be

determined from the particle mass and the current entropy density.

Fig. 2 shows some typical solutions to the Boltzmann equations. It is clear that dark

nucleosynthesis may have a pronounced effect on the final relic density, with the greatest

effect coming from the additional destruction of nuclei through the dark nuclear capture

processes πa + Db → ρc + hD. It is clarifying to break the evolution of the dark nuclei into

a number of smaller steps:

• T > 2Mπ/20: The number density of dark nucleons and nuclei tracks the equilibrium

density due to efficient annihilations.

• Mπ/20 < T < 2Mπ/20: The dark nuclei are kept at equilibrium density below the

temperature of dark nuclei annihilation freeze out due to efficient dark nuclear capture

interactions with the dark nucleons which are themselves still efficiently annihilating.

Freeze out of the dark nuclei is paused until the lighter dark nucleons freeze out, hence

the greatly suppressed number density of dark nuclei. This can be seen from Fig. 2

where in cases with dark nucleosynthesis, the freeze out of the dark nuclei is paused

until dark nucleon freeze out.
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• BD/20 < T < Mπ/20: In this regime, all annihilations have effectively frozen out,

and the only remaining interactions are dark nucleosynthesis interactions. The possible

reaction types are nucleosynthesis, π+ρ→ D+hD, and nuclear capture, D+(π, ρ)→

hD + (ρ, π).6 The cross section for the former is suppressed due to the reduced phase

space, however the interaction rate for the latter is suppressed to a greater degree due

to the extremely small number density of dark nuclei. Hence during this era the dark

nuclei effectively ‘freeze in’ [70] as their number density increases exponentially while

the total energy density in DM slowly bleeds off through dark nucleosynthesis.

• T < BD/20: In this era all reactions, including dark nucleosynthesis, have effectively

frozen out and the number density of all species is now fixed

This completes our discussion of cosmological evolution of the symmetric scenario for

dark nuclei.

B. Asymmetric Dark Matter

We now consider more directly the analogy with standard nucleosynthesis and consider

an asymmetric DM (ADM) scenario. Recent years have seen a resurgence in the study of

ADM [18, 19, 71–84], and this has led to the realization of a large number of models which

may generate a DM asymmetry through a variety of mechanisms.7 Thus there are many

plausible scenarios in which an asymmetry may be generated in the dark sector. In this

work, we will focus on heavy asymmetric DM [87, 88] which is a complementary scenario

to the usual M ∼ 5 GeV asymmetric DM, however the lighter M ∼ 5 GeV possibility for

asymmetric dark nucleons and/or nuclei is equally possible.

Motivated by the analogy with nucleosynthesis, we consider a scenario where the asym-

metry in the dark sector is in dark baryon-number, thus nπB � nπB . Also, for the sake

of simplicity we will assume that the only relevant fields are the dark Higgs hD, the dark

baryon-number carrying mesons πB, πB, ρB, ρB and the dark baryon-number charge 2 fields

DB, and DB (note the change in notation for convenience). It may be possible to realize

6 There may also be capture processes such as D+ ρ→ ρ+hD, however these would be p-wave suppressed

and thus subdominant to the s-wave processes that we consider.
7 See [85, 86] for recent reviews.
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this in a full scenario as an appropriate splitting between quark masses may explicitly break

the global SU(4) symmetry sufficiently that Mπ± � Mπ0 ,MπB,B . In turn, this makes all

nuclei containing Mπ± heavy as well. As the π0 field is neutral under the remaining global

symmetries we may introduce new decay channels for this field, hence the dominant DM

phenomenology may be determined by considering only the dark baryon-number 1 nucle-

ons and dark baryon-number 2 nuclei. However, we have chosen to make this assumption

primarily to simplify the treatment of the phenomenology.

In order for the relic abundance to be dominated by an asymmetry, the annihilation cross-

section for all states must exceed the thermal relic annihilation cross section which, given

that the dark sector is strongly coupled, seems plausible. In this case, the relic abundance

of the symmetric component is suppressed by a factor ∼ exp(σAnn/σTh) where the latter is

the standard thermal DM cross section [89]. This is a result of continued annihilations with

the asymmetric component. With the symmetric DM component mostly annihilated away,

the dominant component of DM is comprised of the baryon-number carrying states shown

in Table II.

State πB ρB DB

Dark Baryon Number +1 +1 +2

TABLE II: Relic DM states carrying dark baryon-number in the asymmetric scenario.

If we consider the production of an asymmetry in dark baryon number in the early

Universe, then at later times this asymmetry may be understood by considering the chemical

potential for dark baryon number µD. If the dark nucleosynthesis interactions πB + ρB →

DB +hD are efficient, then we obtain the relationship between chemical potentials µπ+µρ =

µD. Similarly, we will assume that at high temperatures around the strong coupling scale

we would have µπ = µρ, however it is not possible to determine the full details of chemical

equilibrium in practice at these scales without evolving through the strong coupling scale.

Before considering the Boltzmann equations, it is illuminating to consider general features

of dark nucleosynthesis in the asymmetric case. If we specify the number densities of the

various DM species relative to the number density of photons as ηa = na/nγ, we may relate

the total asymmetric dark number density to the cosmological abundance of DM by taking
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FIG. 3: Relic density of dark nucleons and nuclei in the presence of annihilations and dark nucle-

osynthesis for the case of asymmetric DM. Nucleon masses are Mπ = Mρ = 100 GeV, the dark

Higgs at 10 GeV, and the binding energy fraction δ = 0.1, thus dark nucleosynthesis occurs pre-

cisely at threshold. The dark baryon densities are shown as full lines and the antibaryon densities

as dashed lines. The total DM abundance is shown in solid black. Once again, dark nucleosynthesis

may have a pronounced effect on the relic density of the various species. Many of the features,

including the timeline of the various freeze-out epochs, are similar to the symmetric DM case. How-

ever, due to the preservation of the asymmetry larger dark nucleosynthesis cross sections may be

tolerated while maintaining the observed DM abundance, and in this case the majority of available

dark nucleons may be processed into dark nuclei.
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the ratio of the known baryon asymmetry and baryon abundance

ηND
= ηπ + ηρ + 2ηD ≈ 2.68× 10−8 ×

(
ΩDMh

2

ΩBh2

MH

Mπ

)
, (20)

where MH is the mass of hydrogen. From this, denoting the fractional asymmetry in a given

species as Xa = QBana/(nπ + nρ + 2nD), we have the fractional asymmetry carried in dark

nuclei

XD =
1

3
X2
πηND

(
2− BD

Mπ

)3/2(
2π

MπT

)3/2

expBD/T . (21)

For temperatures well above the binding energy, T & BD, the exponential is small and

XD � Xπ. However, if chemical equilibrium is maintained to temperatures T � BD such

that the exponential overcomes the small value of the asymmetry in either π or ρ, which is

ηND
∼ O(10−8), then the majority of the asymmetric component will actually be carried in

the dark nuclei. In fact, this is already familiar from nucleosynthesis in the SM where the

strong interactions maintain chemical equilibrium to temperatures well below the binding

energy of helium and all available neutrons are processed into nuclei. However, if the dark

nucleosynthesis interactions freeze out at temperatures close to, or even a factor of a few

below the binding energy, then the dominant asymmetry will remain tied up in the π and

ρ nucleons. Thus, already from Eq. (21), it is clear that the final asymmetry carried in

dark nuclei may vary greatly from being a tiny fraction up to the dominant component,

depending precisely on when the dark nucleosynthesis interactions freeze out.

In order to study this scenario quantitatively, it is necessary to solve the Boltzmann

equations. In total there are six equations, one for the each baryon and anti-baryon out of

each nucleon π and ρ and the nuclei D. These equations may be found directly from the

Boltzmann equations of Eq. (20) by dressing these equations with a label for whether each

species carries positive or negative dark baryon number. In this instance it is crucial to

ensure that baryon number is conserved in each interaction, i.e. Y 2
π → YπBYπB etc. For the
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π and ρ carrying positive dark baryon number, we have

dYπB

dx
= −λ

[
Rπ

(
YπBYπB − Y eq

πBY
eq

πB

)
+RN

(
YπBYDB −

YρB

Y eq

ρB

Y eq
πBY

eq

DB

)
(22)

−RN

(
YρBYDB − YπB

Y eq
πB

Y eq

ρB
Y eq
DB

)
+RNf(x)

(
YπBYρB −

YDB

Y eq
DB

Y eq
πBY

eq
ρB

)]
,

dYρB

dx
= −λ

[
Rρ

(
YρBYρB − Y

eq
ρB
Y eq

ρB

)
+RN

(
YρBYDB −

YπB

Y eq

πB

Y eq
ρB
Y eq

DB

)
(23)

−RN

(
YπBYDB −

YρB

Y eq
ρB

Y eq

πB
Y eq
DB

)
+RNf(x)

(
YπBYρB −

YDB

Y eq
DB

Y eq
πBY

eq
ρB

)]
,

(24)

and for the dark nucleus

dYDB

dx
= −λ

[
RD

(
YDBYDB − Y eq

DBY
eq

DB

)
−RNf(x)

(
YπBYρB −

YDB

Y eq
DB

Y eq
πBY

eq
ρB

)
+RN

((
YπB + YρB

)
YDB −

(
YρB

Y eq
ρB

Y eq

πB
+
YπB

Y eq
πB

Y eq

ρB

)
Y eq
DB

)]
.

For the species carrying anti-baryon number, the equations are identical with the exception

of the replacement B ↔ B. Considering all six Boltzmann equations and taking the sum

YB = YπB +YρB + 2YDB and then by taking the difference Yη = YB −YB, it is also clear that

the dark asymmetry is constant dYη/dx = 0, as expected.

In Fig. 3, we show the evolution of the DM abundances in the presence of an asymmetry

where we have set the chemical potential in order to generate the observed DM abundance in

each case. As with the symmetric case, dark nuclear capture and dark nucleosynthesis may

significantly alter the relic abundance of both the nucleons and the nuclei. In particular, in

the presence of a large dark nucleosynthesis cross section all of the dark π-mesons may be

processed into dark nuclei, leaving only the dark ρ-mesons and dark nuclei as the dominant

constituents. As there are three ρ degrees of freedom for every π degree of freedom, once

all of the pions are processed into dark nuclei some dark ρ mesons remain. If they had

equal numbers of degrees of freedom, it would be possible for all of the dark nucleons to be

processed, leaving only dark nuclei. This picture is in some ways familiar from the SM where

most of the neutrons are processed into nuclei during Big Bang nucleosynthesis, leaving only

protons and nuclei.
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V. INDIRECT DETECTION SIGNATURES

We will first depart from committing to the specific model of Sec. III and instead consider

the indirect detection possibilities of dark nucleosynthesis broadly. In generic scenarios, dark

nucleosynthesis may occur via processes such as nn,a + nn,b → ND,c +X where nn is a dark

nucleon, ND is a dark nucleus and X is some other state. If X is a SM state, or if it may decay

to SM states, then dark nucleosynthesis occurring presently in DM halos may be observable

through the contribution of X to the cosmic ray spectrum. Considering a particular SM

final state SM , the spectrum generated in dark nucleosynthesis may be determined from

d2Φ

dΩdEγ
=

1

8π

1

2βγ
ζ J(θ)

∫ ESM/γ(1−β)

ESM/γ(1+β)

dẼSM

ẼSM

dN

dẼSM

∣∣∣∣
X

, (25)

where J(θ) is the line-of-sight integral over the DM density-squared and dN/dESM |X is the

spectrum of SM states obtained from X in the rest frame of X, either from X directly or from

its decays. In Eq. (25), γ and β are Lorentz factors associated with the fact thatX is typically

produced with non-zero speed and the integral accommodates the modification of the rest-

frame spectrum due to the boosting. Specifically, for the process nn,a + nn,b → ND,c + X

these factors are given by

γ =
(Ma +Mb)

2 −M2
c +M2

X

2(Ma +Mb)MX

, β =

√
1− 1

γ2
. (26)

ζ is a factor which is equivalent to ζAnn = 2〈σv〉/M2
DM in the case of DM annihilation where

the extra factor of 2 arises as two X states are produced. In the general case including

annihilations and dark nucleosynthesis, this is modified to

ζ = κA
∑
a,b,c

fafb
MaMb

〈σv〉(nn,a + nn,b → ND,c +X) , (27)

where κA = 1 for dark nucleosynthesis instead of the usual κA = 2 for annihilation. fa is

the fraction of the DM energy density made up by species a and 〈σv〉 is the thermally-, and

spin-averaged cross section and velocity.

If the DM abundance is symmetric, then in general one would also expect nucleon anni-

hilation signatures from processes such as nn,a + nn,a → X +X and also nuclei annihilation

process ND,a +ND,a → X +X. In addition, there could be dark nuclear capture signatures

nn,a + ND,b → nn,c + X. If the nucleon mass is Mn the nucleus mass is MN = 2Mn − BD

where BD � Mn is the nuclear binding energy. This provides the main ‘smoking gun’
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signature of dark nucleosynthesis which is that in dark nucleosynthesis the energy carried

away by X is EX ∼ O(BD � Mn), however in annihilation or dark nuclear capture the

energy carried away is EX ∼ O(Mn). Thus, if an excess of gamma rays were observed which

may be attributed to dark nucleosynthesis (annihilation or capture), then an excess due

to the annihilation or capture (dark nucleosynthesis) should also be observable at higher

(lower) energies with exactly the same spatial morphology. Whether or not the other excess

is observable depends on both the typical energy scales, and model parameters such as the

relative cross sections for dark nucleosynthesis and annihilation.

If the DM abundance is asymmetric, then we are also led to a novel feature of dark

nucleosynthesis: in asymmetric DM scenarios it is typically assumed that indirect signatures

of DM annihilation cannot be accommodated unless some symmetric DM component is

present in the halo. However, in the case of dark nucleosynthesis if the DM abundance is

completely asymmetric then indirect signatures of dark nucleosynthesis are possible and this

leads to a novel, and well-motivated, mechanism for generating indirect detection signatures

from asymmetric DM. Specifically, dark baryon number may be conserved in the reaction

nn,a + nn,b → ND,c + X, allowing for indirect signatures from asymmetric DM without the

need for a symmetric component.8

A. Galactic Center Gamma Ray Excess

Having discussed the broad indirect detection features of dark nucleosynthesis, we will

now show the utility of this process by entertaining the possibility that the gamma ray

excess at the galactic center is due to DM [90–98], specifically considering an interpretation

in terms of dark nucleosynthesis or capture.9 With regard to dark sector-SM interactions,

we envisage the model of Sec. III in which X is a light singlet scalar with a small mixing

with the SM Higgs boson, identified previously as a dark Higgs hD. For masses MhD > 2mb

and MhD < 2mW the dominant decay mode of the dark Higgs will be to a pair of b-quarks.

To fit the spectrum, we employ the prompt gamma ray spectrum from b-quarks obtained

8 Similar indirect detection signatures for multi-component asymmetric DM have also been considered in

Ref. [55].
9 It should be noted that plausible interpretations based on SM physics have also been suggested [99, 100],

and thus we use this DM hint as an interesting scenario with which to demonstrate the possible indirect

detection signatures of dark nuclei, but not as the main motivation for this work.
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FIG. 4: DM parameters which allow an interpretation of the galactic center gamma ray excess.

The red data points show the excess extracted in Ref. [90] and the black line is the spectrum from

boosted hD decays. The possible realization of these parameters in specific models is discussed in

the text.

in Ref. [101].10 We calculate the J-factor for the best-fit NFW [103] profile of Ref. [90]

with scale-radius rS = 20 kpc, and choose the overall density parameter such that the

local DM density at 8.5kpc is 0.3 GeV cm−3. We also choose the NFW profile parameter

γ = 1.26. The spectrum of [90] is normalized to the spectrum at θ = 5◦ and we find J(5◦) =

6.2 × 1023 GeV2cm−5. There are many parameter choices which may give a reasonable

fit to the data and in Fig. 4 we show one parameter choice allowing a good fit to the

data where MhD = 16 GeV and the dark Higgs is produced at a boost of γ = 2.8. This

explanation requires ζ = 2.5×10−29cm3 s−1 GeV−2, providing a target for an interpretation

of this excess. However, it is worth emphasizing that all of these numbers may change with

different choices of local DM density, halo profiles, different template fitting procedures to

extract the gamma ray excess, and also with different SM final states, thus it should be

kept in mind that the required parameters are a good qualitative guide but are subject to a

number of uncertainties.

10 We do not include final-state effects such as bremsstrahlung for this analysis, but note that these effects

may lead to small quantitative changes to the spectrum [102].
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1. A Dark Nuclear Capture Interpretation

If the DM is symmetric, then it is possible for indirect detection signals to arise in a

number of ways. The first, and very well known, possibility is for DM annihilations. In this

context, the gamma ray excess in the galactic center may be easily accommodated through

the annihilation of nucleons, or nuclei, of mass ∼ 45 GeV into pairs of dark Higgs bosons

which eventually decay to bb pairs. As this scenario is very well known we will not dwell on

it any further.

Another scenario, which has not been considered previously, is relevant if a symmetric

component of dark nuclei is regenerated in the early Universe as in Fig. 2. In this case, it is

possible for indirect detection signals to arise through dark nuclear capture processes such

as πa + Db → ρc + hD, followed by hD → bb. In this case the dark nucleosynthesis process

is critically important, both for regenerating the dark nuclei in the early Universe and also

for the capture which leads to potential signals. Some of the indirect detection signatures

possible in this scenario are depicted in Fig. 6 and their associated energy scales are given

in Table III.

In Fig. 5, we consider a scenario that is motivated by the model of Sec. III. The nucleon

masses are both taken to be Mπ = Mρ = 40 GeV. The dark Higgs mass is MhD = 16 GeV and

we allow for dark nucleosynthesis only at the kinematic threshold such that δ = MhD/Mπ.11

The masses are chosen such that in dark nuclear capture the dark Higgs bosons are produced

with a boost factor of 2.8, as desired.

In Fig. 5, we show the additional parameters of the model. In the left panel it is shown

that the observed relic density may be achieved for these parameters, and in the right panel

the ζ-factor for indirect detection is shown. From this we see that the ζ-factor is too low

by approximately a factor of four, however (as argued in Ref. [104], for example) specific

choices about the form of the halo lead to the required value of ζ = 2.5× 10−29cm3s−1GeV2

and thus a different choice of DM halo profile, particularly in the center of the galaxy, could

account for this additional factor of four. Other final states could also be considered, which

11 This binding energy is quite large, of O(40%) the nucleon mass and may thus not lie strictly within the

confines of the SU(2) model, however in this section we wish to explore general possibilities for dark

nucleosynthesis and choose this binding such that the on-threshold Boltzmann equations of Sec. IV A may

be used.
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FIG. 5: Evolution of cosmological relic DM densities (left panel) and the ζ-factor for indirect

detection defined in Eq. (27) (right panel). This is a particular parameter choice which gives rise

to the galactic center gamma ray excess from dark nucleus destruction processes occurring in the

center of the galaxy. The full solutions are shown as solid lines and the equilibrium values as

dashed lines.

may accommodate smaller cross sections.

Thus we see that nuclear processes in a symmetric dark sector may lead to a novel cos-

mology and a novel interpretation of the galactic center gamma ray excess.12 Furthermore

in this scenario additional, but greatly subdominant, nucleon and nucleus annihilation sig-

natures would also be present with greater boost factors (O(3.8)) however the fluxes are

small enough, and the boost factors similar enough, that this would only moderately change

the spectrum. For these parameters, dark nucleosynthesis is at threshold, and thus indirect

signatures of dark nucleosynthesis would not be expected.

B. Indirect Signals of Asymmetric Dark Nucleosynthesis

An interesting feature which is raised by (but not restricted to) dark nucleosynthesis is the

possibility of indirect signals of purely asymmetric dark matter. In single-component models

12 This interpretation is a type of cascade annihilation interpretation [105], with the additional features of

the ‘semi-annihilating’ topology, as in [104]. For another multi-component DM explanation see [106].
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FIG. 6: Annihilation and dark nucleosynthesis processes leading to indirect detection signatures of

symmetric DM. Rearrangements of the final diagram involving dark nuclear capture D+ (π, ρ)→

hD + (ρ, π) are also possible.
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FIG. 7: Indirect detection signatures of asymmetric DM. Rearrangements of the final diagram

involving dark nuclear destruction D+π, ρ→ hD+ρ, π are not possible due to dark baryon number

conservation. The diagrams with crosses are forbidden in asymmetric DM scenarios, however dark

nucleosynthesis is still possible.

of purely asymmetric dark matter it has long been known that indirect detection signals are

not possible as annihilation of thermal relics is not compatible with a conserved global

U(1) symmetry in the dark sector. Some authors have considered annihilations involving

a small relic, or regenerated, symmetric DM component, but this is not possible in strictly

asymmetric DM scenarios [107–111].

However, if the dark sector involves more than one stable state it is possible to have

indirect detection signals for purely asymmetric dark matter while conserving the global

DM symmetry. A classic analogue of this arises in the SM where the nucleosynthesis process

n + p → D + γ conserves baryon number. Following this analogy, in ADM scenarios such

processes may still be observable in the current epoch, raising the intriguing possibility

of indirect detection signals from a fully asymmetric dark sector. In the specific model

considered here, the analogous process is πB +ρB → DB +hD. In this section, we will study

possible signals from this process, however it should be emphasized that these signals are
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Signature Collider Direct Detection Annihilation Nucleosynthesis Capture

Sym-DM M, 2M M, 2M M, 2M BD �M M

Asym-DM M, 2M M, 2M — BD �M —

TABLE III: Typical energy scales associated with symmetric and asymmetric DM signatures, where

the mass M denotes the typical nucleon mass. Unlike symmetric DM, annihilation signals are

absent for purely asymmetric DM, however indirect signals may still arise for dark nucleosynthesis

in this model, or more general multi-component asymmetric DM models.

possible in a great variety of asymmetric DM models and are not restricted to nuclear or

composite DM. The full range of possibilities is deserving of a dedicated study and here we

just consider a variant of the dark nuclear model of Sec. III. Indirect detection signatures

possible in this scenario are depicted in Fig. 7 and their associated energy scales are given

in Table III.

1. Galactic Signals of Asymmetric Dark Nucleosynthesis

For the sake of simplicity, we will consider the same asymmetric DM model of Sec. III

where the only states are the dark baryon number carrying states πB, ρB, and the dark

nucleus DB which carries dark baryon number two. Attempting to explain the gamma ray

excess as in Sec. V A 1, we choose the same parameters as before, with mhD = 16 GeV and

boost factor γ = 2.8. Assuming heavy DM, Mπ = Mρ = 250 GeV, then the correct boost

factor may be achieved with a nuclear binding energy fraction of δ ≈ 0.2.

In Fig. 8, we show the cosmological evolution of an asymmetric DM scenario for this

specific choice of parameters. The nucleosynthesis cross section has been taken large enough

that the majority of πB have been processed into nuclei by the time the evolution stabilizes.

In the right hand plot, we show the ζ-factor relevant for the galactic gamma ray excess. For

this case, we see that this factor is too small by two orders of magnitude. This is due to

a number of factors. First, the total energy released in dark nucleosynthesis is the binding

energy which is BD = δMπ � Mπ. To boost a 16 GeV dark Higgs by a sufficient amount

while keeping the binding energy fraction small enough to identify DB as a bound state

of two nucleons requires relatively heavy DM, Mπ � mhD . Since the number density is

inversely proportional to the square of this number, this significantly suppresses the signal.
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FIG. 8: Evolution of cosmological relic DM densities (left panel) and the ζ-factor for indirect

detection defined in Eq. (27) (right panel) for asymmetric DM. This is a particular parameter

choice aimed at explaining the galactic center gamma ray excess from dark nucleus destruction

processes occurring in the center of the galaxy. In the left panel the dark baryons are shown

as solid lines and dark anti-baryons as dashed lines. The right panel demonstrates that within

this model for these chosen parameters an explanation of the galactic center excess based on dark

nucleosynthesis is unlikely.

Second, for the asymmetric DM scenario, the dark nucleosynthesis cross section may not be

taken arbitrarily large as then all of the available πB mesons will be processed into nuclei in

the early Universe and too few πB will remain in the current epoch to nucleosynthesize and

generate the observed gamma ray excess.

Overall, it seems that within the confines of this simplest version of a dark nuclei model,

an explanation of the galactic center gamma ray excess appears difficult for an asymmetric

DM scenario with dark nucleosynthesis. It should be emphasized that this is only within this

specific model and an asymmetric DM interpretation is not precluded on general grounds.

It would be interesting to explore this scenario by considering other halo profiles and/or SM

final states. Indeed, this example demonstrates that dark nucleosynthesis allows for indirect

signals of asymmetric DM even in the absence of any symmetric DM component.
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2. Asymmetric Dark Nucleosynthesis and Solar Capture

If DM scatters on SM nucleons, it may become captured in astrophysical hosts, such

as planets, stars such as the Sun [112–120], neutron stars and white dwarfs [121–123]. In

the context of asymmetric DM, it is assumed that because of the lack of DM annihilations,

the abundance of asymmetric DM will gradually build up in these objects and eventually

alter their properties [124–130], in some cases quite spectacularly through modifications of

helioseismology or even the premature gravitational collapse of neutron stars. However, if

the possibility of dark nucleosynthesis is introduced, the phenomenology of asymmetric DM

capture may be altered radically. We leave a full quantitative study to future work and only

discuss potential qualitative signatures here.

If they scatter on SM nucleons, dark nucleons and nuclei would steadily build up within

a star as in standard DM models. However, unlike standard asymmetric DM scenarios, dark

nucleosynthesis would also occur within the star due to the increasing density of DM. In

this case, dark nucleosynthesis may lead to observable indirect detection signatures from the

Earth or the Sun if the neutral dark nucleosynthesis final states include SM particles that

can subsequently produce observable neutrinos through decay or rescattering, as depicted

in Fig. 9. This is not possible for standard asymmetric DM candidates.

Another interesting feature of dark nucleosynthesis is that even for very small binding

energies, the produced dark nuclei may have a semi-relativistic velocity allowing it to escape

the astrophysical host. In general, this occurs for β > βEscape. For dark nucleosynthesis

with binding fraction δ and with a massless neutral final state particle, the outgoing speed

of the nucleus is β ≈ δ/2, thus for a binding energy fraction δ & 0.01, the dark nucleus

would be ejected from the Sun by dark nucleosynthesis. Dark matter ejection due to dark

nucleosynthesis could thus have a significant effect as the usual build up of asymmetric

DM may be obstructed. For the Sun, the expected modifications of helioseismology may

be reduced. For more compact objects, the build up of a large DM component would be

slowed, or even avoided, due to the steady ejection of DM from the star. Furthermore, it may

be possible to search for these ejected dark nuclei in Earth-based laboratory experiments

by searching for neutral-current scattering events in low-background detectors where the

scattering energy is at an energy scale of E ∼ δMDM and the incoming dark nucleus points

towards the Sun or the center of the Earth. This signature would motivate similar searches
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FIG. 9: Capture of asymmetric DM in astrophysical bodies such as planets, the Sun, white dwarfs,

and neutron stars (left panel). Dark nucleosynthesis in these astrophysical bodies is catalyzed by

the enhanced density of DM (right panel). Dark nucleosynthesis may lead to observable signatures

if the end-products produce neutrinos either through decay or rescattering. Even if the binding

energy fraction is small, the produced dark nucleus may be ejected from the astrophysical body

because the resulting semi-relativistic velocity of the dark nucleus would typically be greater than

the escape velocity. This may drastically alter the phenomenology of asymmetric DM capture in

comparison to standard asymmetric DM models, and the ejected dark nuclei could be searched for

in new laboratory experiments.

as recently proposed in [131, 132], however at potentially lower energy scales.

There is also a very pleasing synergy between DM and the visible sector in this case as

the capture of asymmetric DM in stars leads to the dark nucleons being processed into dark

nuclei, in a tenuous analogy with the processes which occur in the visible sector. If there

are additional dark nuclei with larger dark baryon number, further dark nucleosynthesis

may also occur, processing the dark nucleons into more massive dark nuclei. In essence, the

star would lead to a co-located dark protostar, burning dark nucleons into dark nuclei. All

of these features require a detailed study for a full exploration of the capture and ejection

processes, and a dedicated study of the experimental requirements for detecting the ejected

dark nuclei is also required. However, our brief discussion is suggestive of a very rich and

novel phenomenology which could lead to experimental signatures significantly different from

those expected of standard DM candidates.
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VI. CONCLUSIONS

To ensure that possible experimental signatures of DM are not missed, it is crucial to

consider the broad scope of possible realizations of DM, in addition to the more well-studied

DM candidates. From a theoretical perspective, the possibility of dark nuclear physics is

well motivated. In fact, in the two strongly-coupled theories for which nuclear states have

been studied, the SM and two-color two-flavor QCD, nuclei are seen to exist. For QCD,

nuclei have also been shown to occur for heavier-than-physical quark masses [43–45]. As far

as quantitatively studied strongly-coupled composites are concerned, this hints towards the

ubiquity of nuclei. Thus, if DM consists of composites of a strongly coupled gauge sector,

then it is very possible that there is an entire dark nuclear sector.

In this work, motivated by the lattice results presented in the companion paper [1], and

by analogy with the SM, some aspects of dark nuclear phenomenology have been explored.

For symmetric and asymmetric DM, it is possible that the abundance may be composed of

a range of admixtures of dark nucleons and dark nuclei. New indirect detection possibilities

have been found, and an illustrative explanation of the galactic center gamma ray excess

based on dark nuclear capture has been presented. For asymmetric DM, the consequences of

dark nuclei are striking. Dark nucleosynthesis accommodates indirect detection signatures

of asymmetric DM, even for a vanishing symmetric component. This opens new avenues for

asymmetric DM model building.

The phenomenology of DM capture in astrophysical bodies may also be significantly

modified. Not only are indirect detection signals of captured asymmetric DM possible, but

dark nucleosynthesis may also radically alter the process of capture. Even for small binding

energy fractions, dark nucleosynthesis may lead to the ejection of asymmetric dark nuclei

from stars, suppressing the build up asymmetric DM in these objects. There is also possibly

an attractive synergy between the dark and visible sectors in which visible stars essentially

catalyze the production of dark nuclei.

The direct detection phenomenology of dark nuclei has not been explored in this work. It

has been found that the direct detection phenomenology is potentially rich and may lead to

striking signatures [133]. If the dark nuclear binding energy is BD & O(100’s keV) then the

dark nuclei would behave much as fundamental particles when scattering on detector nuclei,

with the exception of possible dark nuclear ‘form factors’, as the momentum transfer begins
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to resolve the dark nuclear substructure, in analogy with those required for the nuclei within

DM detectors. If the energy of dark nuclear excited states is comparable to the typical kinetic

energy of the DM, BD ∼ few keV then a number of interesting features may arise, including

inelastic or exothermic DM scattering by exciting or dark nuclear excited states. Another

interesting scenario which may arise is if the binding energy is small enough that dark nuclei

scattering on detector nuclei are broken up by the energy of the collision, potentially leading

to 2→ 3 scattering scenarios as discussed in [134]. Such features may give rise to compelling

evidence for a complex dark sector, in addition to the indirect detection signatures discussed.

For an exploration of these possibilities we refer the reader to [133].

By touching upon the broad phenomenological features of dark nuclei, important de-

partures from the standard signatures of DM have been demonstrated, particularly for the

scenario of asymmetric DM. It has also been argued that dark nuclear physics is a well-

motivated consideration for the dark sector. It would be interesting to map out further

possibilities by considering different models, particularly with guidance from lattice field

theory methods, which may exhibit different confining gauge symmetries, different global

symmetry breaking patterns, different flavor symmetries, and also heavier nuclei. It would

also be interesting to study more broadly the early Universe cosmology, indirect detection,

solar capture, and direct detection possibilities. Our current studies suggest that the general

phenomenology of dark nuclei is rich.
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