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Cosmic ray antihelium from a strongly coupled dark sector
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Standard Model extensions with a strongly coupled dark sector can induce high-multiplicity states of
soft quarks. Such final states trigger extremely efficient antinucleus formation. We show that dark matter
annihilation or decay into a strongly coupled sector can dramatically enhance the cosmic-ray antinuclei
flux—by six orders of magnitude in the case of “He. In this work, we argue that the tentative *He and “He
events reported by the AMS-02 Collaboration could be the first sign of a strongly coupled dark sector

observed in nature.
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I. INTRODUCTION

Cosmic-ray (CR) antinuclei are among the most prom-
ising targets in the indirect search for particle dark matter
(DM). While the formation of antinuclei by DM annihi-
lation or decay is strongly suppressed compared to e.g.
gamma rays, the astrophysical antinuclei backgrounds—
which arise from interactions of cosmic ray protons and
helium with the interstellar gas—are extremely low.
Therefore, the unambiguous discovery of even a single
cosmic-ray antinucleus could provide smoking-gun evi-
dence for particle DM [1,2].

While antideuterons have long been the prime target for
cosmic-ray antinuclei searches [3—-5], the antihelium channel
has recently gained attention because the Alpha Magnetic
Spectrometer (AMS-02) has tentatively detected at least
8 He events [6—8]. While 6 of the candidates are more likely
He, 2 lie in the mass range for “He—although a single
isotopic origin is not excluded due to the mass resolution of
AMS-02." This observation was unexpected because (1) the
astrophysical antihelium flux is expected to fall at least an
order of magnitude below the AMS-02 sensitivity [10-16],
and (2) DM annihilation seemed to predict an antihelium
flux far below the observed rate once indirect detection
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'Recent results include nine antihelium candidate events which
are evenly distributed between *He and “He [9].
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constraints are taken into account [17-20], unless the dark
sector is finely tuned [21]. Intriguingly, a recent study
discovered a new contribution to *He production through
intermediate A, resonances that generically appear in DM
annihilation [22]. This can boost the DM-induced anti-
helium flux enough to potentially explain AMS-02 data.
This scenario is currently being investigated by several
accelerator experiments [23].2 However, the A, cannot
kinematically decay into “He. If some of the AMS-02
events are confirmed to be “He, a different mechanism is
needed. In general, the observation of “He is much harder
to explain because standard models predict a production
ratio “He/*He < 1/1000. One exotic production mecha-
nism involves antimatter clouds or antimatter stars [15].
However, the needed segregation of matter and antimatter
in the galaxy is difficult to embed into a consistent
cosmological model.

In this paper, we point out that an entire class of beyond
Standard Model (SM) theories produces dramatically
enhanced antinuclei fluxes. Specifically, we consider
SM extensions with a strongly coupled gauge sector, for
instance a (heavier) version of Quantum Chromodynamics
(QCD). Such models are popular because they induce
high-multiplicity states of soft hadrons or leptons that
escape detection at particle accelerators—explaining the
absence of new physics at the LHC (see e.g. [24-30]).
Furthermore, the presence of additional strongly coupled
gauge sectors is motivated by ultraviolet theories including
superstring theory (see e.g. [31-36]) and twin Higgs
models [37].

B 2The_key uncertainty in this scenario is the branching ratio
A, — He which can be measured in pp collisions at the LHC.
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Our main observation is that DM annihilation or decay
into fermions in a strongly coupled sector produces a “dark
parton” shower that generates a high multiplicity of the
lightest strongly coupled bound state. The subsequent
decay of this particle into SM quarks via portal interactions
[38—40] produces hundreds of soft quarks which each
trigger a QCD shower. The high-multiplicity of the result-
ing hadrons efficiently generate antinuclei. In particular, we
show that the He/p ratio in DM annihilation/decay is
enhanced by several orders of magnitude in the presence of
a strongly coupled dark sector, explaining the antihelium
signal at AMS-02. More strikingly, an observable “He flux
can easily be produced.

II. COALESCENCE MODEL

Calculating the production of complex antinuclei in
particle collisions is both theoretically and computationally
difficult. In order to derive the spectra of antinuclei in DM
annihilation (or decay), we employ a coalescence model
[41] in which antinucleons bind if they are produced in
close proximity in phase space. The analytic coalescence
model (see e.g. [10]) approximates the multiantinucleon
spectra as the product of single-antinucleon spectra (ignor-
ing correlations in the antinucleon production). The differ-
ential antinucleus multiplicity d*N,/dp3 in a scattering
reaction is given by

d3 NA d3 Nf) z d3 N- A-Z
EA—d 3 = Ba <E‘_’—d §) <Eﬁ—d ;) (D
pA pp pn

evaluated at pg; = ps/A. Here, p, denotes the three-
momentum of the an antinucleus with mass A and charge Z.
The coalescence factor B, accounts for the phase space
volume in which antinucleons coalesce. A common def-
inition identifies the coalescence volume with an (A — 1)-
sphere with diameter p,., where p.. is called the coalescence
momentum,

my 4 (p 3\ A
By=—A (2T (Pe . 2
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The analytic coalescence model fails in cases where
correlations in antinucleon production play a role. Such
correlations can be taken into account in an event-by-event
coalescence model, where physical processes are simu-
lated with a Monte Carlo generator and the coalescence
condition is applied on the antinucleons of each individual
event [42]. The following event-by-event coalescence
condition reproduces the predictions of the analytic coa-
lescence model in the limit of negligible antinucleon
correlations; A antinucleons form a bound state if all

antinucleon three-momenta evaluated in their common
. o 3
center-of-mass frame satisfy,

_3y Pe
pil < (= 1)ean Le. ()

For the case of antideuterons (A = 2), this simplifies to
the familiar condition |p;,| < p./2 or equivalently
|p1 — pa| < p..* However, in the case of antihelium a
nontrivial factor of 2'/¢ (*He) and 3'/° (“He) occurs in
the coalescence condition. The presence of this factor (for
the case of *He) was noted in [22], but was missed in some
previous literature. We will show that Eq. (3) is indeed the
correct event-by-event coalescence condition in Appendix.

In addition to Eq. (3), we require all antinucleons to stem
from the same interaction vertex by imposing a cut of
dax = 2 fm on their relative distance. This is due to the
fact that antinucleons separated by more than the nuclear
radius cannot merge into an antinucleus. We note, however,
that the final antinucleus fluxes are insensitive to changes in
dax by a factor of a few.

Let us now turn to the coalescence momentum, which
must be carefully chosen such that experimental data
on antinucleus production—for instance d-formation in
Z-decays at LEP [43] or *He-formation in p p-collisions
at ALICE [44,45]—are correctly reproduced within the
coalescence model. By modulating the coalescence momen-
tum such that all collider data is reasonably produced, the
coalescence model can become relatively robust despite its
myriad theoretical uncertainties. Unfortunately, due to
differences in the predicted antinuclei spectra/correlations
from different Monte Carlo event generators, the determined
value of p.. is often a model-dependent value (see e.g. [46]).
For pyTHIAS8.3 [47], which we employ in this work, the
following coalescence momenta have been obtained for d
and *He-formation [22],

pe(d) =215 MeV,
p.(3He) = 239 MeV. (4)

In the absence of experimental data on “He, we employ the
following quantum mechanical argument to determine

p.(*He). Because the coalescence probability corresponds
to the overlap between the multiantinucleon product wave
function and the antinucleus wave function, we obtain

3An alternative coalescence condition is to require that A — 1
antinucleons satisfy |p;| < p./2 in the center of mass frame of all
A antinucleons, while the momentum of the last antinucleon is
not constrained (other than by momentum conservation). One can
show that this condition leads to the same coalescence volume as
Eq. (3) imposed on all antinucleons.

“This condition is again applied in the two-antinucleon center-
of-mass frame.
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pe(A) < r;' with the nuclear radius ra.> We gain con-

fidence in this scaling relation by observing that
p.(*He)/p.(d) = 1.09 from Eq. (4) is in reasonable agree-
ment with r3/rs;; = 1.11. Hence, we assume the following

coalescence momentum for “He:

e

e

p.(CHe) = 281 MeV.  (5)

p(*He) =

Let us remark that the coalescence model clearly has its
limitations. In this work we are considering DM annihi-
lation into final states with an enhanced (anti)nucleon
density. The coalescence model omits particle-antiparticle
annihilation reactions at the source which might play a
role in such a case. Furthermore, there are still sizeable
uncertainties in the coalescence momentum which become
amplified in the predicted antihelium fluxes since e.g.
Nagz pe. In the absence of a better description, we will

nevertheless employ the coalescence model, while empha-
sizing that our flux predictions should not be regarded as
precise. This does, however, not affect our main point
that observable *He and “He fluxes can be obtained in a
strongly coupled dark sector model.

III. MULTIQUARK FINAL STATES INDUCED BY
DARK MATTER

Our basic idea for producing a significant flux of cosmic-
ray antihelium is to consider DM annihilation (or decay)
into multiquark final states. Neglecting kinematics, Eq. (1)
suggests that the number of produced antinuclei N4, per DM
annihilation should roughly scale as N4 (NI—,)A, where A
denotes the mass number of the antinucleus. In other words,
if we increase the number of p per DM annihilation by a
factor of ten, this leads to an increase of d, *He, and “He
production by factors of 100, 1000 and 10,000, respectively.
Even if this estimate is only qualitative, the above consid-
erations suggest that DM annihilation (or decay) into final
states with many quarks will strongly enhance the cosmic-
ray antinuclei fluxes relative to the antiproton flux. In the
following, we present a simple and natural method to
produce multiquark final states that are capable of produc-
ing observable amounts of *He and even “He without
violating existing antiproton constraints [48-53].

Before we describe the actual model for antihelium
production, it is convenient to study an analogy, which is
the hadronic annihilation of WIMP DM. Let us, for the
moment, assume that DM annihilates into Higgs bosons.
The Higgs bosons mostly decay to bottom-antibottom
quark pairs which further decay and hadronize. The
resulting spectrum consists mostly of charged and neutral

>This approximation neglects the finite size of the hadronic
interaction zone from which antinuclei are emitted.

pions. An estimate obtained with the Pythia Monte Carlo
suggests that O(100) pions are produced per DM annihi-
lation. The pions are rather soft. In the rest frame of the
decaying Higgs boson, their energy spectrum peaks at
E, ~ GeV. Including the different steps in the annihilation
process we thus have

xx — hh = 2bb — O(100) 7. (6)

Subsequently the pions decay to photons or light leptons.

This example illustrates that high-multiplicity final states
occur generically in the presence of a strongly coupled
gauge sector. In the SM, hadronic showers are responsible
for producing multipion final states. In beyond SM theories,
it is possible to generate states of multiple heavy quarks.

For this purpose, let us turn to the model under
investigation. We extend the SM by a strongly coupled
dark sector which could, for instance, be a mirror version of
QCD. However, the specific dark sector gauge group and
field content are not important. The corresponding
Lagrangian reads,

1
LD —ETI'G;WGWD - C_Il(lp - mq’)q/v (7)

where G, is the dark gluon field strength. The dark sector
contains one or several dark quark states ¢’'. The dark
quarks and gluons bind into dark hadrons (dark mesons,
dark baryons, dark glueballs, etc.) at energies below a dark
confinement scale A, Such a setup carries profound
motivation from superstring theory and many other popular
ultraviolet extensions of the SM in which the presence of
additional gauge sectors is ubiquitous. Setups of this type
have also been extensively studied in the context of collider
physics (see e.g. [24-30]).

Turning back to the analogy with WIMP annihilation, we
now consider DM annihilation (or DM decay) into pairs of
heavy scalars ¢ that could, e.g., be the heavy Higgs bosons
of an extended Higgs sector. Instead of directly decaying
into SM particles, the heavy scalars decay into pairs of dark
quarks (via a Yukawa coupling £ D y,$g'q’). These induce
a shower of dark partons that subsequently bind into dark
hadrons. Heavy dark hadrons further cascade down to
lighter dark hadron states which we call #’ 5 This process
which is illustrated in Fig. 1 is very similar to the
production of pions in a QCD shower [cf. Eq. (6)].7 The
analogy with QCD also suggests that we can expect

The 7/ could be dark mesons, dark glueballs or onium states
depending on the specific model.

"We assume that the dark hadronization proceeds analogous to
the hadronization in standard QCD processes and do not
consider, for instance, the formation of an intermediate dark
plasma.
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FIG. 1. Our model, based on the decay of the heavy scalar ¢
into a shower of dark quarks and dark gluons that subsequently
form dark hadrons #’. The 7’ further decay into top quarks
through portal couplings to the Standard Model.

Ny = O(100) (8)

for the number of 7z’ generated in the dark parton shower.
However, due to the sensitivity to the particle content and
(running) gauge coupling of the hidden sector, the number
N, could also easily be an order of magnitude different
from N, in the QCD example (see e.g. [26]). For instance,
quasiconformal strongly coupled dark sectors are known to
yield higher N, compared to QCD-like models [54].
Furthermore, N, is very sensitive to the mass of 7’ in
relation to the dark confinement scale A,.

A key difference between the 7’ and SM pions is that the
7' can be much heavier if A, > Aqcp. This is a plausible
assumption, because it explains why the hidden sector has
so far escaped detection at particle accelerators. For exam-
ple, we may assume a DM mass m, ~ m, ~ 1000 TeV
and Ay 2 my ~TeV.

In the final step, the z’ decays into visible matter through
one of the portals of the SM, for instance the vector portal
or the Higgs portal [38—40]. The antinuclei production is
not particularly sensitive to the specific decay mode of z’ as
long as it is hadronic. This is due to the fact that any type of
quark or gluon final state induces a QCD shower leading to
a comparable antinucleon spectrum. For concreteness we
will assume a two-body decay 7' — 7t (see e.g. [55] for a
model in which dark pions decay into pairs of heavy-flavor
quarks).8 The full DM annihilation process we consider is
thus (see Fig. 1)

xx = ¢p —23'q - Nyx' — Nt 9)

8Couplings of 7' to top quarks are also experimentally less
constrained compared to couplings to light flavor states.

where we will set Ny = 100-1000 as expected for a
strongly coupled hidden sector gauge group. Similarly,
we will also consider decaying DM for which one simply
has to replace yy by y in the above process.

Each of the many top quarks produces a shower of
hadrons—mostly pions, but also a considerable number of
antinucleons. In the final step, antiprotons and antineutrons
with low relative momentum bind into antideuterons and
antihelium nuclei. As we argued at the beginning of this
section, the high-antinucleon-multiplicity states we expect
in this model can trigger a dramatic enhancement of the
antihelium flux from DM annihilation (relative to the
antiproton flux).

We note one final important consideration: antinucleons
produced in any type of scattering or decay reaction can
only merge into an antideuteron or antihelium nucleus if
their physical distance at production is comparable to or
smaller than the corresponding nuclear radius, i.e. if
d < dp ~2fm (which we explicitly impose in our
coalescence condition). For instance, if we consider heavy
ion collisions at the LHC, these produce large antinucleon
multiplicities N ;. However, the antinucleons emerge from
an interaction region much larger than d.,,. Therefore, an
enhancement of antinucleus relative to antinucleon for-
mation is not achieved in heavy ion collisions.

In contrast, in the considered model, antinucleons from
dark matter annihilation/decay can be produced at a typical
distance d < d,«, such that the (approximate) enhance-
ment N, N? is achieved. In detail, the 7/ from dark
matter annihilation are produced virtually promptly at the
initial vertex since A, > AQCD.9 In order to satisfy the
small-distance condition, it is additionally required that the
7's decay sufficiently promptly, which imposes a decay
width Ty 2 GeV. For a relatively heavy z’ around/above
the TeV-scale such a large decay width can be achieved
without unreasonably large portal couplings [29]. This is
the scenario we will focus on in the following.

IV. MODEL IMPLEMENTATION

The full implementation of particle physics models with
a strongly coupled hidden sector—including a dark show-
ering algorithm—unfortunately goes far beyond the scope
of this paper.10 Luckily, the antinuclei production only
depends on the multiplicity and phase-space distribution of
the 7/ emerging from the dark shower. We, therefore,
performed a “toy implementation” which only captures the
key features of the process (9)—namely the generation of a
high multiplicity of soft pions. In this way we can obtain a
reasonable estimate of the expected antinuclei fluxes from

The typical size of the QCD’ vertex is given by A;l < fm.

""While existing Pythia models include gauge extension of the
SM, these are distinct from the class of models we investigate
here.
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a strongly coupled dark sector without a full modeling of
its strong dynamics.

Specifically, we employed the event generator PYTHIAS.3
and added ¢, 7/, as well as n auxiliary resonances ¢; (Which
stand for some intermediate partons/hadrons in the dark
shower) to its standard field content. The new particles
were defined as unstable spin O resonances with masses
chosen as described below. For mimicking a dark parton
shower we then implemented the following decays into
Pythia (each time setting the branching ratio to 100%):

D= Q191 Q1> 202, s Pyt T PuPps Py > T
7’ — 7t. The decay of ¢ thus triggers a particle shower,

¢ =20, = dp, > .. 2", = 2" 7 = 21T, (10)

In this way we can simulate the production of a large
number of 7’—which subsequently decay into 7z—while
we avoid the tedious implementation of the full color
structure of a dark gauge group.

In our Pythia implementation ¢ is decayed at rest. In
order to obtain the antinucleus spectrum from DM anni-
hilation we simply multiply the spectrum from ¢-decay by
a factor of two and apply a Lorentz boost with a Lorentz
factor of y =m,/m, (or y =0.5m,/m, in the case of
decaying DM). This is possible since ¢ itself does not carry
color or dark color charge.

The decay of ¢ itself and the subsequent hadronization is
fully simulated with Pythia. Pythia handles the particle
shower (10) within its ResonanceDecays class as part of the
hard process. Subsequently it decays and fragments the
t-pairs resulting from z’-decay into hadrons (including
antinucleons) through its standard hadronization algorithm.
In the final step we derive the antinucleus production by
applying the coalescence condition (3) on the produced
antinucleons on an event-by-event basis. In the case of *He
we also include the contribution from antitriton decay. We
emphasize that the strong enhancement of the antihelium
production in the described scenario follows from the fact
that antinucleons from different z’-parents can merge into
antinuclei.

In order to realize multiplicities of N, ~ 100-1000, we
include n = 6-9 of the auxiliary resonances ¢; in the
shower. For the masses of each ¢;, we follow the simple
pattern my = rm,, = ... =r"m, = r""'m,. Because we
expect the 7’ from the dark parton shower to be relatively
soft (E,; < 10m, in the rest frame of ¢), we utilize values
for r ~2-2.5. The resulting antihelium fluxes change by
1-2 orders of magnitude if we vary r within this range,
where the maximum fluxes are obtained for small r.
However, this variation is small compared to the overall
enhancement of the antihelium fluxes and can easily be
compensated by a slight change of the multiplicity N
(a harder 7’-spectrum yields the same antinucleus produc-
tion for a slightly higher N ,/). For concreteness we choose

r=2.01 in our default implementation, a result that
maximizes the antinuclei production.

We note one conservative difference between our toy-
model and a true dark parton shower. Our toy model
generates an approximately isotropic distribution of 7’ (in
the rest frame of ¢), while a QCD-like dark sector would
induce dark hadrons within two jet-like structures. Since
antinuclei are formed more efficiently in jets [42], we
expect that our toy model would underestimate the anti-
nuclei production, which compensates for the somewhat
optimistic choice of r.

Since the antinucleus spectrum in the ¢ rest frame is
typically very soft, we find that the shape of the boosted
spectrum is mostly determined by m,, /m,. This makes our
results more robust since any errors in the antinuclei
spectral shape—which may be caused by our simplistic
implementation of the dark parton shower—are washed out
by the Lorentz boost and do not propagate to the final
fluxes. Nevertheless, we should emphasize that normali-
zation of the predicted antihelium fluxes should only be
seen as an estimate. However, since large uncertainties
anyway exist within the coalescence description, this is
sufficient for our purposes.

While our Pythia implementation is designed to model
antinucleus formation in dark parton showers, it also yields
correct predictions for models with dark matter annihilation
into multistep cascades of mediators [56] with a mass scale
set such that each mediator has approximately half the mass
of its heavier partner. However, since such cascade models
are tuned, the production of high-multiplicity antinucleon
states in dark parton showers appears more attractive.

V. CALCULATION OF ANTINUCLEI FLUXES

We consider both DM annihilation and DM decay via
the process given in Eq. (9) (with yy replaced by y in the
case of decay). The antinucleus energy spectrum per
annihilation or decay event dN,/dE, is obtained from
Pythia as described in Sec. IV. The source term in the
galactic halo reads,

1 2 dN
0= 3 <51);> (ov) dej (annihilation),
Py dNA
= | £ ) r=A d s 11
0 (L)rit  aey) (1)

where p, is the DM density, for which we assume a
Navarro-Frenk—White profile [57] with a local density of
po = 0.38 GeV/cm? [58]. For annihilating DM, the source
term scales with the velocity-averaged annihilation cross
section (ov), while decaying DM scales with the decay
rate, I'.

To obtain the local antinuclei fluxes, we propagate the
cosmic rays through the Milky Way. Since propagation is
not the focus of our study, we use a standard two-zone
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diffusion model fit to AMS-02 B/C and p data [59] as
described in [50,51] (specifically we choose propagation
parameters from Table V in [51] adjusted to a diffusion halo
of L =10 kpc). For propagation in the heliosphere we
apply the force-field approximation [60] with a Fisk
potential of ¢ = 600 MV—which is typical for AMS-02
data (see e.g. [61]).

VI. RESULTS

We now present results for the DM-induced antinuclei
fluxes for two versions of the strongly coupled dark sector
model; one assuming DM annihilation through the process
in Eq. (9) and the other assuming DM decay through the
same process with yy replaced by y. The choice of the
model parameters—the masses m,,, m, m,/, the multiplicity
N, and the annihilation cross section (ov) or decay rate
I'—are listed in Table I. Note that we are considering
very heavy DM particles with m, = 150 TeV or
m,, = 5000 TeV. This is required by kinematics since the
dark parton showers induce final states with 100-1000 =’
that decay into tops with mass m, = 172 GeV. Because the
number density of DM scales as n, « m;!, these heavy
masses suppress standard indirect searches for y-rays and
antiprotons (e.g. [62]).

For the example of annihilating DM we, therefore,
choose a DM annihilation cross section close to the
unitarity limit,"

A

(Uv>unit =3 (12)
m)(/l}

in order to maximize antinuclei fluxes. We note that the
relative DM velocity v at freeze out (v~ 0.3) is very
different from the galactic halo velocity, v ~ 1073. Thus,
our annihilating DM model (with a cross section from
Table I) is compatible with a thermal origin of DM if we
assume ov « 1/v. Such a cross section scaling is com-
monly obtained in scenarios with Sommerfeld enhance-
ment [63,64]."

While the unitarity limit imposes an upper bound on the
observable cosmic-ray flux, we should emphasize that
several loopholes exist (see e.g. [66]). For instance, the
unitarity limit does not apply to composite DM [67]—a
natural possibility in strongly coupled dark sectors—for
which the maximal cross section is set by the geomet-
ric size.

Furthermore, no such theoretical constraints apply to
decaying DM, for which the unitarity limit is irrelevant.

"We state the unitarity limit for s-wave annihilation. The
general bound contains an extra factor of (2J+ 1) with J
denoting the angular momentum.

">The correct relic abundance of a 150 TeV DM particle with a

unitary annihilation cross section is implied by the unitarity limit
on the DM mass [65].

TABLE 1. Input parameters of one annihilating and one
decaying DM benchmark scenario. Also given are the predicted
antihelium and antideuteron event numbers at AMS-02 (per ten
years) and GAPS.

DM type Annihilating Decaying
Input parameters

m, (TeV) 150 5000
my (TeV) 50.4 375
my (GeV) 380 700
Ny 256 1024
{ov) (cm®s7!) 6.6 x 10724 -

r (s - 9 x 10730

Antinuclei events at AMS-02

He 15.6 20.3
“He 1.0 3.1

d 19.3 1.2

Antinuclei events at GAPS
d 0.7 0

In this case, the leading constraint arises from the antiproton
channel (which we include in our analysis) and requires a
lifetime considerably longer than the age of the universe.
Such a long lifetime can be ensured by an approximate
symmetry.”> As an example, we consider m, = 5000 TeV.
While such ultraheavy DM particles cannot have a thermal
origin, many plausible nonthermal production mechanisms
exist (including production during reheating, gravitational
production, production in a first-order phase transition) [68].

Let us now compare the antinuclei production in the
strongly coupled dark sector model with standard scenar-
ios. For the annihilating DM benchmark example, our
Pythia simulations indicate production ratios of

p:d:*He:*He =3 x 10*:3 x 10%:18:1.  (13)

In comparison, the ratios achieved in astrophysical proc-
esses and in standard WIMP DM annihilation are roughly

p:d:*He:*He = 10'°:107:10*: 1. (14)

The enhancement of “He-production relative to p thus
reaches six orders of magnitude in the strongly coupled
dark sector models compared to standard processes. In fact
the enhancement is even a bit larger in the decaying DM
example.

In Fig. 2 we present the cosmic ray fluxes of p, d, He
and “He obtained in the annihilating and decaying DM

BFor instance, the stability of y can be protected by a classical
symmetry which is broken by quantum effects. In such a case y
decays at an exponentially suppressed rate.
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FIG. 2. Antihelium (upper panels), antideuteron (middle panels) and antiproton (lower panels) fluxes in dark matter models with a
strongly coupled dark sector. The dark matter annihilation/decay process is given in Eq. (9) and depicted in Fig. 1 The left panels refer to
the case of annihilating dark matter, the right panels to the case of decaying dark matter. Also depicted are the projected AMS-02 and
GAPS antinuclei sensitivities. The predicted number of antinuclei events are given in Table I. For the antiproton channel, the AMS-02
data and the predicted secondary astrophysical background are also shown.
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scenarios of Table I. Furthermore, we show the AMS-02
antiproton data [59] and projected antinuclei sensitivities
[22,69]."* We also include the GAPS sensitivity to anti-
deuterons [5]. The number of expected antinucleus events
is given in Table I.

Strikingly, the expected antihelium fluxes are above
AMS-02 sensitivity in the annihilating and decaying DM
examples. Both scenarios predict ~20 antihelium events
per ten years, consistent with the tentative antihelium signal
at AMS-02 [6-8] (which features eight events in the first
~5 years of data). A particularly thrilling observation is
that even the potential detection of “He can be accommo-
dated in the strongly coupled dark sector model. The
decaying DM benchmark model predicts a slightly larger
number of 3.1 “He events compared to 1.0 “He event for the
annihilating DM scenario. We note that the relative
importance of “He increases with N,. The annihilating
DM example was chosen to be compatible with a thermal
origin of DM which imposes N, < few x 100. Otherwise
m,, would exceed the unitarity limit [65]. If we drop the
assumption of thermal production—as in the decaying DM
benchmark—N_ ~ 1000 can easily be realized which
translates to the even higher “He-flux. Finally, we note
that the ratio of “He to *He events strongly depends on the
assumed coalescence models for each antinucleus, and thus
these ratios should be considered as best estimates.

The antideuteron flux in the annihilating DM case falls
into the sensitivity window of AMS-02 (19 predicted
events per 10 years) and GAPS (0.7 predicted events).
Since antideuteron searches are, however, limited to low
rigidities R < 10 GV, the observability of antideuterons
depends on the exact kinematics. For the decaying DM
case, which features a harder spectrum (due to the larger
m, /m, ratio), more of the predicted antideuteron flux is
above the rigidity threshold, and the normalization is lower.
Hence, we predict only a single event at AMS-02 and none
at GAPS. Hence, an observable antideuteron signal may
occur in the strongly coupled dark sector models, but it is
less generic than the antihelium signal.

Turning finally to the antiproton channel, we observe
that the flux induced by DM annihilation or decay is
strongly subdominant compared to the astrophysical anti-
proton background which is also shown in Fig. 2 (taken
from [51]). The quality of the antiproton fit is only
marginally affected by the DM component. In fact, in both
benchmark examples, we find a small improvement of the
fit by Ay? ~ 2. Due to the hadronic dark matter annihila-
tion/ decay complementary indirect detection channels
(gamma rays, positrons) are expected to be less sensitive
compared to antiprotons.

“The depicted AMS-02 antinuclei sensitivities rely on pre-
launch estimates provided by the AMS-02 Collaboration [69,70].
They may not fully reflect later changes in the detector configu-
ration and analysis details.

VII. DISCUSSION AND CONCLUSIONS

We have shown that the annihilation or decay of heavy
DM through a strongly coupled dark sector can produce an
observable flux of cosmic-ray d, *He and “He, while
remaining consistent with all current indirect detection
constraints. This result is of significant interest due the
tentative observation of approximately six *He and two “He
particles by the AMS-02 Collaboration [6-8]."> The pro-
duction of “He, in particular, has been extremely difficult to
explain with astrophysical [16], dark matter [22,71], or
even exotic cosmological models [15]. Therefore, the
confirmation of even a single “He event by AMS-02 would
constitute one of the most striking observations in astro-
particle physics. In this article, we argued that such a
discovery would most likely hint at the production of high-
multiplicity antinucleon states that generically appears in
dark matter models with strongly coupled gauge sectors.
The presence of such gauge sectors carries profound
motivation from leading beyond-SM theories. Needless
to say that the prospect that cosmic ray “He could not only
reveal the nature of dark matter, but also shine light on the
correct particle theory at high energy is extremely exciting.
One could even imagine to employ future-observed anti-
nuclei isotopic ratios to reveal the properties of the dark
sector gauge group.

Our study challenges a long-standing lore that the
observation of heavier cosmic-ray antinuclei would be
an unambiguous sign of antimatter domains in our galaxy
[72]. In fact, our strongly coupled dark sector models
could not only induce observable d, He and “He fluxes,
but even a non-negligible °Li flux. While the latter likely
falls below the AMS-02 sensitivity—naive estimates
suggest a factor of 100—1000 suppression compared to
4He—it is potentially within reach of future missions like
AMS-100 [73] and ALADInO [74].

Collider searches offer another exciting pathway to test
the high-multiplicity antinucleon states emerging from
strongly coupled dark sector models. In order to strongly
enhance antinuclei fluxes, the lightest dark sector hadrons
7' should decay promptly into SM quarks. This is due to
the fact that only antinucleons from the same decay vertex
can merge into an antinucleus due to the limited range of
the nuclear force. The necessity of prompt z’-decay
implies significant portal interactions between the dark
and the visible sectors. For the considered dark matter
annihilation/ decay process [Eq. (9)], these manifest in an
effective n'fr-coupling which can induce gluon fusion
production of n’ at the LHC and subsequent decay to
ditops. The resulting signature in the ditop invariant mass

The exact number of detected events and the isotopic
distribution have not been stated officially by the AMS-02
Collaboration, and different numbers have been quoted in the
literature.
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distribution can potentially be tested in future CMS and
ATLAS searches. In fact, for m, ~400 GeV and an
optimistic choice of the effective z'7r-coupling, the model
can accommodate an observed moderate excess in the
CMS ditop channel [75,76]. But it would be even more
exciting if the entire dark matter annihilation/decay chain
could be probed in a collider experiment. For the heavy
dark matter scenario studied in this work this will require a
100 TeV collider [77] (or beyond). However, variations of
our models could reside at lower-energy scales and induce
enhanced antinuclei fluxes by z’-decays to lighter quarks.
In such cases one could hope to directly observe the high-
multiplicity states induced by dark hadron showers with
dedicated triggers at the LHC [26,27].

Finally, while the dramatic enhancement of cosmic ray
He and “He is a robust prediction of the strongly coupled
gauge extensions of the Standard Model, our flux predic-
tions should not be seen as precise. Our Monte Carlo
implementation of dark hadron showers is rather simplistic,
leaving room for future improvements. Furthermore, the
exact antinuclei fluxes depend sensitively on the presumed
coalescence model, which is poorly constrained for *He and
can only be theoretically estimated for “He. Given that an
antihelium discovery in cosmic rays could be just around
the corner, dedicated experimental and theoretical efforts to
improve the description of antinucleus formation and to
precisely pin down the predictions of strongly coupled dark
sector models are urgently needed.
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APPENDIX: EVENT-BY-EVENT COALESCENCE
CONDITION FOR ANTINUCLEI

In this appendix we proof the event-by-event coalescence
condition (3). For this purpose we assume the absence of
correlations in the antinucleon production spectra such that
the multiantinucleon spectra are given by product of single-
antinucleon spectra. In this limit the predictions of the event-
by-event coalescence model and the analytic coalescence
model have to converge. We can write the differential
antinucleus multiplicity as (see e.g. [78])

&Ny (NN (BN \ 47
= 1 o VP(p)6B?)
dp3 (dp%) <dp%> /(H p'> ()
X <—PA + ZP:’),

where P(p;) denotes the probability that a system of A
antinucleons with three-momenta p; forms an antinucleus.
We employed that P(p;) is nonzero only at p; ~ p,/A =
Ppa such that d*Ny5/dp] ~d*N;5/dp] ;. This replace-
ment allowed us to pull the differential antinucleon multi-
plicities out of the momentum integral.

It is convenient to rewrite Eq. (A1) as

(A1)

3 BNN\Z 3A7 \ A-Z
E,° A;A = (Ep ;’) <E d A;) x Ty (A2)
dp; de dp;
with
Ta= EZES- Z/(Hd3 )pr’ ( pA+Zp>

(A3)

The integral Z, is Lorentz invariant. We can conveniently
evaluate it in the joined antinucleon center-of-mass frame
(defined by >, p; = 0) and the result remains valid in any
frame. Plugging in the coalescence condition (3), we obtain

Ia= z mA- z/ (Hd3pz - |Pi|)>5(3) (ZP:‘)
(A4)
where we employed that all momenta are nonrelativistic

in the regime, where the coalescence condition is fulfilled
(in this frame). Furthermore, we introduced

pi=(A-1)VCAp,. (A5)
Evaluating the integral yields
B |5 (3) |
m¥ miZA—-1[3\2
g5 (5)] o0

where we employed the definition of B, from Eq. (2) in the
last step. Plugging Eq. (A6) into Eq. (A2) reproduces the
formula for antinucleus production in the analytic coales-
cence model [Eq. (1)]. Hence, we conclude that Eq. (3) is
the correct event-by-event coalescence condition.
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