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Recent studies of the cosmic-ray antiproton-to-proton ratio have identified an excess of ~10-20 GeV
antiprotons relative to the predictions of standard astrophysical models. Intriguingly, the properties of this
excess are consistent with the same range of dark matter models that can account for the long-standing
excess of y-rays observed from the Galactic Center. Such dark matter candidates can also produce
significant fluxes of antideuterium and antihelium nuclei. Here we study the production and transport of
such particles, both from astrophysical processes as well as from dark matter annihilation. Importantly, in
the case of AMS-02, we find that Alfvénic reacceleration (i.e., diffusion in momentum space) can boost the
expected number of d and *He events from annihilating dark matter by an order of magnitude or more. For
relatively large values of the Alfvén speed, and for dark matter candidates that are capable of producing the
antiproton and y-ray excesses, we expect annihilations to produce a few antideuteron events and about one
antihelium event in 6 yr of AMS-02 data. This is particularly interesting in light of recent reports from the
AMS-02 Collaboration describing the detection of a number of antihelium candidate events.
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Measurements of the high-energy antimatter cosmic-ray
spectra provide a powerful probe of new physics, including
the annihilation or decay of dark matter particles in the halo
of the Milky Way [1-5]. An excess of ~10-20 GeV
cosmic-ray antiprotons [6—10] has been identified in data
from AMS-02 [11] (and PAMELA [12]), with characteristics
that are consistent with the annihilation of ~50-90 GeV
dark matter particles with a cross section of (ov)=
(1 =9) x 10726 cm3/s [13] (for the case of annihilations
to bb; for other dark matter scenarios consistent with this
signal, see Refs. [13,14]). This excess is statistically
significant (>3.30), and robust to systematic uncertainties
associated with the antiproton production cross section, the
propagation of cosmic rays through the interstellar medium
(ISM), and the time-, charge- and energy-dependent effects
of solar modulation [13,15] (see, however, Refs. [16,17]).
Intriguingly, the range of dark matter models favored by the
antiproton data is also consistent with that required to
explain the y-ray excess observed from the direction of the
Galactic Center [18-24].
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In 2015, two groups analyzed small-scale power in the
y-ray data and argued that the y-ray excess is likely
generated by a large population of point sources (such
as millisecond pulsars) [25,26]. Recent work, however, has
shown the interpretation of these results to be problematic
[27,28]. Reference [27] demonstrated that one class of
algorithms is systematically biased towards pulsar models
and is unable to recover true dark matter signals that are
injected into the data (in stark contrast to a recent study
limited to mock data [29]). Reference [28] has gone farther,
placing constraints on the luminosity function of any point
source population that is in strong tension with millisecond
pulsar models [30-34].

In addition to y-rays and antiprotons, dark matter anni-
hilations can produce potentially detectable fluxes of
heavier antinuclei, including antideuterons and antihelium
[35]. As kinematic considerations strongly suppress the
production of heavy antinuclei in astrophysical processes,
the detection of such particles could constitute a smoking
gun for dark matter annihilation. Intriguingly, the AMS-02
Collaboration has reported preliminary evidence of O(10)
candidate antihelium events [36]. Such a rate would sig-
nificantly exceed that predicted from standard astrophysical
processes or dark matter [37,38], with no other plausible
means of producing so much high-energy antihelium
identified [39] (see also Refs. [40—43]). For example, while
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several groups have found that the uncertainties associated
with the antinuclei production cross sections could sub-
stantially increase the number of antihelium events from
dark matter annihilations [37,38], these rates still lie well
below those required to explain the preliminary results from
AMS-02.

In this paper, we investigate how variations in the
cosmic-ray transport model could impact the local spec-
trum of antideuterium and antihelium. Most significantly,
we find that diffusive reacceleration (also known as
Alfvénic reacceleration or diffusion in momentum space)
could dramatically increase the number of antideuterium
and antihelium events predicted to be observed by AMS-
02 in annihilating dark matter scenarios. This effect is
more pronounced for antihelium than for antideuterium,
helping to explain the unexpectedly large number of
antihelium candidate events. In models where the dark
matter’s mass, annihilation cross section and final state are
chosen to fit the antiproton and y-ray excesses, and for a
large Alfvén speed of v, ~ 60 km/s, we expect AMS-02 to
detect roughly one *He event and a few d events (in 6 yr
of data).

Throughout this study, we will consider two mecha-
nisms for the production of cosmic-ray antiprotons,
antideuterons and antihelium nuclei. First, antimatter
can be produced through the collisions of primary cosmic
rays with interstellar gas. The flux and spectrum of this
contribution depend on the primary cosmic-ray spectrum
and on the average quantity of gas that the cosmic rays
encounter before escaping the Milky Way.1 Second,
antimatter can be produced through the annihilation of
dark matter particles, with a spectrum that depends on
the distribution of dark matter, as well as on the character-
istics of the dark matter candidate itself. For this case,
we adopt an Navarro-Frenk-White (NFW) profile [46]
with a local density of 0.4 GeV/cm? [47,48] and a scale
radius of 20 kpc. In both cases, we calculate the spec-
trum of antinuclei that is injected into the ISM using a
“coalescence” model [49], in which two antinucleons
are predicted to fuse into a common nucleus if the
difference between their relative momenta is smaller
than the coalescence momentum, p, (for details, see
Appendix A).

To model the transport of cosmic rays through the ISM,
we use the publicly available code GALPROP vs6 [50,51],
which accounts for the effects of cosmic-ray diffusion,
convection, diffusive reacceleration and fragmentation,
as well as energy losses from ionization, Coulomb inter-
actions, synchrotron, bremsstrahlung and inverse Compton

'We adopt a spectrum and spatial distribution of injected
primary cosmic rays that provides a good fit to the measured
primary-to-secondary ratios. More specifically, the injected
spectra are described by a broken power-law in rigidity with
an index of 1.9 (2.38-2.45), below (above) a break of 11.7 GV for
all cosmic-ray species [13,44,45].

scattering emission.” This transport model assumes diffu-
sion to be isotropic and homogeneous within a cylindrical
zone centered at the Galactic Center. We adopt a diffusion
coefficient of the form D, (R) = fDy(R/4GV)’, where
p=wv/c and § ~0.3-0.5 [52] is the diffusion index asso-
ciated with magnetohydrodynamic turbulence in the ISM.
We additionally allow particles to be propelled out of the
plane by convective winds, with a speed that is zero at the
plane and that increases at larger heights as

dv,
d|z|

ve =—— 2. (1)
The spatial diffusion of cosmic rays is the result of
scattering on magnetic turbulence. In addition, cosmic rays
experience diffusive reacceleration (or Alfvénic reacceler-
ation) due to the resonant interaction of charged particles of
a given gyroradius with the corresponding Alfén modes of
the turbulent medium. This is manifest as diffusion in
momentum space with the following coefficient [53]:

2,2
R7vy

D s
rp = DXX(R)

(2)

where the Alfvén speed, vy, is the speed that hydro-
magnetic waves propagate through the ISM plasma.

We begin our analysis using ISM Models I, II, and III from
Ref. [13], and then consider alterations to these reference
scenarios. While diffusion, convection, and diffusive reaccel-
eration each play significantroles in determining the spectra of
cosmic-ray antinuclei, we find that the very strong constraints
on the diffusion coefficient (from measurements of the B/C
ratio and Voyager measurements of the low-energy cosmic-
ray flux), strongly constrain the combined values of D and 6.
Instead, the current data allow for much larger variations in the
properties of convection and diffusive reacceleration, making
them the dominant sources of uncertainty in predicting the
resulting cosmic-ray antinuclei spectra. To include the uncer-
tainties associated with the effects of solar modulation, we use
the model of Ref. [44]. Our approach is the same as that
adopted in Refs. [13,44,45], accounting for measurements
of the magnitude of the heliospheric magnetic field
from ACE [54] and its morphology from the Wilcox Solar
Observatory [55].

In Fig. 1, we plot the spectrum of p, d, *He and “He from
standard astrophysical production, and compare this to the
contributions predicted from annihilating dark matter. In
particular, we consider a dark matter model that is capable
of producing the observed features of the antiproton and
y-ray excesses (m, = 67 GeV, ov =2 x 10726 cm?/s and
xx = bb) [9,10,13,23,56]. The solid curves represent the

“We emphasize that throughout this study antimatter nuclei
fragmentations are included. Ignoring fragmentations would
result in enhancing the d and *He predicted fluxes from 30%
at <GeV/n in Ej;, to a factor of 2 at E, = 10 GeV/n;
increasing the respective events by a factor of ~2.
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FIG. 1. The spectrum of cosmic-ray p (green), d (blue), *He
(orange) and “He (red) from standard astrophysical production
(solid curves), along with the uncertainty associated with this
prediction (bands), for the case of ISM Model 1. The dashed
curves are the central prediction for the antinuclei spectra from an
annihilating dark matter model that can produce the antiproton
and y-ray excesses (m, =67 GeV, ov=2x 1072 cm®/s,
xx — bb). Note that diffusive reacceleration can lead to nonzero
antinuclei fluxes from annihilating dark matter well above the
maximum injected energy of such particles.

central value of the astrophysical predictions, while the
surrounding bands reflect the total uncertainty, adopting the
assumptions described in Appendix A (and adopting
Po = 261 MeV for *He and “He). The dashed lines depict
our central prediction from the selected annihilating dark
matter model.

The contribution from dark matter dominates the spec-
trum of antinuclei at low energies, as dark matter annihi-
lation occurs in the laboratory frame, while astrophysical
secondary production necessarily occurs in a boosted
frame. Furthermore, the dark matter contribution becomes
increasingly dominant for more massive antinuclei, due to
the increasing kinematic suppression of secondary produc-
tion mechanisms. In Table I, we show the number of d, *He
and “He events that we predict AMS-02 will observe with
6 yr of data, from astrophysical secondary production and
from dark matter annihilation. To calculate these rates, we
combine the spectra shown in Fig. 1 with the reported
sensitivity of AMS-02 [57].

We emphasize two aspects of our results. First, the rate of
antinuclei events from dark matter consistently exceeds that
predicted from astrophysical production. Second, the num-
ber of events from secondary production is not significantly
affected by the choice of ISM Model, while the dark matter
flux can change by several orders of magnitude in different
ISM Models. This is due to the significant effect of cosmic-
ray propagation on the spectrum of antinuclei from dark
matter annihilation. As we will show, this is the key result
of this paper.

In Fig. 2, we illustrate the impact of diffusive reaccel-
eration and convection on the number of antinuclei events
from dark matter predicted to be observed by AMS-02.
Here, we have fixed all of the propagation parameters to
those of ISM Model I, with the exception of the Alfvén
speed and convection velocity, which are varied in the left
and right frames, respectively (the default values in ISM
Model I are v, = 24 km/s and dv./d|z| = 1 km/s/kpc).
The shaded bands in this figure represent the uncertainties
associated with coalescence and solar modulation.

While the predicted number of antideuteron events is
roughly flat for values of v, above ~20 km/s, the number
of antihelium events is highly sensitive to this quantity. For
large values of vy, AMS-02 could detect O(1)°He event
over 6 yr of operation. In contrast, increasing the con-
vection velocity has the effect of suppressing the number of
antideuteron and antihelium events observed by AMS-02.

To understand the dependence of these event rates on the
Alfvén speed, it is important to appreciate that AMS-02 is
sensitive to antinuclei only across a limited range of
energies. As illustrated in Fig. 3, AMS-02 reports sensitive
to antideuterons only in the ranges of 0.18-0.72 and
2.2-4.6 GeV/n. As dark matter annihilations are predicted
to produces a large flux antideuterons below this range of
energies, even a modest amount of diffusive reacceleration
can quite dramatically increase the rate at which such
particles are ultimately detected by AMS-02. The rate of
He events is even more sensitive to the Alfvén speed due to
the higher energy range across which AMS-02 can detect
and identify such particles [58]. Convective winds instead,
reduce the local flux of antinuclei. This is particularly
important at low energies, where diffusion is less efficient.

TABLE 1. The number of d, *He and “He events that AMS-02 is expected to observe with 6 yr of data from
astrophysical secondary production (“Astro”) and from dark matter annihilation. For the case of dark matter, we
adopt a model of m, = 67 GeV, ov = 2 x 107 cm?/s, yy — bb, and show rates using three ISM transport models
(Models I, IT and III of Ref. [13]). For the case of astrophysical secondary production we have marginalized over
these three models. The ranges shown include the uncertainties associated with in the coalescence momenta, the
proton-proton cross section, and the effects of solar modulation.

Astro DM (I) DM (1) DM (III)
d 0.02-0.1 0.6-3.0 0.4-2 0.3-1.5

He (0.3-3) x 1073 0.01-0.1 (0.6-6) x 1072 (0.5-5) x 1072
“He (0.06-6) x 10~° (0.2-5) x 10~ (0.8-15) x 107° (0.6-12) x 107°
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FIG. 2. The number of d and *He events predicted to be observed by AMS-02 in 6 yr of data from annihilating dark matter
(m, = 67 GeV, ov =2 x 1072 cm®/s, yy — bb). In the left (right) frame, we vary the Alfvén speed (convection velocity gradient)
while keeping all of the other propagation parameters set to those of ISM Model I [13]. The bands represent the uncertainties associated

with the coalescence momentum and solar modulation.

Relative to that from annihilating dark matter, the rate of
antinuclei events from astrophysical secondary production
is far less sensitive to the values of the Alfvén speed
or convection velocity. This is due to the kinematics
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FIG. 3. The spectrum of cosmic-ray antideuterons and anti-

helium nuclei from annihilating dark matter (ml =67 GeV,
ov =2 x 10720 ¢cm?/s, yy — bb), for three values of the Alfvén
speed. This is compared to the sensitivities of the AMS-02 [57]
(blue) and GAPS [40] (purple) experiments.

associated with the two processes. In particular, the
secondary production of d (*He) requires the primary
cosmic ray to have a kinetic energy in excess of 17 m,
(31 m,), and thus such particles are invariably highly
boosted [35]. In contrast, dark matter annihilations occur in
the center-of-mass frame.

Finally, we show in Fig. 4 the regions of the dark matter
parameter space in which one would expect AMS-02 to
observe one d or one *He event, and compare this to the
regions that are consistent with the observed characteristics
of the antiproton and py-ray excesses, as well as the
constraints derived from gamma-ray observations of dwarf
galaxies [59] and the cosmic microwave background
(CMB) [60]. For the parameter values considered (ISM
Model I, vy, =60 km/s, p, = 160 MeV), the regions
favored by the observed excesses are predicted to result
in roughly ~1 3He event and a few d events (in 6 yr of
AMS-02 data).

In summary, even after accounting for the uncertainties
associated with the proton-proton cross section, the coa-
lescence model, the injection into and transport through the
ISM, and solar modulation, we find that astrophysical
secondary production cannot produce a flux of antideuter-
ons or antihelium nuclei that would be detectable by AMS-
02. However, dark matter annihilating to hadronic final
states (or to particles that decay hadronically [14]) could
potentially produce a detectable flux of such particles. We
emphasize that the rate of antinuclei events from dark
matter annihilations depends very sensitively on the impact
of diffusive reacceleration. In particular, we have demon-
strated that by increasing the Alfvén speed from 10 to
60 km/s, for example, one could increase the predicted rate
of antideuteron (antihelium) events from dark matter by
more than an order of magnitude (2 orders of magnitude);
see Fig. 2. To our knowledge, this fact has not been
previously discussed in the literature.
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FIG. 4. The regions of the dark matter parameter space (for the
case of yy — bb) in which one would expect AMS-02 to observe
one d or one *He event in 6 yr of data. Also shown are the regions
that are consistent with the observed characteristics of the
antiproton [13] and y-ray [23] excesses, as well as the constraints
derived from gamma-ray observations of dwarf galaxies [59], the
cosmic microwave background (CMB) [60], and the cosmic-ray
antiproton-to-proton ratio [13]. Here we have adopted a coales-
cence momentum of p, =160 MeV, an Alfvén speed of
vy = 60 km/s, and ISM Model L

The AMS-02 Collaboration has recently reported the
tentative observation of (O(10) candidate °He events.
Needless to say, this would be an incredibly exciting result
if confirmed. While our model does not naively predict
such a large number of *He events, the results presented
here provide an important path forward toward under-
standing the uncertainties that must be at play in order to
account for such a large signal. More specifically, our
results indicate that if dark matter is responsible for
producing more than a few *He events at AMS-02, the
coalescence momentum for antihelium must significantly
exceed the constraints presented in Ref. [61], and the
average Alfvén speed must significantly exceed the best-fit
values of standard GALPROP models (~20 km/s). Notably,
both of these quantities can be independently probed with
new data (the degeneracy between the Alfvén speed and
other propagation parameters will be the subject of future
work). We note that this antinuclei flux is produced at
regions of high dark matter density as the inner two
kiloparsecs of the Milky Way or close-by subshalos.
Thus, the values of high Alfvén speed do not need to
represent the entirety of the ISM just the regions with high
dark matter density.’

‘Ref. [62], placed constraints on the maximum averaged
Alfvén speed (as low as 30 km/s) in the Milky Way’s ISM
based on cosmic-ray power requirements. However, those
are sensitive to the exact ISM diffusion assumptions. Also
Refs. [63-65] have placed constraints from the associated
synchrotron emission of cosmic-ray electrons the strength of
which depend on the B-field morphology and magnitude.

Lastly, the results presented here are consistent with the
possibility that both the y-ray excess from the Galactic
Center [18-24] and the cosmic-ray antiproton-excess
[9,13,15] could arise from a 50-80 GeV dark matter
particle annihilating with a cross section near that predicted
for a thermal relic, (ov) ~2 x 1072 cm?/s. Furthermore,
in such a scenario, we expect AMS-02 to observe up to
roughly one antihelium event and a few antideuterons,
depending on the values of the Alfvén speed and con-
vection velocity. Moreover, such a model remains consis-
tent with current constraints from dwarf spheroidal galaxies
and the cosmic microwave background.
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APPENDIX A: THE INJECTED SPECTRUM
OF COSMIC-RAY ANTI-NUCLEI

To calculate the spectrum of antinuclei produced through
dark matter annihilation, we first determine the spectrum of
antinucleons using PPPC4DMID [66].4 ‘We then model the
relevant nuclear physics involved, employing the so-called
“coalescence” model [49], in which two antiprotons or
antineutrons combine to form a common nucleus if the
difference between their relative momenta is smaller than the
coalescence momentum, p,. We further simplify this cal-
culation by assuming that the production of a second
antinucleon is independent of the production probability
of the first (that is, there is no correlation between the
flux or momentum of the particles in individual collisions)
[42]. Simulations of correlated antiparticle production
in Monte Carlo event generators have found that this

“In comparing the output of PPPCADMID to that obtained
using the Monte Carlo event generators PYTHIA [67] and HERWIG
[68], we find that an order one difference can in some cases arise
in the y-ray and antiproton spectra, resulting from variations in
the underlying hadronization and fragmentation algorithms [69].
More specifically, we find that HERWIG typically predicts lower
fluxes of antiprotons, antideuterons, and antihelium nuclei than
either PYTHIA or PPPCADMID.
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assumption is adequate in the m, ~50-100 GeV range
considered here [70]. Under this assumption, the differential
cross sections for d, *He and “He production can be written as

E dSGA’Z mA,Z ( 1 47Tp(3)>A_1
AZ = 2\ T3 e
dp} ; m‘pz‘mﬁ i \opp 3 8

Lo\ 17 3.\ A-|Z|
x <E,,—G3”> (Ed%> . (AD)
dpp dp;

where o, is the total proton-proton cross section and A and
Z are the mass and atomic number of the species, respec-
tively. For the case of dN;/dEj; = dN;/dEj, this leads to
the following differential spectra of antinuclei:

dN;  my 4 pd dN,dN;

dE;  m,m,38p;dE, dE;’
dN%_ msge 3( pa )2(dN[—,>2dN,-1
dEsy;  mim, \8pwyg/) \dE;) dE;’

dN%f Magg 44 p(3) 3 dN[—, 2 dN,—, 2 (AZ)
dEs;  mim23° \8pa) \dE,) \dE;)

We evaluate the fluxes of secondary d, He and “He for
primary cosmic ray species as heavy as silicon, and include
interactions with both hydrogen and helium gas. We note
that *He can be formed both directly, or through the decay
of antitritium at an equivalent rate. In all cases, we vary the
normalization of the total Milky Way gas density from
default GALPROP values by up to +10%.

Increasing the value of the coalescence momentum, p,),
opens the phase space and leads to larger fluxes of
antinuclei. This effect is particularly important in the case
of heavier antinuclei. The impact of the uncertainty in p, on
the local ratio of He and d has been explored in
Refs. [37,38,42]. Here, we follow Ref. [42], which includes
separate treatments of p, from dark matter and astro-
physical interactions. For antinuclei from dark matter
annihilation, we adopt py = 160 =19 MeV, based on
measurements at eTe~ colliders [61], while for secondary
production, we use the range of p, = 208-262 MeV for d
and py = 218-261 MeV for *He, based on measurements
of proton-proton collisions [71]. There are no existing
measurements for the case of “He production, so we adopt
the same p, range as we did for He.

In addition to the uncertainty associated with the value of
Do, the inclusive antiproton and antineutron production
cross sections in proton-proton collisions are uncertain at a
level between +10% and +50% for cosmic-ray daughter
particles with rigidities between 0.5 and 500 GV.
Combining these factors leads to an overall uncertainty
in the antideuteron production cross section that is a factor
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FIG. 5. The spectrum of cosmic-ray antideuterons predicted
from standard astrophysical production, along with the various
uncertainties associated with this prediction. The black curve is
our central prediction for the case of ISM Model I and the colored
bands represent the uncertainties associated with solar modula-
tion (green), the injection and ISM transport model (blue) and the
antiproton production cross section and coalesence momentum
(orange). The red band depicts the total uncertainty associated
with the combination of these factors.

of ~2.5 at 10 GeV and ~8 above 200 GeV. The uncer-
tainties are even larger for *He and “He.’

In Fig. 5, we show the spectrum of cosmic-ray antideu-
terons predicted from standard astrophysical production,
along with the various uncertainties associated with this
prediction. The black curve represents our central prediction
for the case of ISM Model I (taking yy — bb), and adopting
the antiproton production cross section of Ref. [72], a
coalescence momentum of p, = 262 MeV, and the best-
fit solar modulation model of Ref. [44]. The colored bands
represent the uncertainties associated with the effects of
solar modulation (green) [44], the injection and ISM trans-
port model (blue) [13], and the antiproton production cross
section and coalesence momentum (orange) [51,71]. The
larger red band depicts the total uncertainty associated with
the combination of these factors.

APPENDIX B: DEPENDENCE ON THE DARK
MATTER MASS

In the main body of this paper, we focused on the case of
dark matter particles with a mass of 67 GeV. In this section,
we show results for two other values of this quantity, 50 and
90 GeV. Changing the dark matter mass can affect the
observed number of d and *He events, as shown in Fig. 6. In
the mass range of 20—100 GeV, lighter dark matter particles
produce larger numbers of d and *He events at AMS-02 (for

> Annihilations of antinuclei provide only a very small cor-
rection, at one part in ~103. Additionally, the tertiary components

of d, *He and “He can be absorbed into the uncertainties
associated with propagation through the ISM.
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FIG. 6. As in Fig. 2, but for dark matter particles with a mass of 50 GeV (top) or 90 GeV (bottom), and that annihilate to bb with a

cross section of 6v =2 x 10726 cm3/s.

a given value of (ov)) due to their higher annihilation rate

in the halo of the Milky Way.

APPENDIX C: PROSPECTS FOR THE GAPS

EXPERIMENT

Here, we discuss the additional information that could be
provided by the General AntiParticle Spectrometer (GAPS)

experiment [40,73]. In order to illustrate the complementary of

GAPS and AMS-02, we plot in Fig. 7 the predicted ratio of
antideuteron events at GAPS to that at AMS-02, each as a
function of the Alfvén speed or convection velocity. In
calculating these results, we have assumed 35 days and
6 yr of data for GAPS and AMS-02, respectively. For low

Ratio of d events

0.2r

0.5r

my=67 GeV bb

P R

GAPS/AMS d events

T

—— Convection
- --- Diffusive Reacceleration

S TS

0.1
0

10

20

30 40 50 60

va(km/s) OR dv./dz(km/s/kpc)

values of v, or high values of dv./dz, GAPS is expected to
observed a larger number of antideuteron events than AMS-02.

FIG.7. The expected ratio of antideuteron events at GAPS to at AMS-02, as a function of the Alfvén speed and convection velocity. We
assume 35 days and 6 yr of data from GAPS and AMS-02, respectively.
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