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Indirect DM detection using antinuclei: general idea

Antinuclei (p̄, d̄ , H̄e, . . . ) can be produced in

a) Annihilation or decay of Dark Matter in the halo

b) Spallation of cosmic rays on the ISM

The key problem is to disentangle both contributions!
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What is special about antideuterons?

p, p, p, n
pcosmic ray

d̄

pISM

d̄ production in spallation processes

High production threshold:
Ep ≥ 17 GeV

Produced d̄ is always boosted:
Td̄ & 1 GeV/n

DM

DM

d̄

p, n

d̄ production in DM annihilations

DM is (almost) at rest
⇒ No boost of d̄

Naturally occurs for many
annihilation channels
(qq̄,W+W−, . . . )

⇓
Large ratio of DM induced d̄ �ux / spallation background,

in particular at low energies



Example: DM DM→ b b̄, mDM = 100GeV, 〈σv〉 = 3 · 10−26 cm3/s

Antideuteron �ux
[adapted from Ibarra, SW 1209.5539]
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We naturally can have
Dark Matter signal � background

Typically one has
Dark Matter signal . background

Absolute scale of �uxes is very low �Large� �uxes possible

⇓
(Currently) dominating challenge:

experimental sensitivity

⇓
(Currently) dominating challenge:

background uncertainties



Current experimental situation

Up to now, no antideuteron has been found in cosmic rays!

AMS-02 is currently taking data
GAPS is a balloon-borne experiment

↪→ �rst science �ight ∼2017

⇓
The experimental situation on cosmic antideuterons

will change in the near future!



Current theoretical challenges

Two main sources of uncertainty in calculating the d̄ �ux from Dark Matter:

Nuclear physics of antideuteron formation is not understood well enough

p̄

n̄

d̄

coalescence

hadronization

Degeneracies of propagation parameters induce a large uncertainty
in the �ux (' 1− 2 orders of magnitude)
↪→ very similar to antiprotons

Remark:

The uncertainty of the d̄ spallation background is currently not an issue,
as it is still su�ciently below the AMS-02/GAPS sensitivity
[Ibarra, SW 1301.3820]



Problems in the coalescence model

State of the art for calculating d̄ production:
coalescence model on an event-by-event basis

↪→ Hypothesis: d̄ forms if
∣∣∣~kp̄ − ~kn̄

∣∣∣ ≤ p0

↪→ Coalescence momentum p0 has to be �tted against experimental data
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Fitting p0 to data on d̄ production
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ALICE (pp)

ZEUS (e−p)

ALEPH (Z decay)

ISR (pp)

BaBaR (e+e−)

CLEO (Υ decay)

Herwig++ (tuned)
CLEO, ALEPH, ZEUS

PYTHIA: [Ibarra, SW 1209.5539]

Herwig: [Dal, Raklev 1402.6259]

There is no value of p0
that �ts all the data!

• Problems with p̄ − n̄ correlations
in PYTHIA/Herwig?
• Coalescence model too simplistic?

↓
relevant problem, as Nd̄ ∝ p3

0



Propagation uncertainties: p̄ vs. d̄

Both the p̄ and the d̄ �ux from DM annihilations depend sensitively
on the height of the di�usion zone L

↪→ hard to determine, as e.g. B/C mainly depends on the ratio K0/L

↪→ ' 1− 2 order-of-magnitude uncertainties in the primary p̄ and d̄ �uxes!

However: p̄ and d̄ behave nearly identical regarding propagation
↪→ strong correlation of the the �uxes expected from dark matter

⇓

Φ
(maximal)

d̄
= Rpropagation(E ) · 〈σv〉allowed by PAMELA p̄/p

↪→ the maximal �ux is nearly independent of the propagation parameters

discussed in Ibarra, SW [1209.5539], Fornengo, Maccione, Vittino [1306.4171]
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⇓
a) Antideuteron �uxes well

above the background are
still viable

b) We (probably) need better

experimental sensitivity in
order to detect antideuterons
from DM!



Far (far) future: indirect DM detection using antihelium?

based on two recent studies:
arXiv:1401.2461 (E. Carlson, A. Coogan, A. Ibarra, T. Linden, S. Profumo, SW)

arXiv:1401.4017 (M. Cirelli, N. Fornengo, M. Taoso, A. Vittino)

Same general ideas also go through for 3He = [p̄p̄n̄]
↪→ expected �ux is even lower

↪→ however: this is now a truly zero background channel

(for all practical purposes)

Favorable: 3He has a much larger binding energy than d̄
⇒ enhanced coalescence probability

Results:

For AMS-02 and GAPS, a detection of 3He
is not to be expected

However, a future GAPS satellite mission
might be able to detect DM induced 3He



Conclusions



Conclusions → Advertisement

Detailed overview of the status and the prospects for indirect detection
with cosmic ray antideuterons

Joint e�ort of experimentalists (AMS-02 and GAPS) and theorists

Should be out soon!



Backup slides



Production of antideuterons in DM annihilations/decays

Figure from Baer, Profumo (JCAP '05)

Dark Matter Model: anything with hadronic �nal states (W ,Z ,b,u,. . . )

↪→ We use W+W− and bb̄ as representatives

Hadronization: Monte Carlo event generator, e.g. PYTHIA
↪→ production of a p̄ - n̄ pair in some events

Coalescence Model:
What are the conditions, such that a d̄ forms out of an p̄ - n̄ pair?

↪→ Not included in the MC event generators!
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The coalescence model

Figure from Baer, Profumo (JCAP '05)

State of the art: Coalescence Model on an event-by-event basis

Hypothesis: d̄ forms if
∣∣∣~kp̄ − ~kn̄

∣∣∣ ≤ p0 = O (100MeV)

The usually adopted value of the coalescence momentum p0 is obtained
from a measurement of antideuterons in Z decays at LEP:

↪→ (5.9± 1.8± 0.5)× 10−6 d̄ per hadronic Z decay

↪→ This number is reproduced by choosing p0 = (192± 30)MeV
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Determination of the coalescence momentum p0 (1)

Can we safely use p0 = 192MeV for d̄ production

in DM annihilations (or spallation processes)?

Answer: no!

Ibarra, SW (JCAP '13)
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Determination of the coalescence momentum p0 (2)

Results:

Coalescence model is able to reproduce measured d̄ spectra, but:

Apparently, p0 depends on underlying process and
√
s

133MeV . p0 . 236MeV

This dependence is not understood and needs further investigation

↪→ Coalescence model too simplistic? Problem with PYTHIA?

↪→ Induced uncertainty on Nd̄ ∝ p3
0
: factor of ∼ 5.5 (or more?)

⇓
Better understanding of the nuclear physics
of (anti)deuteron formation is necessary!
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Propagation setup

2.3 Overview of the effects affecting propagation 7

N j(E) ≡ dnj/dE. As the momentum distribution
function is normalized to the total cosmic ray num-
ber density (n = 4π

∫
dp p2f), we have N j(E) =

(4π/β)p2f j to finally obtain, assuming steady-state
(see Sec. 2.4.6),

−~∇
[
K~∇N j(E)− ~VcN

j(E)
]
− ΓjN j

− (~∇. ~Vc)

3

∂

∂E

[
p2

E
N j(E)

]
= Qj(E) +

∂

∂E

[
−btot(E)N j(E) + β2Kpp

∂N j(E)

∂E

]
;(6)

where the following notation has been used for the
total energy loss term btot = bloss + breac, with

bloss(E) =

(
dE

dt

)

Ion

+

(
dE

dt

)

Coul

+

(
dE

dt

)

Adiab

and the reacceleration drift term defined as

breac(E) =
(1 + β2)

E
Kpp .

We also use a compact notation to describe the most
general form for a source term

Qj(E) = q0Q
j(E) +

mk>mj∑

k

ΓkjNk(0) , (7)

which includes primary sources – normalized abun-
dance q0, spectrum Qj(E) –, but also secondary
sources, coming from spallations (see Sec. 2.4.6) or
radioactive decay of a heavier species (see Sec. 2.4.8).
The relative magnitude of all the effects affect-
ing propagation can be estimated from the typical
timescale associated with these effects, as displayed
in Fig. 1.

Taking advantage of cylindrical symmetry and
adding radioactive contributions localized in the disc
and the halo, the previous equation may be rewritten
as (making implicit the energy dependence)

0 =
(
Ldiff − Γj

rad

)
N j(r, z) +

mk>mj∑

k

Γkj
rad(E)Nk

+2hδ(z)
(
qj0Q(E)q(r) − Γj(E)N j(r, 0)

)

+2hδ(z)
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k

Γkj(E)Nk(r, 0) (8)

with

Ldiff = −Vc
∂

∂z
+ K(E)

(
∂2

∂z2
+

1

r

∂

∂r

(
r
∂

∂r

))
.

One needs to solve a complete triangular-like set of
coupled equations since a given nucleus can only be

Figure 1: Characteristic times of several processes af-
fecting the propagation of cosmic rays are displayed
in the 100 MeV/nuc-100 GeV/nuc energy range.
Typical values K0 = 0.03 kpc2 Myr−1, δ = 0.6 and
Vc = 10 km s−1 were considered. The dominant pro-
cess at energies higher than a few GeV is the escape
through the boundaries of the diffusive volume. The
effect of spallations is seen to be small for the prop-
agation of protons, whereas it is crucial for heavy
nuclei such as Fe.

a lighter. Quantities in this equation are functions
of spatial coordinates (not time, steady-state being
assumed) and of kinetic energy per nucleon (energy
for short) since this is the appropriate parameter to
be used, as it is conserved in spallation reactions.
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Figure 2: Schematic view of our Galaxy as well as
all propagation steps included in our model.

Charged particles di�use in the
tangled magnetic �eld of the
Galaxy

Furthermore: convection,
annihilation on the ISM

Assuming cylindrical symmetry, one
can solve the di�usion equation
semi-analytically

Propagation parameters, like e.g. the di�usion coe�cient and height of the
halo are constrained by measurements of B/C
↪→ MINimimal, MEDium, MAXimal possible �uxes from DM



Maximimal number of d̄ events at AMS-02
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⇓
Excess at 95% C.L. (= 2 events) is

in tension with p̄/p constraints!



Maximimal number of d̄ events at GAPS (ULDB)
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mDM < 400GeV
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