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Indirect DM detection using antinuclei: general idea

Antinuclei (5, d,He, ...) can be produced in
a) Annihilation or decay of Dark Matter in the halo

b) Spallation of cosmic rays on the ISM



Indirect DM detection using antinuclei: general idea

The key problem is to disentangle both contributions!

Antinuclei (5, d,He, ...) can be produced in

a) Annihilation or decay of Dark Matter in the halo

b) Spallation of cosmic rays on the ISM



What is special about antideuterons?
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d production in spallation processes d production in DM annihilations
@ High production threshold: @ DM is (almost) at rest
E, > 17 GeV = No boost of d
@ Produced d is always boosted: @ Naturally occurs for many
T3 21GeV/n annihilation channels

(g3, WHW~,...)
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Large ratio of DM induced d flux / spallation background,
in particular at low energies




Example: DM DM — bb, mpy = 100GeV, (ov) = 3-10720 cm? /s
Antideuteron flux Antiproton flux

[adapted from |barra, SW 1209.5539]

— 10 F ]
5 i MAX — .
= 1070 ¢ E! . oE Bt ee, expected astrophysical|
= = 1078 MAX L\ background flux 3
% 107 < & MED \ 4
& = MIN
S 1078 5
5 expected astrophysical = 4
: d background flux [ PAMELA data

1079 . n . .

0.1 1 1 10 100
kin. energy per nucleon Ty [GeV /n] kin. energy T'[GeV]
@ We naturally can have @ Typically one has
Dark Matter signal > background Dark Matter signal < background

@ Absolute scale of fluxes is very low @ “Large” fluxes possible
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(Currently) dominating challenge: (Currently) dominating challenge:
experimental sensitivity background uncertainties




Current experimental situation

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

GAPS is a balloon-borne experiment
— first science flight ~2017

AMS-02 is currently taking data

The experimental situation on cosmic antideuterons
will change in the near future!




Current theoretical challenges

Two main sources of uncertainty in calculating the d flux from Dark Matter:

@ Nuclear physics of antideuteron formation is not understood well enough

coalescence

hadronization

@ Degeneracies of propagation parameters induce a large uncertainty
in the flux (~ 1 — 2 orders of magnitude)
< very similar to antiprotons

Remark:

The uncertainty of the d spallation background is currently not an issue,
as it is still sufficiently below the AMS-02/GAPS sensitivity

[Ibarra, SW 1301.3820]



Problems in the coalescence model

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

< Hypothesis: d forms if ‘E,—, — Eﬁ’ < po
— Coalescence momentum pg has to be fitted against experimental data

Fitting py to data on d production

Herwig (tuned)
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PYTHIA: [Ibarra, SW 1209.5539]
Herwig: [Dal, Raklev 1402.6259]



Propagation uncertainties: p vs. d

@ Both the p and the d flux from DM annihilations depend sensitively
on the height of the diffusion zone L
— hard to determine, as e.g. B/C mainly depends on the ratio Ky/L
< ~ 1 — 2 order-of-magnitude uncertainties in the primary p and d fluxes!

@ However: p and d behave nearly identical regarding propagation
< strong correlation of the the fluxes expected from dark matter
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(maximal)
q’g = Rpropagation(E) : <UV>a||owed by PAMELA p/p

< the maximal flux is nearly independent of the propagation parameters

discussed in Ibarra, SW [1209.5539], Fornengo, Maccione, Vittino [1306.4171]
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@ Red and blue curves:

Maximally allowed d fluxes
(mDM = 01/1 TeV)
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Antideuteron fluxes well
above the background are
still viable

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. lbarra, T. Linden, S. Profumo, SW)
arXiv:1401.4017 (M. Cirelli, N. Fornengo, M. Taoso, A. Vittino)

@ Same general ideas also go through for 3He = [pp]
— expected flux 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 d
= enhanced coalescence probability

— m,=100.0 GeV
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@ However, a future GAPS satellite mission
might be able to detect DM induced 3He
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Conclusions



Coneclusions — Advertisement

Theoretical and experimental status of cosmic ray antideuteron

searches for dark matter identification

T. Aramaki,»? S. Bufalino,> L. Dal,* P. von Doetinchem,>[{] F. Donato,® N.
Fornengo,®® M. Grefe,” C. Hailey,! B. Hamilton,® A. Ibarra,’ J. Mitchell,'° 1.
Mognet,'! R. Ong,'! R. Pereira,” K. Perez, 12 A. Putze,'® A. Raklev,* P. Salati,'?
M. Sasaki,'* A. Urbano,'® A. Vittino,>® S. Wild,” W. Xue,'® and K. Yoshimura'”

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

@ Joint effort 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)
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@ Dark Matter Model: anything with hadronic final states (W,Z,b,u,...)
< We use W+ W~ and bb as representatives

@ Hadronization: Monte Carlo event generator, e.g. PYTHIA
< production of a p - A pair in some events



Production of antideuterons in DM annihilations/decays

Figure from Baer, Profumo (JCAP '05)
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@ Dark Matter Model: anything with hadronic final states (W,Z,b,u,...)
< We use W+ W~ and bb as representatives

@ Hadronization: Monte Carlo event generator, e.g. PYTHIA
< production of a p - A pair in some events

@ Coalescence Model: ~
What are the conditions, such that a d forms out of an p - i pair?
— Not included in the MC event generators!



The coalescence model

Figure from Baer, Profumo (JCAP '05)
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State of the art: Coalescence Model on an event-by-event basis

@ Hypothesis: d forms if ‘Ep — ka| < po = © (100 MeV)




The coalescence model

Figure from Baer, Profumo (JCAP '05)
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State of the art: Coalescence Model on an event-by-event basis

@ Hypothesis: d forms if ‘E,—) — Eﬁ

< po = O (100 MeV)
@ The usually adopted value of the coalescence momentum pq is obtained
from a measurement of antideuterons in Z decays at LEP:

< (5.941.8+0.5) x 10° d per hadronic Z decay
< This number is reproduced by choosing pg = (192 + 30) MeV



Determination of the coalescence momentum py (1)

Can we safely use pg = 192 MeéV for d production
in DM annihilations (or spallation processes)?
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Determination of the coalescence momentum py (1)

Can we safely use pg = 192 MeéV for d production
in DM annihilations (or spallation processes)?
Answer: no!

Ibarra, SW (JCAP '13)
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Determination of the coalescence momentum py (1)

Can we safely use pg = 192 MeéV for d production
in DM annihilations (or spallation processes)?
Answer: no!

Ibarra, SW (JCAP '13) Ibarra, SW (JCAP '13)
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d’s in T decay: d's in pp collisions at /s = 53 GeV:

pgest fit = 133 MeV pest it = 152 MeV



Determination of the coalescence momentum py (1)

Can we safely use pg = 192 MeV for d production
in DM annihilations (or spallation processes)?
Answer: no!

Ibarra, SW (JCAP '13)
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pbest fit — 236 MeV pbest fit — 230 MeV



Determination of the coalescence momentum py (2)

Results:

o Coalescence model is able to reproduce measured d spectra, but:

Apparently, py depends on underlying process and /s
133MeV < pp < 236 MeV




Determination of the coalescence momentum py (2)

Results:

o Coalescence model is able to reproduce measured d spectra, but:

Apparently, py depends on underlying process and /s
133MeV < pp < 236 MeV

@ This dependence is not understood and needs further investigation

< Coalescence model too simplistic? Problem with PYTHIA?
< Induced uncertainty on Ny  p3: factor of ~ 5.5 (or more?)



Determination of the coalescence momentum py (2)

Results:

o Coalescence model is able to reproduce measured d spectra, but:

Apparently, py depends on underlying process and /s
133MeV < pp < 236 MeV

@ This dependence is not understood and needs further investigation

< Coalescence model too simplistic? Problem with PYTHIA?
< Induced uncertainty on Ny  p3: factor of ~ 5.5 (or more?)
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Better understanding of the nuclear physics
of (anti)deuteron formation is necessary!
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@ Shaded regions: 95% C.L. exclusion
from PAMELA p/p
< using NFW profile,
MED propagation parameters

@ Red and blue: cross sections
necessary for an expectation of a
primary d signal at 95% C.L.



Propagation setup
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@ Charged particles diffuse in the
tangled magnetic field of the
Galaxy

L=3-10 kpc|

r @ Furthermore: convection,
annihilation on the ISM

h=0.1 kpd] [(HHe.) 1o

@ Assuming cylindrical symmetry, one
can solve the diffusion equation
semi-analytically

% =8.0 kpc\ ,
/- . /N
I \ axial symmetry around z) (
t ‘ \=
\ / Reuccelerulwn@
- (Disc)

Diffusion on magnetic inhomogeneities

Acceleration by shock wave:
06 -22
R

R

@ Propagation parameters, like e.g. the diffusion coefficient and height of the
halo are constrained by measurements of B/C
< MINimimal, MEDium, MAXimal possible fluxes from DM



Maximimal number of d events at AMS-02

of d events

Excess at 95% C.L.
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@ Red curves: Maximal number of
d at AMS-02 compatible with p/p
constraints (MIN, MED, MAX
propagation parameters)
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Excess at 95% C.L. (= 2 events) is
in tension with p/p constraints!



Maximimal number of d events at GAPS (ULDB)

Maximal number of d events
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@ Blue curves:
Maximal number of d at GAPS
(ULDB) compatible with p/p
constraints (MIN, MED, MAX)
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Excess at 95% C.L. (= 1 event) is
viable for MAX propagation and
mpy < 125 GeV (W+ W_)

mpy < 400 GeV (bl_))



