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e Indirect Detection of WIMPSs
e Antiprotons

e Antinuclel
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Indirect Detection of WIMPs
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WIMPs

@ In the early universe dark matter particles in equilibrium with the
radiation bath

@ annihilation rate
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WIMPs

@ In the early universe dark matter particles in equilibrium with the
radiation bath

@ annihilation rate
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“WIMP miracle”
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Are WIMPs alive?

WIMP O(1 pb)

e WIMP with (ov) ~ pb main
target for indirect detection

@ strong direct detection
constraints on WIMPs, but
many options remain

» direct detection sup-
pressed by interaction
structure

» secluded WIMPSs
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Indirect Dark Matter Detection

/ Gamma-rays particle spectrum
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Positrons

Antiprotons

o1 1 10 100
Evin [GeV]
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annihilation cross section
dark matter density
particle spectrum
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Propagation of Charged Cosmic Rays

@ diffusion equation

V(—=DV n+ven) 4+ 0g(bn — Kgeden) + Mannn =g

\

Ending point

diffusion on magnetic
field inhomogeneities

Starting point

@ extract propagation parameters from fit to nuclear cosmic ray
spectra
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Propagation of Charged Cosmic Rays

@ diffusion equation

V(—=DV n+ven) 4+ 0g(bn — Kgeden) + Mannn =g

convective winds can blow
charged particles away from
disc

@ extract propagation parameters from fit to nuclear cosmic ray
spectra
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Propagation of Charged Cosmic Rays

@ diffusion equation

V(—=DV n+ven) 4+ 0g(bn — Kgeden) + MNannn = g

ng energy losses e.g. by
chargedpartic .~ lOnizing atoms in galactic
LCT‘ 6\ disc
nu%liaus
atom

@ extract propagation parameters from fit to nuclear cosmic ray
spectra
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Propagation of Charged Cosmic Rays

@ diffusion equation

V(—=DV n+ven) 4+ 0g(bn — Kgeden) + Mannn =g

acceleration on moving
magnetic clouds

@ extract propagation parameters from fit to nuclear cosmic ray
spectra
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Propagation of Charged Cosmic Rays

@ diffusion equation

V(—=DV n+ven) 4+ 0g(bn — Kggden) + Mann =g

destruction by interaction with
matter in the galactic disc

@ extract propagation parameters from fit to nuclear cosmic ray
spectra
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Propagation of Charged Cosmic Rays

@ diffusion equation

V(—=DV n+ven) 4+ 0g(bn — Kgeden) + Mannn = g

\ Y Gamma-rays
[
b
0
X W/Z/q .
source term = V}, Neutrinos
emissivity e,
X WHZ/g ] e*
pn Positrons
AW:

\-ﬁ"' Antiprotons

e,a Antinuclei

@ extract propagation parameters from fit to nuclear cosmic ray
spectra
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Astrophysical Antimatter Background

@ primary cosmic rays energized by Fermi acceleration
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@ scattering of primaries on interstellar
gas induces secondary cosmic rays

qiseC(E) ~ /dE, (%) np,He (Dp,He(E/)

6" Hard radiation

............

outgoing parton(s)
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Antiprotons
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Antiproton Data

@ 2015: surprisingly hard antiproton spectrum observed by AMS-02

Dark Matter

Uncertainties:

Cross section,

Secondary production :
propagation

*7 Donato et al., PRL 102, 071301 (2009); my = 1 TeV

IIIIIIIII|IIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIlIIII
100 200 300 400 500
Kinetic Energy [GeV]

® hint for dark matter ?
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Propagation Update

@ propagation parameters refitted to AMS-02 nuclear cosmic rays

R28dP, [GV'® m2s~ sr ']
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Propagation Update

@ propagation parameters refitted to AMS-02 nuclear cosmic rays

R2B8P, [GV'® m2s~ sr ']

10

[ AMS-02B(C
[ PAMELABIC

new propagation |

i

N

] ]
hyy,

lIIlI I

IlIlIIlI l

IIIlllII L ¥

- | | ™ T T 1711 '
new propagation :
{ AMS-02 -
LI ST L l I I
................................. |
......... 10 10-1:_
| antiproton
! | S | I | |
102
R [GV]

10!

102 10°

RGV]

December 10, 2021

Martin W. Winkler

Cosmic Antiparticles



Antiproton Background: Cross Section

@ background estimate based on Tan-parameterization of opp—p

o)

measure + scaling ignore

@ prompt Cross section

CI?’O-Ig cl .—mt/c E”
e x (1 —xg)“ e M2, XR= o mTt = \/pT2 + m?
max
d3o? 5~10 Ge d3o?
E dp3p (XR, PT, V/S) vs>10 Y E dp3p (xg, pT) Feynman scaling
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Feynman Scaling Violation

Alice (900 GeV)
Phenix (200 GeV)
Phenix (62 GeV)
Na49 (17 GeV)

------ this work { PHENIX

E-d®c/dpd

s%3 g, [mbGeV°]

0.1 Tan&Ng § STAR -]

{ Antinucci } ALICE

} NA49 { CMS

o 1 1 1 IIIII| 1 1 1 IIIII|
10 100 1000

\/g [GeV]

@ Feynman scaling preserved up to /s ~ 50 GeV

@ at high energy scaling is violated by multiple scattering
» hard ptjets
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Additional Antiproton Channels
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Additional Antiproton Channels
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Application to Antiproton Flux

@ New Cross section parameterization
mainly scaling violation

10 10—
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107 10°
R [GV] RIGV]

@ high-energy antiproton flux consistent with expected astro-
physical background, no dark matter required
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New Antiproton Excess

antiproton excess gamma ray excess
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@ both excesses seem to hint at similar dark matter properties
m, ~40 —80GeV  (ov)g, ~ (1 —3) x 1072 cm?/s

@ new XS parameterization reduces antiproton excess to 2-30
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Antiproton Systematic Errors

Relative error [%]
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® AMS-02 error systematics-
dominated at excess

@ Nno error correlations provided by

collaboration so far
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Modeling of Systematic Errors
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@ systematic error dominantly due to absorption in detector

@ pC can be modeled in Glauber-Gribov theory

12
aggs = /d2b 1— H 1 — o050, Ti(b)] | + inel. screening
i=1

antiproton-nucleon XS nuclear densities etc.
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Impact on Antiproton Excess

Ri [GV]
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Antiproton Constraints on Dark Matter

(ov) [ecm>/s]

10—28 i

Observed Limit
GCE
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gNFW,_1 3
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10
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@ antiprotons set strongest indirect detection constraints on

WIMP dark matter

@ gamma ray excess in slight tension with antiprotons
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Antinuclei
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@ antinucleons from dark matter annihilation/ cosmic ray scattering
can merge into antinuclei

® coalescence condition for antinucleons

|Ap| < pc antideuteron @ antihelium-3

@ quantum mechanical picture

Wsq(r) oc e 207 €9 hadronic interaction zone o ~ Agcp ~ fm

N 1/3
) ~ 200 MeV

antideuteron wave function
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Event-by-event Coalescence Model

@ implement process (e.g. dark matter annihilation) into event
generator and apply coalescence condition on each event

@ pc determined by fit to experimental data

ete” -Z—d (ALEPH) pp — He (ALICE)
b oivtic model b = 132 M o w02k 1
| analytic model pF =132 MeV - HH ALICE Fie, He, T T ]
0.00008_— — Pythia p =215 MeV
. —— Herwig pc=201Mev. | [ T Pythia pe = 243715 MeV
& 0.00006] ALEPH | L —— Herwig pc=1957;3Mev L.
ke _ I .
= _
©
- 0.00004}
o !
0.00002|
0.00000!
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Antinuclei Fluxes (Status 2020)

Antideuteron Antihelium
AMS-02 _
1076} 1078 '
N Td! g
= =
e e
L LI
1078
—— XX~ bb, m, =67 GeV (prompt) - —— xx~ bb, m; =67 GeV (prompt)
Y / background (Shukla et al.) 10141 backglround (Shukla et al.) . \
1974 1 10 1 10
motivated by GCE E [GeV/n] E [GeV/n]
"smoking gun" hopeless?

BUT: tentative detection of ~10 He events at AMS-02
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Exotic Antihelium Sources

@ antimatter clouds or anti-stars
@ peculiar dark sectors
@ Alfvén reacceleration

@ uncertainties in coalescence model
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Displaced Cosmic Antiparticles

@ previous analyses
derived He emission
by prompt antinucleons

@ Idea: prompt antinuc-
leons cannot merge with
displaced antinucleons

@ potentially dominant

He production mode
has been missed

He
DM :W: DM
rimar
R erte>?/
= P
Z‘/v no He formation
DM »‘4’ n DM
primar
verte
He
@ P
= p
A
DM >‘< DM
primar
verte
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Ay: The Perfect He-Catalyst

e DM annihilation yields large

- ‘m, =67 GeV
number of A, HEREE
f(B — /_\b) ~ 0.1
: =
@ carry antibaryon number e
%I 10—7
@ antinucleons produced H
with low relative momentum
mz, — 5mp =~ 1 GeV
: : 0 -
@ "large" branching (despite CKM) 0.05  0.50 5 50
Br(A, — duti(ud) — He) ~ 107° E [GeVin]

e He from A, contributes to the high-energy flux
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Impact on Antideuteron Flux
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@ promising new high-energy signature in antideuteron flux
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Impact on Antihelium Flux

1077 | = | f
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e detectable antihelium flux enhanced by O(100) due to A,
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Light Mediator Model

I

0%/

-
-
-
-
-
-

XX > P - bbbb m, =8
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1 10
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@ further increase of antihelium flux e.g. in mediator-models
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Experimental Prospects

. measurement Of /_\b % H_e ’2\10_22 T IIIIII| T IIIII|| I | I'IIIII| T IIIIII| T IE
o + - ALICE upgrade projection g5, ~ ]
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@ indirect dark matter searches have reached the sensitivity to
probe canonical thermal WIMPs

@ hadronic cross sections are the key uncertainty in cosmic ray
studies, but progress on theoretical and experimental side

@ claimed dark matter signals in the antiproton channel have not
substantiated but define an interesting target for the future

@ antideuterons can provide smoking-gun evidence for dark matter

@ WIMPs can produce an observable antihelium signal due to
bottom-baryon decays
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Backup
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Positrons
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Positrons
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Herwig vs. Pythia

Cluster Hadronization Lund String Model
E' » Motion of quarks and antiquarksin a ¢g system.
/ L5
SBpas: VDY VAR AN
clustec 4 \\\ 2 S
X X N4
NS\ 4
EmER XX X &/
xmo‘U;» 't \ .
mowhm {q \‘ z q

S inglg hadien, decay
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