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Can We Eliminate Classes of Dark Matter Models?
Yes!

Halo Density
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Ahlen et al. (1987; Physics Letters B 195 4)
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Thermal Dark Matter artist: Sarah Szabo
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m n(x)/neq(le) 1Ge V|

Steigman, Dasgupta, Beacom (2012; 1204.3622)

Thermal Dark Matter Density

Present density inversely
proportional to the strength of
the interaction.

Almost independent of particle
mass.

Weak-Interaction Produces the
right density!
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Steigman, Dasgupta, Beacom (2012; 1204.3622)

Thermal Dark Matter Density

Present density inversely
proportional to the strength of
the interaction.

Almost independent of particle
mass.

Weak-Interaction Produces the
right density!

10 MeV - 100 TeV'!

Lee, Weinberg (1977; PRL 39 4)
Ho, Scherrer (2012; 1208.4347)




Years after the Big Bang
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Thermal WIMPs and the Story of Tantalus

Gamma-Ray Flux within 10° of Galactic Center

NFW Profile (Mass of Milky Way)

Thermal Cross-Section (Early Universe)
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Dark Matter Mass (?)
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Thermal WIMPs and the Story of Tantalus

Gamma-Ray Flux within 10° of Galactic Center

NFW Profile (Mass of Milky Way) Earmi-l AT Dat
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Milky Way Star-Formation Rate (Galactic Dynamics)
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Thermal WIMPs and the Story of Tantalus

SMBH Accretion Efficiency (Magnetohydrodynamics)
Blazar Acceleration Mechanisms (Leptonic? Hadronic?)

Radio Galaxy Emission Models
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Thermal WIMPs and the Story of Tantalus

SMBH Accretion Efficiency (Magnetohydrodynamics)
Blazar Acceleration Mechanisms (Leptonic? Hadronic?)

Radio Galaxy Emission Models
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Thermal WIMPs and the Story of Tantalus
Antiproton Flux at Earth

Local Dark Matter Density
Thermal Cross-Section (Early Universe)
Dark Matter Mass (?)

Convection of Annihilation Products from GC (Winds?)

Dark Matter
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Thermal WIMPs and the Story of Tantalus
Antiproton Flux at Earth

Local Dark Matter Density
Thermal Cross-Section (Early Universe) REELAALIIT

Hadronic Component of Dark Matter Final State

Convection of Annihilation Products from GC (Winds?)

Dark Matter
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Thermal WIMPs and the Story of Tantalus Positron Flux at Earth

Local Dark Matter Density
Thermal Cross-Section (Early Universe)
Leptonic Component of Dark Matter Final State

Convection of Annihilation Products from GC (Winds?)

Dark Matter (100 GeV: bb)
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Thermal WIMPs and the Story of Tantalus

Local Dark Matter Density

Thermal Cross-Section (Early Universe)
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Leptonic Component of Dark Matter Final State

Convection of Annihilation Products from GC (Winds?)

Pulsar Birth Rate Dark Matter (100 GeV: bb)
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Specificity (DM Flux / Astrophysics Flux)

Small Dark Matter Signal Large Dark Matter Signal
Small Astrophysical Background Small Astrophysical Background

Small Dark Matter Signal Large Dark Matter Signal
Large Astrophysical Background Large Astrophysical Background

Fraction of Dark Matter Flux



Specificity (DM Flux / Astrophysics Flux)

Anti-Nuclel

Gamma-Rays / Positrons
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Antiprotons
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Thermal WIMPs and the Story of Tantalus




Thermal WIMPs and the Story of Tantalus
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Diemand et al. (2006; astro-ph/0611370)



The Galactic Center - Techniques
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1046 Thermal Cross-Section

1 Observed Photon Within 10° of Galactic Center
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Dark Matter Mass (GeV)



The Galactic Center Excess Goodenough & Hooper (2009; 0910.2998)

Hooper& Goodenough 2010 Calore+ 2014

CeV excess emission Boyarsky+ 2010 Fermi coll. (preliminary)

at £ =2 GeV Hooper&Slatyer 2013 ++++  contracted NFW ~ = 1.26
Gordon+ 2013 Fermi Bubbles (extrapolated)
Abazajian+ 2014 HI + H2 (at 2 < 0.2 kpc)
Daylan+ 2014
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Cross-Section (10 %6 cm?3s—1)
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Cross-Section (10 2 cm?s—1)
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Cross-Section (10 2 cm?s—1)
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Cross-Section (10 2 cm?s—1)
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Cross-Section (10 %6 cm?3s—1)
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Cross-Section (10 2 cm?s—1)
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Cross-Section (10 26 cm?3s1)
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Flux (GeV cm 2 s 1)
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Galactic Center Excess Flux
107 : DM (50 GeV, bb)
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Macias et al. (2016; 1611.06644)
Bartels et al. (2017; 1711.04778)

Bartels et al. (2018; 1803.04370)
Macias et al. (2019; 1901.03822)



Bartels et al. (2015; 1506.05104)

The Galactic Center Excess
Lee et al. (2015; 1506.05124)
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The Galactic Center Excess

Leane & Slatyer (2019; 1904.08430)
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Leane & Slatyer (2019; 1904.08430)
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The Galactic Center Excess
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The Galactic Center Excess
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Specificity (DM Flux / Astrophysics Flux)
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The Antiproton E xcess




The Antiproton Excess o | B g

Investigate the Antiproton Fraction!

Op
p

Two Changes:

Ratio is much smaller (don't need to add
antiprotons into denominator).

Hadronic Energy losses are slower
(sensitive to antiproton production _ - .
throughout the Galaxy) Ny 13 SRR A A £




The Antiproton Excess

Astrophysics - Smooth Profile

Dark Matter - Sharp Bump!
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The Antiproton Excess
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Excitement!
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The Antiproton Excess
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The Antiproton Excess
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With great precision comes great
responsibility:
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The Antiproton Excess - A Detection? 1200

With great precision comes great
responsibility:

Galactic Primary to Secondary Ratios

== DiMauro (12)

Di Mauro (13)
Antinucci

Inhomogeneous Diffusion 01 f s

PHENIX
STAR
ALICE

Solar Modulation i3

Antiproton Production Cross-Section

Galactic Primary to Secondary Ratios - Future AMS-02 Data!

Solar Modulation - Voyager Data, Time-Dependent AMS-02 Data



The Antiproton Excess — Robust Analyses
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The Antiproton Excess — Correlation Matrices
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Antideuteron Flux at Earth

AntiNuclel - A Clean Search Strategy ?

DM Prediction
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Antinuclei carry away a significant fraction of the Background

total momentum in a particle collision.
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Astrophysical Antinuclei - Most be moving Donato et al. (1999; hep-ph/9904481)
relativistically! Fornengo et al. (2017; 1306.4171)

Dark Matter Antinuclei - Can be slow! - 1 10 100
Energy / Nucleon (GeV/n)




To date, we have observed eight events 1n the mass region from 0 to 10
GeV with Z=-2. All eight events are 1n the helium mass region.

Currently (having used 50 million core hours to generate 7 times more
simulated events than measured events and having found no background
events from the simulation), our best evaluation of the probability of the
background origin for the eight He events is less than 3x107°. For the
two “He events our best evaluation of the probability (upon completion
of the current 100 million core hours of simulation) will be less than
31072,

Note that for “He, projecting based on the statistics we have today, by
using an additional 400 million core hours for sitmulation the background
probability would be 107*. Simultaneously, continuing to run until 2023,
which doubles the data sample, the background probability for *He
would be 2x1077, 1.e., greater than 5-sigma significance.

slide from Sam Ting (La Palma Conference, April 9 2018)




AntiNuclel - A Clean Search Strategy ? Antimatter Fluxes from DM at Earth

Antihelium background even cleaner than antideuterons
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Antimatter Fluxes from DM at Earth

AntiNuclel - A Clean Search Strategy ?

Antihelium background even cleaner than antideuterons
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Astrophysical Enhancements!
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Particle Physics Enhancements!
Dark Matter Annihilation Can Produce a Detectable Antihelium Flux through A; Decays

cp-ph] 29 Jun 2020

Martin Wolfgang Winkler!> * and Tim Linden': "
LStockholm University and The Oskar Klein Centre for Cosmoparticle Physics, Alba Nova, 10691 Stockholm, Sweden

Recent observations by the Alpha Magnetic Spectrometer (AMS-02) have tentatively detected a handful of
cosmic-ray antihelium events. Such events have long been considered as smoking-gun evidence for new physics,
because astrophysical antihelium production i1s expected to be negligible. However, the dark-matter-induced
antihelium flux 1s also expected to fall below current sensitivities, particularly in light of existing antiproton
constraints. Here, we demonstrate that a previously neglected standard model process — the production of
antihelium through the displaced-vertex decay of A-baryons — can significantly boost the dark matter induced
antihelium flux. This process can triple the standard prompt-production of antihelium, and more importantly,
entirely dominate the production of the high-energy antihelium nuclel reported by AMS-02.

I. INTRODUCTION

The detection of massive cosmic-ray antinuclei has long
been considered a holy grail in searches for WIMP dark mat-
ter [1, 2]. Primary cosmic-rays from astrophysical sources are
matter-dominated, accelerated by nearby supernova, pulsars,
and other extreme objects. The secondary cosmic-rays pro-
duced by the hadronic interactions of primary cosmic-rays can
include an antinuclei component, but the flux is highly sup-
pressed by baryon number conservation and Kinematic con-
straints [3, 4]. Dark matter annihilation, on the other hand,
occurs within the rest frame of the Milky Way and produces
equal baryon and antibaryon lluxes [1, 5-7]

= u) Y Y T T A T A [

In this letter, we challenge the current understanding that
standard dark matter annihilation models cannot produce a
measurable antihelium flux. Our analysis examines a known,
and potentially dominant, antinuclei production mode which
has been neglected by previous literature — the production of
antihelium through the off-vertex decays of the Ay. Such bot-
tom baryons are generically produced in dark matter annihi-
lation channels imnvolving b quarks. Their decays efficiently
produce heavy antinucle1 due to their antibaryon number and
5.6 GeV rest-mass, which effectively decays to multi-nucleon
states with small relative momenta. Intriguingly, because any
3He produced by A, inherits its boost factor, these nuclei

can obtain the large center-of-mass momenta necessary to fit
AMS-02 data [131.



Particle Physics Enhancements!

Previous analyses have missed the
(potentially) dominant contribution
to anti-Helium production.

The displaced-vertex decays of
Lambda_b baryons potentially
boosts the detectable AMS-02 signal
by orders of magnitude!

Winkler & Linden (2020; 2020.16251)
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