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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!
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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)
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Most Important Takeaway #1



Most Important Takeaway #1

We might already be seeing these events.
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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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Thermal WIMPs and the Story of Tantalus

Gamma-Ray Flux within 10° of Galactic Center
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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?)
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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?)
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Thermal WIMPs and the Story of Tantalus

WE HAYE MET
THE ENEMY
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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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The Antiproton Excess

_. 10
c
Q
£ 5
-§ y
3 o 5210
e
(C
ad
74 GeV O
__8 Arbitrary Normalization o
5 c
- < 10—5
@,
el
@
—
Q
£ 10
<
1 10 100 106

Kinetic Energy (GeV)

(Not an exhaustive list of observations)

L |
Astrophysical Model
CAPRICE (1994)
IMAX (1996)
1 10 100

Kinetic Energy (GeV)




10—3

The Antiproton Excess
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The Antiproton Excess
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The Antiproton Excess
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The Antiproton Excess

(-
Ul -

Excitement!

-

—
-
L

74 GeV

Arbitrary Normalization

O
=
(v
ad
C
O
4
O
-
a
2 10

<

1 10 100
Kinetic Energy (GeV)

(Not an exhaustive list of observations)

Antiproton Ratio

|_I
-
I

10°°

&

1

/v Astrophysical Model

m o B

10
Kinetic Energy (GeV)

100



The Antiproton Excess
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The Antiproton Excess
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The Antiproton Excess
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The Antiproton Excess
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The Antiproton Excess
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The Antiproton Excess
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Two papers simultaneously find an excess in the AMS-02 Antiproton Data!

Significance approaching (or past) 50!
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The Antiproton Excess

AMS p/p results
With great precision comes great
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Antiproton Production Cross-Section
Galactic Primary to Secondary Ratios
Inhomogeneous Diffusion

. 5|9
Solar Modulation 10 AMS-02 (2016; 117 091103)

Instrumental Uncertainties 50 100 500
IRigidityl (GV)




The Anti P roton Excess Winkler (2017; 1701.04866)

Reinert, Winkler (2018; 1712.00002)

With great precision comes great
responsibility:

Antiproton Production Cross-Section

= Winkler
Tan

Di Maurc (12)

Di Maure (13)

Antinucci
NA49
PHENIX
STAR
ALICE




The Antiproton EXxcess PRI AMS-02 (PRL 117 2016)
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og _oge ) 7 Webber et al.
rESPOHSIbIhty: A CRN/Spacelab2

o AMSO01
-1 ATICO02
» CREAM-I
TRACER
PAMELA
e AMSO02

Galactic Primary to Secondary Ratios 10
E, [GeV/n]

A Helium
0 Oxygem<28

| ' ' |
W 1 L1 .l
T I L

N a e Nitrogenx130
‘Hgt‘“ﬁom g
BT
*“ﬁ[. ¢¢¢¢ #** e ®
Al n ‘
Mgk,
‘ﬂ;#l

o

be o !

g ad

.[ .4 +'J *

A
4+ Lithiumx200

N
'-A
>
O
=
'.-L
E
7
o
£
r
N
{1 =
X
X
=
T

= Boronx1435

N 10 2x10?
See e.g., Weinrich et al. (2002; 2002.11406) Riqidit




Johannesson et al. (1903.05509)

The Antiproton Excess

With great precision comes great
responsibility:

Inhomogeneous Diffusion




AMS-02 (PRL 121 2018)

The Antiproton Excess

With great precision comes great
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Th e Anti p rOtO n Excess Cholis, Hooper, TL (2007.00669)

Bartel's Rotation
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The Antiproton Excess

With great precision comes great
responsibility:

Instrumental Uncertainties

AMS-02 (PRL 117 2016)
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(Table continued)
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Revolutions in our Understanding of Hadronic and Leptonic Emission

Sources

protons
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+ Evidence both near sources and in the solar neighborhood indicate that protons are

the dominant cosmic-ray species.




@ Moon (To Scale)

Geminga

PSR B0656+14
TeV Halos - A New Class of Sources



TeV Halos - A New Class of Sources

(hadronic/leptonic)

Two Fundamental Features of Electrons

+ Electrons cool quickly, losing most of
their energy to radiation (well known).

+ Electrons produce significant cosmic-ray
gradients that can influence cosmic-ray
diffusion (not known)




Implications for Cosmic-Ray Diffusion

E =10 TeV

Kraichnan
a = 3.2

100 150 200 250 300
t [kyr]

Evoli et al. (1807.09263)

Johannesson et al. (1903.05509)

Cosmic-Ray Self-Confinement:

Traced by the rapid loss of electron energy at distances away from sources
Could be powered by either the pulsar itself, or by the associated SNR.




So Is It Really the Rise of the Leptons?

—— Total Gamma-ray Flux
— TeV Halo Flux
—— Hadronic Diffuse

65°<£<85:
The Sum of these emission sources indicates |b| < 2
that leptons could dominate the total gamma-

ray emission from the Milky Way above 1 TeV.
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Implications for the Highest Energy Sources Tibet ASY Collaboration (2104.05181)

New Observations by Tibet AS

Diffuse Gamma-Ray Emission
exceeding 400 TeV!

U () 398 < E(TeV) < 1000

Emission is relatively far from
sources and the Galactic plane?

Where do these cosmic-rays come
from and why do they interact here?




Implications for the Highest Energy Sources LHASSO Collaboration (2021)

LHAASO J2226+6057 LHAASO J1908+0621
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New Observations by LHASSO!

If Hadronic
If Leptonic



Neutrinos as a Powerful Discriminant

LHAASO J0534+2202
o

| | LHAASO J1839-0545 Neutrino Observations can
e, ] e Pl et il definitively discriminate these
| | scenarios.
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LHAASO ]1843-0338 LHAASO J1849-0003

Several others highly compatible
with hadronic origin.
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Antinuclei [? - nge for Dark Matter in 2
Background Free Environment?




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!

AMS  m,=67 GeV bb

av=2x10"%°cm?

8—1

The current event rates depend on the
detector sensitivity to anti-Helium.

\\\ -——— VA= 10 km
va= 20 kKm/s
va= 60 km/s

ExinxdN=/dEyin (m™2s™"sr™")

We lose many events hecause most anti-
He are produced at energies that are too
small to be detected.

m,=67 GeV bb
ov=2x10"°cm3s™

Use re-acceleration to boost the anti-He
energies into the detectable range!
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Cholis, Linden, Hooper (2020; 2001.08749)



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)

B prompt

m A, decay

0.50
T |GeV/n]

levent/ (10 GeV/n)

~—— AMS-02 (10 yr)
—— Pythia
Pythia prompt
—— Pythia Ap-tune
-- Herwig

Herwig+EvtGen

m, =67 GeV




Particle Physics Enhancements!

1 event/ (10 GeV/n)

AMS-02 (10 yr)

Pythia

Pythia prompt

Pythia Ap-tune
-=-= Herwig

Herwig+EvtGen
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XX = QP - bbbb m, = 80 GeV
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