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Reflections on the State of Indirect Detection
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Galactic Center
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GeV-Scale Thermal WIMPs: Not Even Slightly Dead

Rebecca K. Leane,!>* Tracy R. Slatyer,’> T John F. Beacom,? 3% % and Kenny C. Y. Ng°:3

LCenter for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
*Center for Cosmology and AstroParticle Physics (CCAPP),
Ohio State Unwversity, Columbus, OH 43210, USA
SDepartment of Physics, Ohio State University, Columbus, OH 43210, USA
“ Department of Astronomy, Ohio State University, Columbus, OH 43210, USA
’Department of Particle Physics and Astrophysics,
Weizmann Institute of Science, Rehovot 76100, Israel
(Dated: July 13, 2018)

Weakly Interacting Massive Particles (WIMPs) have long reigned as one of the leading classes of
dark matter candidates. The observed dark matter abundance can be naturally obtained by freeze-
out of weak-scale dark matter annihilations in the early universe. This “thermal WIMP” scenario
makes direct predictions for the total annihilation cross section that can be tested in present-day
experiments. While the dark matter mass constraint can be as high as m, 2 100 GeV for particular
annihilation channels, the constraint on the total cross section has not been determined. We con-
struct the first model-independent limit on the WIMP total annihilation cross section, showing that
allowed combinations of the annihilation-channel branching ratios considerably weaken the sensi-
tivity. For thermal WIMPs with s-wave 2 — 2 annihilation to visible final states, we find the dark
matter mass is only known to be m, 2 20 GeV. This is the strongest largely model-independent

~J

lower limit on the mass of thermal-relic WIMPs; together with the upper limit on the mass from
the unitarity bound (m, < 100 TeV), it defines what we call the “WIMP window”. To probe the

Y

remaining mass range, we outline ways forward.

I. INTRODUCTION scenarios. The branching ratios, coupling types and sig-
nals are model-dependent, and so the lack of observations

p-ph] 11 Jul 2018
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But is our (practical) ability to search for them ruled out?

I.e., In 2008, it was possible that WIMP dark matter was the dominant energetic component in
some GeV gamma-ray or cosmic-ray channel. However, it appears that astrophysics is
unfortunately bright - and that will not change.



Specificity (DM Flux / Astrophysics Flux)

Anti-Nuclel

Gamma-Rays / Positrons

Antiprotons
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Fraction of Dark Matter Flux



Antideuteron Flux at Earth

AntiNuclel - A Clean Search Strategy ?

DM Prediction

100 GeV
NFW

Antinuclei carry away a significant fraction of the Background
total momentum in a particle collision.

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
3x107°.

Note that for “He, projecting based on the statistics we have today, by
using an additional 400 million core hours for simulation 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)




Current AMS Anti-Deuteron Status

* Data
........................ .pMonteCarIop
107 ........................ - §M0nteCar|o .................................................................. ................................................................................................................ .........................................

A
S
(00

’ i..l..,l..ji MH S |

—2 —1 0 1 2
P. Zuccon - TIFPA &

UniTn Charge Sign * Mass [GeV/c?] 48




AMS Measurements of Matter and Antimatter
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AMS Anti-Helium Mass Spectrum
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from 0 to 10 GeV/c? there are no other signals



Antimatter Fluxes from DM at Earth

AntiNuclel - A Clean Search Strategy ?
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Boosting this Signal to Meet the Challenge? Antimatter Fluxes from DM at Earth

2.) Coalescence Rates

3.) Astrophysical Acceleration

4.) New Channels

Poulin et al. (2018; 1808.08961)
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Antihelium from Dark Matter

Eric Carlson,? Adam Coogan,’?* Tim Linden,?23:4 T Stefano
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Cosmic-ray anti-nuclei provide a promising discovery channel for the indirect detection of particle
dark matter. Hadron showers produced by the pair-annihilation or decay of Galactic dark matter
generate anti-nucleons which can in turn form light anti-nuclei. Previous studies have only focused
on the spectrum and flux of low energy antideuterons which, although very rarely, are occasionally
also produced by cosmic-ray spallation. Heavier elements (A > 3) have instead entirely negligible
astrophysical background and a primary yield from dark matter which could be detectable by future
experiments. Using a Monte Carlo event generator and an event-by-event phase space analysis, we
compute, for the first time, the production spectrum of *He and *H for dark matter annihilating or
decaying to bb and WTW ™~ final states. We then employ a semi-analytic model of interstellar and
heliospheric propagation to calculate the *He flux as well as to provide tools to relate the anti-helium
spectrum corresponding to an arbitrary antideuteron spectrum. Finally, we discuss prospects for
current and future experiments, including GAPS and AMS-02.

I. INTRODUCTION cal backgrounds often prohibit the clean disentanglement
of exotic sources, a recent analysis projects that the 1-
year AMS-02 data will produce robust constraints on
WIMP annihilation to heavy quarks below the thermal-
relic cross-section for dark matter masses 30 < m, < 200
GeV [10].

In addition to antiprotons, Ref. [13] proposed new
physics searches using heavier anti-nuclei such as an-

Within the paradigm of Weakly Interacting Massive
Particle (WIMP) dark matter, the pair-annihilation or
decay of dark matter particles generically yields high-
energy matter and antimatter cosmic rays. While the
former are usually buried under large fluxes of cosmic
rays of more ordinary astrophysical origin, antimatter is

1.2461v2 [hep-ph] 19 Mar 2014

rare enough that a signal from dark matter might be
distinguishable and detectable with the current genera-
tion of experiments. While astrophysical accelerators of
high-energy positrons such as pulsars’ magnetospheres
are well-known, observations of cosmic anti-nuclei might

L B Y e 4, Y e Y Y21 <y

tideuteron (D ), antihelium-3 (*He ), or antitritium (°H )
forming from hadronic neutralino annihilation products.
Although such production is of course highly correlated
with the antiproton spectrum, the secondary astrophys-
ical background decreases much more rapidly than the

Avracntad ctanal aa +ha atcarte it hor A o tvievaacand [1 41




Key Insight - Coalescence Momentum for Antihelium Should Be Larger

While particle coalescence is hard to measure, the inverse process (fragmentation) is easier
to measure. Helium's binding energy significantly exceeds deuteriums

pi=3 = \/Bsg./ Bp pg=2 = 0.357 + 0.059 GeV/c.

Can also use Heavy ion results (Berkeley Collider), which provide a lower-measurement of
the coalescence momentum at a specific particle energy:

=5 =1.28 p5—2 = 0.246 £ 0.038 GeV/c.



Key Insight - Coalescence Momentum for Antihelium Should Be Larger
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FIG. 4. The invariant production cross section ratio *He/p as function of momentum p [GeV /]
in the laboratory frame for (left) p-Be at pjap = 200 GeV /c and (right) p—Al at pjap, = 200 GeV /c.
The uncertainty bands for this work were estimated by varying the coalescence parameter from

po.c (59 MeV/c) to 130% of po.g (77 MeV/c).

Shukla et al. (2006.12707)




Antimatter Fluxes from DM at Earth

Coalescence Models - Expected Helium Flux
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Antimatter Fluxes from DM at Earth

Coalescence Models - Expected Helium Flux
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Problem: The AMS-02 Antihelium Excess is not at low energies
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Anti-Deuterons and Anti-Helium Nuclei from Annihilating Dark Matter
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(Dated: August 27, 2020)

Recent studies of the cosmic-ray antiproton-to-proton ratio have identified an excess of
~10-20 GeV antiprotons relative to the predictions of standard astrophysical models. Intriguingly,
the properties of this excess are consistent with the same range of dark matter models that can
account for the long-standing excess of y-rays observed from the Galactic Center. Such dark matter
candidates can also produce significant fluxes of anti-deuterium and anti-helium nuclei. Here we
study the production and transport of such particles, both from astrophysical processes as well as
from dark matter annihilation. Importantly, in the case of AMS-02, we find that Alfvénic reaccel-
eration (i.e., diffusion in momentum space) can boost the expected number of d and ®He events
from annihilating dark matter by an order of magnitude or more. For relatively large values of the
Alfvén speed, and for dark matter candidates that are capable of producing the antiproton and ~-ray
excesses, we expect annihilations to produce a few anti-deuteron events and about one anti-helium
event in six years of AMS-02 data. This is particularly interesting in light of recent reports from
the AMS-02 Collaboration describing the detection of a number of anti-helium candidate events.

o-ph.HE] 26 Aug 2020




Astrophysical Enhancements!

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

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

Use re-acceleration to boost the anti-He
energies into the detectable range!

1 R*v%,
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Dark Matter Annihilation Can Produce a Detectable Antihelium Flux through A, Decays

Martin Wolfgang Winkler!> * and Tim Linden! 1
! Stockholm 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 is 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 Aj-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 nuclei 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 antinucler 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 fluxes [1, 5-7]

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 A;. Such bot-
tom baryons are generically produced in dark matter annihi-
lation channels involving b quarks. Their decays efficiently
produce heavy antinuclei 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
SHe produced by A; inherits its boost factor, these nuclei

can obtain the large center-of-mass momenta necessary to fit
AMS-0? data [131




Displaced Antihelium from Dark Matter

@ previous analyses
derived He emission
by prompt antinucleons

e Idea: prompt antinuc- no He formation

leons cannot merge with
displaced antinucleons

@ potentially dominant

He production mode
has been missed

Martin W. Winkler Ay, Decays into Antinuclei February 24, 2022



Particle Physics Enhancements!

B prompt

m A, decay

Previous analyses have missed the

(potentially) dominant contribution
to anti-Helium production.

m, = 67 GeV

0.50
T [GeV/n]

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

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

Winkler & Linden (2020; 2020.16251)

T [GeV/n]
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Major Issues:

1.) Anti-deuterium to Anti-Helium Ratio?

2.) Anti-Helium 4 ??
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How to produce antinuclei from dark matter

Julian Heeck* and Arvind Rajaraman'
Department of Physics and Astronomy, Uniwversity of California, Irvine, California 92697-4575, USA

We show how to produce antideuteron, antihelium, and other antinuclei in large fractions from
the decays of a new particle ¢ that carries baryon number. Close to threshold, the production
of nuclear bound states is preferred over the decay into individual nucleons, effectively decoupling
antinuclei and antiproton fluxes and allowing the former to dominate, in clear contrast to antimatter
production via coalescence. ¢ can either form dark matter itself or be produced by it, and can give

rise to a potentially testable amount of antinuclei.

I. INTRODUCTION

Most of our universe is composed of matter, with only
a tiny fraction of antimatter produced in highly ener-
getic cosmic events, measured at experiments such as
PAMELA [1] and AMS-02 [2|. These experiments also
probe Dark Matter (DM) models that can lead to an en-
hanced number of positron and antiproton events [3|, and
even antideuteron d has become a promising target [4—6].
Future experiments such as GAPS [7] have the potential
to improve these measurements significantly.

Any anomalies in such measurements would be hard to
reconcile with known astrophysics and even most physics
beyond the Standard Model (SM). This is because heav-
ier antimatter is generally thought to be impossible to
produce in such large numbers from astrophysics or DM,
owing to the underlying coalescence models that predict
a strong hierarchy of antinuclei fluxes and numbers, very
roughly given by [8]

conserved, every decay mode of ¢ must contain k£ antinu-
cleons. For a ¢ mass close to the decay threshold, the out-
going antibaryons will be non-relativistic and will have a,
significant probability of forming antinuclei with a large
mass number A < k.

We will explore this basic idea and show that we can
indeed build models of new physics where a new particle
¢ decays with detectable production rates for antinuclei.
We will focus mostly on producing d and He but these
models could easily be generalized to the production of
other antiparticles.

The rest of this article is organized as follows: in Sec. II
we discuss models that lead to d and the possible relation
to DM. In Sec. III we perform an analogous discussion for
the production of *He that does not require knowledge
of Sec. II. We conclude in Sec. IV. In appendix A we
provide a discussion of models that produce *He, which
is technically more involved.




Where do the AMS-02 anti-helium events come from?
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! Department of Physics and Astronomy, Johns Hopkins University, Baltimore, MD 21218, USA
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3 Department of Physics, Oakland University, Rochester, MI 48309, USA
4 Sorbonne Universités, UPMC Univ. Paris 6 e¢ CNRS, UMR 7095,
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® Beecroft Institute of Particle Astrophysics and Cosmology, Department of Physics,
University of Oxford, Denys Wilkinson Building, 1 Keble Road, Oxford OX1 3RH, UK
(Dated: March 26, 2019)

We discuss the origin of the anti-helium-3 and -4 events possibly detected by AMS-02. Using
up-to-date semi-analytical tools, we show that spallation from primary hydrogen and helium nuclei
onto the ISM predicts a 3He flux typically one to two orders of magnitude below the sensitivity of
AMS-02 after 5 years, and a 4He flux roughly 5 orders of magnitude below the AMS-02 sensitivity.
We argue that dark matter annihilations face similar difficulties in explaining this event. We then
entertain the possibility that these events originate from anti-matter-dominated regions in the form
of anti-clouds or anti-stars. In the case of anti-clouds, we show how the isotopic ratio of anti-helium
nuclei might suggest that BBN has happened in an inhomogeneous manner, resulting in anti-regions
with a anti-baryon-to-photon ratio 77 ~ 107 °n. We discuss properties of these regions, as well as
relevant constraints on the presence of anti-clouds in our Galaxy. We present constraints from the
survival of anti-clouds in the Milky-Way and in the early Universe, as well as from CMB, gamma-ray
and cosmic-ray observations. In particular, these require the anti-clouds to be almost free of normal
matter. We also discuss an alternative where anti-domains are dominated by surviving anti-stars.
We suggest that part of the unindentified sources in the 3FGL catalog can originate from anti-clouds
or anti-stars. AMS-02 and GAPS data could further probe this scenario.

@)
—
-
@\
—
>
e
@\
]
=
=
%
(_J

I. INTRODUCTION ment of the anti-helium nuclei CR flux is a very promising




Anti-Chemistry?

Major Issues: 10°
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processes that make the Anti- |§

baryon ratios more similar. 10°
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separated from the matter of 10 104 1013 10°12 101! 10-1© 109
our universe? N = np/ny
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Abstract

Macroscopic cosmic antimatter objects are predicted in baryon
asymmetrical Universe in the models of strongly nonhomogeneous
baryosynthesis. We test the hypothesis of the existence of an old
globular cluster of anti-stars in the galactic halo by evaluating the
flux of helium anti-nuclei in galactic cosmic rays. Due to the symme-
try of matter and antimatter we assume that the antimatter cluster
evolves in a similar way as a matter cluster. The energy density of
antiparticles in galactic cosmic rays from antimatter globular cluster
is estimated. We propose a method for the propagation of a flux
of antinuclei in a galactic magnetic field from the globular cluster of
antistars in the Galaxy.
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Conclusions

If AMS-02 results are not wrong, we have some major
model building problems/opportunities.



