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Overview of indirect searches
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Overview of indirect searches

Dark matter

‘ q, |, etc...
x Stable particles:
q, |, etc... y, v, e*l;, p, anti-p, etc
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1. Strategically use cosmic messengers \g.,»
to search for DM annihilations/decays Earth
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Overview of indirect searches

Compact objects, stars, planets

Dark matter
q, |, etc...

Stable particles:
‘ q, |, etc... Y, v, ', p, anti-p, etc
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Dark matter

1. Strategically use cosmic messengers & ..
to search for DM annihilations/decays Earth

2. Strategically use natural laboratories
to amplify dark matter effects

Our Sun

matter
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Synergies with multi-messenger

Exploit rise of multi-messenger astrophysics:
> Probes broadest range of DM models

* |deas for dark matter span wide range of energies
Reduces blind spots: don’t know which (if any) SM particle(s) would be produced

wavelike classics hermal hegyy planck scale  Macroscopic
Ultra—light scalars, axion vg  particles

1 10" 10%° 10%
10%° 103V

Primordial
black hole Solar mass

weak scale

» Helps understand extreme natural laboratories better
» Scrutinizes hints

=>» Meng-Ru, Ishihara-san, Tjonnie Li,
Myungshin Im, A. Gopakumar talks

Hanford
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Common challenges

4 DM properties !

astrophysics + propagation/environmental modeling
+ DM density profile

— N -

Energy

Flux

Various strategies, but generally:

1. Exploit region/messenger/etc with high DM signal

2. Exploit low or well-known backgrounds

3. Exploit well-known astrophysical objects/phenomena
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COSMIC MESSENGERS



»-ray non-detection =2 limits

Dwarf galaxies:

v" Low astrophysical backgrounds
v' Dark matter dominated

v’ Spectrum: prompt (easy)

v" Morphology: point-like (easy)

- e

A 2008 ~ ongoing

Fermi collab. (2012),
Charles et al (2016),
Albert et al (2017),
Hoof et al (2020),
Ando et al (2020)
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Status:

A few dozen dwarfs

* No signal found = limits thermal
DM from ~10 to ~100 GeV mass
(depending on channel)

15 dSphs, 6 yrs

30 dSphs, 6 yrs
45 dSphs, 6 yrs Rubin LSST should

. 60 dSphs, 6 yrs  find more dwarfs

dSphs: Ackermann+ (2015)




Goodenough & Hooper (2009)

»ray detection 2 DM? =iz

Hooper & Linden (2011)

Boyarsky et al (2011)

GeV excess: phecley & opires 202

* High signal & high ‘},._: 2008 ~ ongoing ,Ié\\ﬂbaaczigficf:vi?go(go(ig,ljél5)
background P~ o Daylon et ol (2014

*  Spectra: peaked | Hoang et al (2033)

*  Morphology: mostly Doyl ot o (2014)
spherical Selig ot 01 (2013)"

* Significance 20-60c e ons)

* Many systematics Ge Boey ctal 2016)

Yang & Aharonian (2016)
Fermi Coll. (2016)
Abazajian et al (2018, 2020)
Horiuchi et al (2016)
Linden et al (2016)
Hooper & Slatyer 2013 Ackermann et al (2017)
G ev excess I Gordon & Macias 2013 Horiuchi et al (2016)
i Calore etal.2015 Linden et al (2016)
. ADZZZ”I:: ae't ;(”2214 Ackermann et al (2017)
AjeIIoJetaI, 2016 Macias et al (2019)
Bartels et al (2018)
Balaji et al (2018)
Zhong et al (2019)
Chang et al (2020)
Buschmann et al (2020)
Leane & Slatyer (2020)
List et L (2020)
Murgia (2020)
Di Mauro (2020)
Burns et al (2020)
Di Mauro (2021)
Calore et al (2021)
Cholis et al (2022)
Mishra-Sharma et al (2022,

checks been done
Origins debated

E2dN/dE (GeV cm2s7")

. 100
Residual Counta Murgia (2020) Energy (GeV) McDermott et al (2023)




Origins: DM or pulsars?

Candidate: WIMPs Candidate: millisecond pulsars

e Spectra: well-matched by 0(100) GeV * Spectra: similar to the GeV excess.
mass and thermal cross sections; 0O(10%) needed in the Galactic Center
consistent with a wide range of region, which is not unreasonable
annihilation channels given the amount of stars present

* Consistent with dwarf constraints (~101° Msun)

GeV excess

Wﬁr

?

Omega Cen

*** Thermal relic, Steigman etal. 2012 . Gordon & Macias 2013
MW satellites, Albert et al. 2017 B Daylan etal. 2014
m Calore etal. 2015
Abazajian & Keeley 2016 §#
B Abazajian et al. 2014
@ Karwinetal. 2017
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Ongoing debate: sub-threshold sources

Dark matter annihilation Astrophysics (pulsar)

¥
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Ongoing debate: sub-threshold sources

Dark matter annihilation Astrophysics (pulsar)
N -
ad * %3 Q;e; &
Q << . o’?’g’&b
s S A% T
L N :as 4 < "‘ e
v Lee et al (2016) . 8 ? s ¢
Bartels et al (2016) |- - e
8 X ’

Fermi data, Baseline
Simulation-based inference

=
=)
ki Mishra-Sharma et al (2022)
F
2

Posterior Probability
o

) 10
DM-like [%]

=» Cannot confidently detect smooth DM yet

8 . . .
Flux Fraction (%) =>» Updated analyses show either is plausible

Shunsaku Horiuchi Leane & Slatyer (2019, 2020), Chang et al (2019), Zhong et al (2019), Buschmann et al (2020),



Ongoing debate: spatial morphology

Dark matter annihilation Astrophysics (pulsar)

Macias et al (2018)
Bartels et al (2018)

» | << .
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Ongoing debate: spatial morphology

Dark matter annihilation

(+ve is better)

Additional

source

ATS

Significance
Cored ellips.
Cored

NFW ellips.

NFW
Boxy bulge

261.0

14.7 o

Pohl et al (2022)

=>» Different analysis setups arrive at competing results

=>» Ongoing studies: results soon!
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Boxy & X-Shaped Bulges

Astrophysics (pulsar)

Boxy bulge

<<

Macias et al (2018)
Bartels et al (2018)

(-ve is better)

Excess Model
No Excess
X-Shaped Bulge

Bgd. Templates
ring-based |23]
ring-based |23]
ring-based 23]
ring-based 23]
ring-based |23]
ring-based [23] |—765

astrophysical [15||—4539
astrophysical |15||—6398

Dark Matter

Boxy Bulge
Boxy Bulge “plus”

No Excess

Boxy Bulge

Dark Matter astrophysical [15][—7288

Mc Dermott et al (2022)

See also, Macias et al (2019), Abazajian et al
(2020), di Mauro (2021), Calore et al (2021)



Anti-particle searches

Low-background strategy CMB Limit
* Low backgrounds from CR secondaries
* Antiproton excess reported at ~5-20 GeV,
consistent with GeV excess
Cuoco et al (2017), Cui et al (2018), Cholis et al (2019)
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Dwarf Limits
GC GeV Exc p Excess

* But systematics are a concern = even 05 o -
removes the excess & constrains DM Cholis et al (2019)  m, (GeV)
Promising near future antideuteron reach
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To higher masses

New telescopes on the horizon:
* CTA: air Cherenkov telescope, 20 GeV - 300 TeV, construction 2022-2027
 SWGO: water Cherenkov telescope, 100 GeV - PeV, currently R&D

Can observe the Galactic Center and reach most of the thermal cross section

T

oy | CTA (2024-)

Current Sensitivity

Near Term

Far Term

102 10% 107
Cooley et al (2022) Dark Matter Mass [GeV/c?]
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To lower masses

» Going below 0(10) GeV difficult due to “MeV gap” in current sensitivity
» Secondaries become useful (though harder):

* Radio from synchrotron Eg Regis et al (2021)

e X-ray from inverse-Compton Eg Cirelli et al (2021, 2023)

Search for DM-derived E—— T T T |
. . DM DM — 77t
inverse-Compton X-rays in

. . DM DM — utu
diffuse X-ray observations. DMDM — e*6™ _..-~-.

|

[T T

But: astro uncertainty is
factor ~10 changes to limits

LLLLL

CMB anisotropies sensitive
to ionizing radiation after
recombination and into
cosmic dark ages; s-wave,
p-wave dependence
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Shunsaku Horiuchi Cirelli et al (2023)



Future directions: MeV

Primordial black hole

» Black holes exist; formed pre-BBN, can be DM | =» Kohri-san’s talk
e Can only be probed via astronomy
 Like decaying DM due to Hawking radiation = MeV sensitivity
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Future directions: MeV

Primordial black hole

» Black holes exist; formed pre-BBN, can be DM | =» Kohri-san’s talk

 Can only be probed via astronomy
 Like decaying DM due to Hawking radiation = MeV sensitivity
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Neutrino non-detection = Limits

Must reduce blind spots: full coverage “Vis—ible:St?teS:
) N5 GGs BT B 5 s
of cosmic messengers corners dark A”ffgg‘ﬁf“ d +
matter more completely final states
Beacom et al (2007) B%

“Invisible” states:
2%

Q
Borexino

IceCube
(Bhattacharya et al.)

QlceCube-HE

=

Thermal Relic Abundance

10t 102 10
m,, (GeV)
Shunsaku Horiuchi Argiielles et al (2021); for decays see Argiielles et al (2022)




Sterile neutrino DM

* keV sterile neutrinos can be produced via oscillations in Early Universe
* Small mixing with active neutrino ensures long lifetime
* But rare 2-body decay can be detectable

~7 keV sterile neutrino?

XMM - MOS
Full Sample

3.57 +0.02 (0.03)

73 clusters
4 to 50
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0.015

0.01

0.005

Residuals

34 3.6
Energy (keV)

Chandra, XMM-Newton, Suzaku, Hitomi, Swift, Bulbul et al (2014), Boyarsky et al (2014); many follow-up studies
Fermi-GBM, NuSTAR....and in future Athena
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Constraints from all sides

Many searches & constraints
Oscillation-based model space is being cornered from all sides

Cherry & Horiuchi (2017)
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Constraints from all sides

Many searches & constraints
Oscillation-based model space is being cornered from all sides

Cherry & Horiuchi (2017)
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Constraints from all sides

Many searches & constraints
Oscillation-based model space is being cornered from all sides

MW Satellites
X-ray Bounds SDSS + Classical
= DES + PS1

Suzaku
Fermi-GBM

povsonl v ovvsnnnd o3 s rrnnl

BBN Limit
(model-dependent)

Dwarf Galaxy Phase Space

10—14 =@= 3.5-keV anomaly
NuSTAR (previous)

[ NuSTAR (this work, complementary) Interpretation of 3.5 keV line

1 | ¥ (Boyarsky et al. 2014)

6 7 8 910 20 30 10710 .
! 0.5 1 5 10

Roach et al (2022) DM mass mX [keV] Nadler et al (2021) M [ke\/]
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NATURAL LABORATORIES



Natural laboratories

Astrophysics: natural laboratory often exceeding terrestrial environments

Intensity Density, etc.

Energies

A HiRes |
A HiRes I
® Auger (2010)

ATIC
PROTON
RUNJOB

* Tibet ASg (SIBYLL 2.1)
= KASCADE (QGSJET 01)
o KASCADE (SYBILL 2.1)
# KASCADE—Grande (2009)

E2 dN/dE [eV m™2 57" sr7']

LHC (p—p)

16 18
log E [eV]

Cosmic rays reaching ~102° eV Supernova neutrinos Compact objects

reaching ~109° per collapse exceeding ~ 1014 g/cc,
B-fields of ~ 1016 G,
temperatures ~MeV

Complex, but rewards would be big

Shunsaku Horiuchi



Core-collapse supernovae

Massive star Iron core Compact object
Gravitational / Neut t
I f eutron stars,
coflapse o o ‘ black holes

star’s core:
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Core-collapse supernovae

Massive star Iron core Compact object

Gravitational /

collapse of ™ Neutron stars,
’ 7 black holes

star’s core: \,\

* Explosion mechanism
* |nstabilities, turbulence

~ Astro e Equation of state

@ * Black hole formation
o . .

= Surprises

€ HEP * Neutrino mass,

‘_g; hierarchy, decays,

-

magnetic moment, ...
* New particles: axions,

s 0 -2 0 2 sterile neutrinos, ...
Log (time relative to bounce [s]) . Surprises

Shunsaku Horiuchi Nakamura, Horiuchi, et al (2016)



Light, weakly interacting particles

e Light: because thermal temperatures are 0(10) MeV
*  Weakly coupled: because occurring in nuclear densities
e e.g., axion, dark photon, sterile neutrinos

Raffelt (1996) E 92
X X' Blackbody

CASPEr- s
V o] lU me PPN | R Torsion balance -

’ Uy [V izt
em ISS [0 n su r'a ce i < K-’He comagnetometer SNO
emission,

Lo 12 TH(ry)

NASDUCK
Old
OMagnetome, o Neutron star cooling

SN1987A

B S\ D C I - DA Vs - R - B U Ja - Ja AN W (\ [ . . S A S S S B )
407407407407 407 407 407 407 407 407 407 407 407 107 407 107 407 107 407 407 10

10940 (g,) cajohare/AxionLimits Mg [eV]

SN1987A: require that L, not excess Lv

Not ef;icier;tly Efficiently Also: neutron star cooling via axion emission
roduce ed &
P trapp Carenza et al (2020),
reabsorbed =» Raymond Co talk Buschmann et al (2022)

Shunsaku Horiuchi



Importance of self-consistent treatment

Sterile neutrinos

» Sterile neutrinos are produced from active neutrinos (oscillation, collisional)
* Neglecting feedback over-estimates active neutrino lepton number

* Including feedback dramatically relaxes bounds from supernovae

no-feedback
| S'N—_:'lir I
/_/"(no-feedback)
I &
¥
‘. Q‘@ %{’

W 2

) \\'\ Boyarski et al - s
N_ . Bulbul et al. | i Bulbul et al.

Sensitivity: S ; | Sensitivity:

ATHENA Thermal | ATHENA

‘ Thermal
KATRIN overproduction— 7 KATRIN

overproduction—

1 0 1 | | 1 1

R 10~ 10~ 10~ 10" 10~ 10~7
sin® 26 sin® 26

Shunsaku Horiuchi Suliga et al (2020)




Self-consistent treatments

Numerical implementations of axions important due to non-linear evolution of supernovae

QCD axion: leads to faster core cooling, MeV ALP: decays before escape and increases
but unexpectedly neutrino heating explosion energy. Neutrinos and gravitational
improves & earlier explosions occur waves are suppressed due to ALP heating.

I I
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Shunsaku Horiuchi Mori et al (2023) Frequency [Hz]




Concluding remarks

» Indirect searches of DM probes DM in its natural habitat, making it essential
for the ultimate DM solution

» Indirect DM search is multi-energy, multi-messenger, multi-target

» Cosmic messengers: can set some of the strongest constraints, e.g.:
* Thermal cross sections up to ~100 GeV, reaching ~100 TeV in future
* Corners the oscillation-based sterile neutrino DM scenario

 Many anomalies could be hinting at a DM signal. However, they all have
counter arguments in the form of astrophysical origins or backgrounds.
Works ongoing to conclude the origins.

» Cosmic laboratories offer extreme conditions to further probe DM

* Improved astrophysical modeling and future astronomical observations
will further the reach into DM properties.

Thank you!
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' _amoagittarius dwarf

Crocker et al (2022)

Sgr stream

Mag Clouds

Fermi Bubbles

‘! Sagittarius Dwarf

If dwarf core emission is DM, consistent:

I Cholis et al. 2022

Dwarfs

41]>

)

/lerg st M

&
M,

GeV excess

logg (

Sag dwarf

30 40 50 60 708090
M Evans et al (2023) Mass [GeV]




MeV Gamma-ray missions Today (2022)

COM PTEL 1991-2000 |

COS' (NCT) * 2005 * 2009 * 2014 * 2016 %
New Mexico, USA McMurdo, Antarctica Wanaka, New Zealand Satellite

2030+

SMILE *2006 *2(118 \P{\{ Mid-2020s

Sanriku, Japan Alice Springs, Australia Balloon Flight Satellite

2030+
.’)()’)’7
2022 mmmmmm===]

GECCO

Beam test Satellite

@202 3 Late-2020s

Beam test, Japan Balloon flight

GRAMS

GammaTPC

APT ®2022KX 2023

Beam test  Piggy-back balloon test

AMEGO-X @ 202K 2023

Beam test Prototype balloon flight

ASTROGAM
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Dark matter limits

Perhaps we found a physically-motivated, better astrophysical model which
provides a better explanation of the data than DM annhilation

=» Constrains thermal dark matter up to ~500 GeV

Abazajian et al (2020)

| GC (DM morpholg s GC (DM morpholg
GC (GDE) GC (GDE)
- 8 stacked dwarfs - 8 stacked dwarfs
—— H.E.S.S. —— H.E.S.S.

T B i AP T B e e e i s s e . . . 2

2 1 2

10 10 10
Mass [GeV] Mass [GeV]

* Impacts of NFW slope [0.5,1.5] & sphericity * Impacts of core (1 kpc) & sphericity

* Impacts of background modeling * Impacts of background modeling
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i Eexp [1051
Heavy (MeV) axion: decays before escape and - .M?f’.?t al (2102'21) . m:e p[3.5 erg]

increase explosion energy. Set constraints 3
based on lowest energy supernovae
2.5

2
QCD axion: time-dependent neutrino 15
and axion luminosity predictions

— v —— 5x 107 GeV
- v heating 1 x 108 GeV
--- axion 2 x 108 GeV |
3 x 108 GeV
4 x 108 GeV
5 x 108 GeV
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