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Dark Matter Evidence
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* Big Bang Nucleosynthesis/
Cosmic microwave background

Power spectrum (uK?)
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e Galaxy Clusters

e Galaxies/ local dynamics

Kenny CY Ng TeVPA 2023 Napoli 2



—
QD
)
O
O
O
-
® ;
=
DK
>
-
Qv
=
O
/p



Dark Matter identification

Direct detection Direct detection
Superradiance

GW EMRI dephasing PBH mergers & SGWB

GW NS mergers
NS heating

CMB SD CMB SD CMB SD
X &7y rays X rays %, cosmic rays & IV Radio, X &y rays
Radio lines X-ray lines
Microlensing Microlensing
Structure formation Structure formation

107" eV peV 0.1eV keV MeV GeV 102 TeV 107 M,  10M, 10° M,

Fuzzy DM QCD axion/ALPs Sterile v WIMPs & WIMPzillas PBH

e EuCAPT White Paper, arxiv: 2110.10074
e One must try everything
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Dark Matter Indirect Detection
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+ Propagation if the final products are charged
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Weakly interacting massive
particles (WIMPs)

Standard
e SM + SM -> X + X in the early universe mdael

e Direct Detection :
e X+ SM ->SM + X

e Recoiled nuclel or electrons

e Sets a definite prediction for annihilation ' S
Ccross section

e X+ X->8SM + SM

e ~107%° cm’s™! (the simplest case)

Steigmann et al 2012
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Galactic Center Excess

e Excess component towards GC
after subtracting the galactic
diffuse background

e Goodenough, Hooper 2009
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Daylan et al 2016 5 — — broken PL - - DMt
e Hooper, Goodenough, 2010 [ PLwithep ol g GO exccs spectrum vith
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* Hooper, Linden, 2011 : | A e
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e WIMP DM around 40 GeV? Calore et al 2015

—— Pass 8 Combined dSphs

—— Fermi-LAT MW Halo

--- H.E.S.S. GC Halo

e Point sources vs Smooth DM o S o)
Gordon & Macias 2013 (20)
component? T A A

* e.g, Leane, Slatyer 2020

_ 102
Fermi-LAT 2015 DM Mass (GeV/c?)

Kenny CY Ng TeVPA 2023 Napoli



Anti-proton EXCesS

Cholis et al 2019
CMB Limits

* Anti-proton produced by DM 5‘
annihilation  DwartLims
L

e e.g., Cuoco et al 2017, Cui et al
2017, Cholis et al 2019

e Consistent with GCE?
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e Systematics from CR propagation

* e.g., Boudaud et al 2020, Helisig et
al 2020, Calore et al 2022, Lv et al
2023

—|— AMS—O2 (Utot)
—— Baseline prediction
Total uncertainties

CIJgOA [GV_1 m2s

talk by Genolini
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Dwarf Limits

Dwarf Spheroidals (dSphs)

Dark matter dominated objects

e Supposedly clean of

astrophysical backgrounds
J-factor from stellar kinematics (if

available)

Including structure formation
physics for ultra-faint dSphs

—— V50=10.5km s~1
—-— Vs0=18kms~?
log-uniform prior

__log-uniform prior
+ GS15 cut

19 20 21
log[J/(GeV?cm™)]
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Bayesian 95% upper limits (cond. on m,)
11 years of Pass 8 (R3) data
31 dSphs, bb channel
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Priors
“~ = log-uniform 4+ GS15 cut
h -1
V;eak = 6kms
—— Vs = 10.5kms™!
— V50 = 18 km S_l

= Thermal relic cross section (Steigman+ '12)
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WIMP mass m, [GeV]

Ando et al 2002.11956
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Constraints on total cross section

dF <0V> Z
dEdQ 87rm2
Planck + Fermi + AMS
e ~1072° cm’s™! is the Total Xsec Least constraining combination

1805.10305

Leane, Siatyer, Beacom, KCYN Neutrinos not included!
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Neutrino limits

IceCube
(Bhattacharya et al.)

QlceCube-HE

Arguelles et al
1912.09486

Neutrinos are the least constraining!
But perhaps the most important for testing WIMP hypothesis

Kenny CY Ng TeVPA 2023 Napoli
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KM3Nel

* Next-general neutrino telescope in
the Northern hemisphere

e Can see the Southern Neutrino
sky!

e (Good angular resolution
e \Water medium

Salvador Miranda et al (+KCYN)
2211.12235
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e Competitive with Direct Detection
experiments.

Press, Spergel (1985)
Krauss, Freese, Press, Spergel (1985)
Silk, Olive, Srednicki (1985)
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Solar WIMP
background

e |[ceCube could soon see Solar
Atmospheric Neutrinos

* Very uncertain background due to
solar magnetic fields

e Recent HAWC observation of TeV
solar gamma rays
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KCYN et al 2017, also
Arguelles+ 1703.07798
Edsjo+ 1704.02892

HAWC+Beacom, Linden, KCYN, Peter, Zhou

2212.00815
Kenny CY Ng TeVPA 2023 Napoli
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Connection to direct detection

e GeV-TeV range
e Neutrino floor is closing

e Coherent scattering of solar, atm, SN
neutrinos

e New opportunities at low energies?

Dark Matter-nucleon cross section [pb]
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Dark Matter Mass [GeV/c?]

e Reverse direct detection

Standard
e Cappiello, KCYN, Beacom 2019 Model

e CR boosted dark matter Physics

 Bringmann, Pospelov 2019 szae:d

e Ema, Sato 2019
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Effects of Dark Matter-nucleon scattering
In astrophysics and cosmology

e Cosmic-ray Energy loss in MW
e Cappiello, KCYN, Beacom 2019

* CR energy loss in star-burst galaxies
 Changes gamma-ray output
* Ambrosone et al 2022

Dark Matter boosted by CR-DM scattering

e Can be detected by DD and v detectors
* Bringmann, Pospelov 2019
e Ema, Sato 2019

mmmm  \[82: Fermi + VERITAS m= = | CTA
NGC 253: Fermi + H.E.S.S.

DM heating, suppressed structure formation
* Rogers, Dvorkin, Peiris 2022

e BBN constraints relativistic light DM Ambrosone et al 2210.05685

e Krnjaic, McDermott 2020 See talks by

- Ambrosone
+ much more - Bringmann
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3.5 keV Saga

X-ray line * = TALTET s
e e.g. sterile neutrinos Qe

Stacked Galaxy cluster analysis
M31 & Perseus cluster
+ follow up works

Boyarsky et al. 1402.4119
Abazajian 2020
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Dessert et al 2020

Recent news

e Dessert, Rodd, Safdi 2006.03974
e vs Abazajian 2004.06170 /

Boyarsky+ 2004.06601
. — fiducial limit
- DRS-2018 energy window too -2}~ et o)
Sm al I | q—~—' extra lines (PN)

- Known background lines changes
the results

-@— 3.5-keV anomaly
=== NuSTAR spatial gradient (this work)
NuSTAR parametric (this work)

e More non-detections

e XMM Halo (Foster et al 2021) X0 Deen By Tooe
e NuSTAR Halo
* Roach et al (+KCYN) 2022 v SRR

e Chandra Halo (Sicilian et al 2020) _ Foster-+21 (XMM)
e HaloSat Halo (Silich et al 2021)
e Swift-XRT Halo (Sicilian et al 2022)

BBN Limit (model-dep.)

69 70 71 72 1.3
DM mass m,, [keV]|

Roach et al 2022
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Also Malyshev et al 2020 for eXTP

Recent news

“Was There a 3.5 keV Line?”

Reanalysis of the Clusters’ data

e Dessert, Foster, Park, Safdi

2309.03254

e Local minima? Parametric

modelling vs Window analysis

eROSITA forecast

Dekker, Peerbooms, Zimmer,

KCYN, Ando 2103.13241

SRG/eROSITA

0.3-2.3 keV - RGB

e XRISM forecast

Kenny CY Ng TeVPA 2023 Napoli
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m., [keV]

e Dessert, Ning, Rodd, Safdi
2305.17160

15.0 17.5 20.0
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Sterile Neutrino DM from mixing

e X-ray limits

Production requirement Suzaku
* Dodelson Widrow 1994

e Shi-Fuller 1999

e (See Venumadhav et al 2015)

Fermi-GBM

e \Warm dark matter constraints

* &g, BBN Limit
* Cherry et al 2017 (model-dependent)

e Nadler et al 2021

10_14 =@®= 3.5-keV anomaly

e Dekker et al (+KCYN) 2022 C7! NuSTAR (previous)

[ NuSTAR (this work, complementary)

e New production methods 6 7 8 910

* e.g., Bringmann et al, 2023
DM mass m,, |[keV]

e U+ U, = U+ U
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Velocity Spectrosco

Launch of XRISM Bt iiés
Dark Gas 7th September

Speckhard et al

2016 e Micro-calorimeter (vs CCD)

e ~0.1% energy resolution (vs ~ 5%)
e Speckhard et al 2016 (+KCYN)

e Powell et al 2017 (+KCYN)

e Zhong et al 2020

e Future mission: Athena (2030s)

Red Shift

o

|
o
o
S

‘\TD
g
v
>
P
Q
=
Q
>
N
Q
-

Blue Shift

\
)
S
S

dF I’ dN
30 20 10 0 -10 —20 —30 —4(; = p_(E(f))df

Galactic Longitude [deg] dEdQ 472- m)( dE

Kenny CY Ng TeVPA 2023 Napoli

21



Heavy Dark Matter

Chianese et al 2019
7.5 yr IceCube HESE

e “Heavier” than typical WIMP window
e Decay is more popular
e (Tak et al 2022, Ann. beyond Unitarity)
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Events per 2635 days

e |ceCube diffuse astrophysical neutrinos
e DM interpretation? Deposited Energy [GeV]
e e.g., Feldstein et al 2013, Esmailli et al 2013, ++++ (a) Channel v, no prior distribution.

102

Conv. atmospheric v, + v, (best-fit)
Prompt atmospheric v, + v, (flux limit)
Astrophysical v, + v, (best-fit)

HESE unfolding: PoS(ICRC2015)1081
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IceCube
2016

(c) Channel W, no prior distribution.
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Heavy Dark Matter

Fermi 1 yr

20" PMT
e Fermi. 10 yr

,\ 8" PMT _.°
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e | HAASO Complementary to
lceCube
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LHAASO Science book
Cao et al 2021
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LHAASO DM search

LHAASO + Ando, Chianese, Fiorillo, Miele, KCYN QB
2022 LHAASO Sky @ >100 TeV

Cao et al 2021

e Gamma rays form LHAASO
e Large field of view observation
e See the northern sky (no GC...)

Crab Nebula

 Multiple sky regions for background
control

Regions of interests [Galactic Coordinate] Regions of interests [Equatorial Coordinate]
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LHAASO DM

e Testing the IceCube DM interpretation
e 570 days of 1/2 and 3/4 KM2A data only!
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LHAASO + Ando, Chianese, Fiorillo, Miele, KCYN
2022
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The Southern Wide-field
Gamma-ray Observatory
(SWGO,) is a next-generation
TeV Observatory that will be
located in the southern
hemisphere.

Science case white paper
https://arxiv.org/abs/1902.08429

See more at swgo.org

ol

Talk by Andrea Albert

e SWGO

The Southern Wide-field
Gamma-ray Observator

at beast 4400 m above sea level

bb Einasto

— this work (10 yr)

SWGO 2019 paper (10 yr)
—— CTA (500 hr)
— thermal
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Conclusion

e Dark Matter indirect detection (DMID
* Full of exciting discoveries
e Challenges from Systematics and Astrophysics
* More data and opportunities ahead
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