/N

» Los Alamos
NATIONAL LAEBEORATORY
E5T. 1943

Current and Future WIMP Searches
& with the Fermi LAT, HAWC, and SWGO

Andrea Albert

Los Alamos National Lab
LA-UR-19-30966

Dark Matter searches in the
2020s

236072300 =100 0 100300300 November 13, 2019

X[m]




Images from the game Clue are us;,ed.
with permission by Hasbro Inc

J "



Images from the game Clue are used
with permission by Hasbro Inc




Images from the game Clue are used
with permission by Hasbro Inc




A

Who? : )
Dark Matter Candidates - Los Alamos
* | will focus on WIMP results, . : I==< SIMP
but other DM candidates can 5|
leave cosmic signatures o b ;
« axion and axion-like-particles
: i ntu[rmu v ADM
coupleto yraysin B fields :

« X-ray lines from sterilev
« vy-raylinesfrom gravitinos

-10 neutralino ¥

log (G / P)
n

+ p-wave DM . E_
- Primordial black holes 20 2
axion a axino J
! -25 sterile
« Can find all DM and BSM neutrino N
searches online -30 o —
- https:/itinyurl.com/HAWCPub . BravIinoe By
* https://tinyurl.com/FermiPub eV keV GV Mo

. <4 -40
https://tinyurl.com/SWGOPub 1815129 6 30 3 6 9 12 15 18

log, y(mpy,, / GeV)
Baer+ PR 555 (2015)
Andrea Albert (LANL) 5



Who? Where? How? Dark Matter Search f-ALosAlamos
Complementarily

PMSSM 19-parameter scan of SUSY parameter space

107°r Complementarity of Different Approaches to WIMP Dark Matter
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Who? Where? How? Dark Matter Search £ Alamos
Complementarily

PMSSM 19-parameter scan of SUSY parameter space

107° Complementarity of Different Approaches to WIMP Dark Matter
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Who? A Benchmark for Indirect Detection: “Lod Alamos
—Thermal WIMP Dark Matter _____ —*
é“ 1 I T TTUTIT I TTTTI I TTTII
£ 0
< 1073
i %8:5 increasing
3 10-6 <gv>
g 1077 \ time in early
- %B-g Ty Universe when
ap 1010 Hﬁj___ amount of DM
= 10°! ¢ freezes out
2 10 ~~tes
E %8—14 EERETIT EERERL IR TTT BRI NI
3 1 10! 102 107
I"H/T time——

E. Kolb and M. Turner, The Early
Universe, Westview Press (1994)

- A particlein thermal equilibrium in early
Universe with weak scale 6, independently
predicts the observed DM relic abundance

. <OV>,,, ~ 3x102° cm3/s



Who? \Where? How?
What’s the mass? > Los Alamos

GeV TeV 100 TeV 1 PeV

Thermal WIMP mass range

AMS-02

—
Fermi LAT
IACTs
lceCube
HAWC

—

~100 TeVis the thermal WIMP unitarity bound
(Smirnov and Beacom PRD 100, 043029 (2019))
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How? Indirect Dark Matter /Lot Alamos
Detection  —o=
Spectral line Broad spectrum ,;Gamma-rays

[
40 Y

% Y X W/Z/q )
/ WIMP Dark / Va
WIMP Dark ' Matter Particles > __.-que
. J'|:+
Matter Particles N W
% WH/Z/g et

\ ) Neutrinos
\ Vu
-

X Y

l«l'\ VuVe
e[
+ a few p/p, d/d

« The Milky Way sits in a large halo Anti-matter
of cold DM (vpy << )

 Expect additional DM overdensities (halos / subhalos)
« e.g. Milky Way dwarf galaxies
* e.g. Galaxy Clusters

« WIMP annihilations (decays) may produce gamma rays

Andrea Albert (LANL) 10



Current Gamma-ray Observatories *LesAlamos

EST. 0943

VERITAS Array

La Palma, Canary Islands . "
29° North Latitude, ~5° f.0.v. Khomas Highland of Namibia

Tucson, Arizona _ N 23° South Latitude, ~5° f.0.v.
31° North Latitude, ~5° f.oy, o0 oV 10 =30 TeV ~30 GeV to ~100 TeV
~85 GeV to ~50 TeV

HAWC ObServaton o -~ e -
£ "tt:::‘:ttx:}‘??b o

Fermi Large
Area Telescpe

Low earth orbit (565 km)
28.5° orbital inclination, ~2 sr f.0.v.

Parque Nacional Pico de Orizaba, Mexico 20 MeV to > 300 GeV, ~100% Duty Cycle
19° North Latitude, ~2 sr f.0.v. (AGILE has similar technology, but has

~50 GeV to >100 TeV, ~100% Duty Cycle limited energy resolution) 11




Current Gamma-ray Observatories '-OSA'amos

VERITAS Array

La Palma, Canary Islands . -
29° North Latitude, ~5° f.0.v. Khomas Highland of Namibia

Tucson, Arizona _ s 23° South Latitude, ~5° f.0.v.
31 North Latitude, ~5° f.o0.v. 30 GeV - =30 Tev ~30 GeV -- ~100 TeV

Imaging Air Cherenkov Telescopes (IACTS)
- have deeper exposure, good angular
£ resolution, but a small field of view (~3% of
the sky) and only operate at night in during
1good weather




Survey telescopes have a large field of view (~15%
of the sky instantaneously), continuous
monitoring, but some have lower effective area
and poorer angular resolution than IACTs

Together, we can observe the gamma-ray sky
across 7 decades of energy (20 MeV to >100 TeV)

Fermi Large
S Area Telescpe

Low earth orbit (565 km)
28.5° orbital inclination, ~2 sr f.o.v.

Parque Nacional Pico de Orizaba, Mexico 20 MeV -- > 300 GeV, ~100% Duty Cycle
19° North Latitude, ~2 sr f.0.v. (AGILE has similar technology, but has

0 GeV -- ~100 TeV, ~100% Duty Cycle limited energy resolution)




OVERVIEW OF RESULTS FROM
FERMI LAT AND HAWC

Andrea Albert (LANL)
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“GeV Excess’” in the Galactic Center » Los Alamos

HATIONAL LABORATORY
» ]
T 3 °
Via Lactea Il, Kuhlen et al.,

Science 325:970-973,2009 Fermi LAT >1 GeV, 6 years, Pass 8 data

Excess emission spectrum peaks around 3 GeV

W :5,[ -

I:ll}?-&]

2 .
wi |
i
Bt

o ¢ R i \
Calore et al. LEEET ) ik
ﬁgggg?ough & Gordon & Mamas ) JCAP 1503 .
Phys.Lett. B697 . PRD 88, 083521 | (2015) Ajello et al.
(2011) Abazajian & (2013) T T (The Fermi-LAT
Kaplinghat Hooper & Slatyer Daylan et al. Collaboration)
PRD 87 129902 Phys.Dark Univ. 2 Phys. Dark Univ. ApJ 819 1 44 (2016)
(2012) (2013) 12 (2016)

Dark matter annihilation, unresolved sources, CR electrons?

* Mirabal (MNRAS 436 (2013)2461), Petrovic etal. (JCAP 1502 (2015)02,023), Cholis et al. (JCAP
1512 (2015)12,005), Leeet al. (PRL 116 051103 (2016)),Bartels et al. (PRL 116 051102 (2016)),
Brandt& Kocsis (ApJ812(2015) 1, 15), Carlson etal. (arXiv:1510.04698) etc.

Andrea Albert (LANL) 15
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“GeV Excess” in the Galactic Center > Los Alamos

EST. 0943

10~ : : GC excess, all cases
— 77T || — Ajello et al (2018) (fit intensity) @ @ Gordon & Macias (2013)
— q ],.' —  Ajello et al (2018) (fit index) % & Calore et al (2015)
= _- (-5 F 4
- I 077 & & sample  Ackerman+ Apd 840 (2017) no.1, 43 |
_— - a7
4 o
= L 5 = 10'F 4
- <=
g et 4
O |
I ol "
AT 1
1073 | O
Calore+ PRD 91 063003 (2015) o 1K
1|]—2T PR | . N A N | . |'4|
10" 10° N 1| LA T BRI 170 S Y B (-
iy [GeV] 10-1 10" 10! 10 10

E (GeV)
Excess of GeV gamma rays from the GC above standard models first detected by
Goodenough & Hooper in 2009 in the Fermi Large Area Telescope data
« If interpreted as DM annihilation, mpy, ~ 50 GeV with ‘WIMP miracle’ cross section

Even when you use different GALPROP parameters, IC and gas models, and include
low latitude Fermi bubbles, excess does *not* go away

 Spectrum can change, but always peaks around 2 GeV
Excess is correlated with the Galactic bulge

 e.g. Macias+ Nature Astronomy 2 (2018) no.5, 387-392; Bartels+ Nature Astronomy
2 (2018) no.10, 819-828; Macias+ JCAP 1909 (2019) no.09, 042



b, Gal. latitude [deg]

Point Sources or Smooth Distribution? °LosAlamos

EST. 0943

’ I L |

| h| HHH
10 i i ol i
0.25f HE T
: : : o] ! it
J 1 I r@dq il
; ; = ! i
0| oasfi | {i el
|! | L4 inewes [
-5 0.101% A |
0.05 |- N | s
-10 : | :
: 9 L I: L ::l
10 5 0 -5 10 000 "4 6 8 10

¢, Gal. longitude [deg] Flux Fraction (%)

Unresolved millisecond pulsars have been proposed to explain the GeV
excess

* Actual distribution would be point sources for MSP and smooth for DM

Evidence, like a wavelet analysis and non-poissonian fitting, has suggested
its unresolved point sources

However, recent study (Leane+ MIT-CTP/5104 2019) shows the non-
poissonian technique would incorrectly identify DM as point sources
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Milky Way Dwarf Spheroidal Galaxies °LosAlamos

Sextans

Ursa Mimnor

- Draco

Coma fwl 'Here 5

l UMall

Milky Wayos

(Bullock, Geha, Powell)
Andrea Albert (LANL)

EST. 0943

The Milky Way is
surrounded by small
satellite galaxies

Close to Earth
(25 kpc to 250 kpc)

Optical Luminosities
from 103L g to 107L g

Astrophysically
inactive

Most dark matter
dominated objects
known

A.Drlica-Wagner
DPF 2013

18
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6 year Fermi LAT dSphs Results -losAlamos

EST. 0943

1 = ——— — —r
—  Ackermann et al. (2015) -
| = Nominal sample
10~ Median Expected
i 68% Containment
— 095% Containment
l:i: N -
=, 107" F E
= v
HE, 107} ‘
Albert+ ApJ 834 (2017) no.2, 110
10— - -
: hh ]
pal i i i L 1l - i i i L 2l - i i i L i |-
10" 10° 10% 10

DM Mass (GeV)

Red -- Joint likelihood limit of 15 well characterized dwarf galaxies

Black -- Joint likelihood limit of 40 dwarfs including those with unknown or
unconstrained J-factors

* Includes 24 newly discovered dSphs
dSph limits are starting to constrain the DM interpretation of the GC excess



DEC (J2000) (deg)

420

415

410

40.5

40.0

395

o 2
GeV Emission from M31 - Los Alamos

EST. 0943

Ackerman+ ApJ 836 (2017) no.2, 208

1 10-1[)
{25

S1
E? dN/dE (ergcm 2 s7!)

10 L :
125 120 115 11.0 105 100 85 8.0 85 ]_02 1[}‘L 1()‘1 ]CIb

RA (J2000) (deg) Energy (MeV)

M31 detected by Fermi-LAT at 106 with evidence of extension
(0.4 degrees) at 40

Emissionis correlated with central bulge, not atomic gas
Spectrum is consistent with a power law index = 2.4



Is the M31 Emission from DM?

G =21
10 3 z 27.8 10 .
- == Albert et al. 2017 —_— M31 —— Gordon and Macias 2014
Best fit 25.8 10-22 — M33 —— Dylan et al. 2014
-- Albert et al. 2017 Calore et al. 2014 A

10°

g -23
; 21.9 — 10
W
y S—
- = mE
- 199
T S107%
4 —_—
17.9 >
T B
15.9 10723

» Los Alamos

HATIONAL LABORATORY
EST. 0943

Thermal relic (ov)

10-261 —

—— Abazajian et al. 2014

-27
10 101

\
m, [GeV] Mauro+ PRD 99, 123027 (2019)

« DM only interpretation of M31 emission is mostly excluded by dSph limits

« When accounting for additional non-DM astrophysical sources, no
significant DM excess is seen
* ISMgamma-ray models tuned on data from other wavelengths
* Herschel/PACS map at 160 um, the Spitzer/IRAC map at 3.6um, and
the atomic gas column density NH map
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Local Positron Fraction Mystery > Los Alamos
25 AMS 2016 : | s o,

% B http://www.ams02.org/wp- o.2l— o AMSH1
G = content/uploads/2016/12/Fig4.png - 1 l A TS93
=20 { c f| . I ¢t ! CAPRICES4
s L 2 TN .
e | g M + 2014 Data
% 1 5 = E PRL 113, 121101 [mllﬂ
e r e of . - - -
5 L © | s.Schael (AMS Coll) TeVPA 2016
[T - = -
wl0— Dark Matter a - » 2016 Data

- Ulisie,, 1TeV o o2f

B N WC.;.S , i vt t |

5 _— n?.h:- lﬁ’ - o Ll

N WS s (R] S

- h isy v

- Energy [GeV g

] .g}f[....]... e oL , , ~ e*energy [GeV]
1 10 102 10 100 200 300 400 500 600 700

« AMS-02 on board the International Space Station observes local cosmic rays since 2011
« TeV eetlose energy quickly and therefore must be produced locally (d <~100 pc)

« secondaries produced by cosmic ray interactions with ISM (spallation)

« primaries produced by local source (Geminga? Dark matter?)
« Larger positron flux observed above ~10 GeV than expected from secondaries

« First observed by Pamela in 2009, since confirmed by Fermi LAT and AMS-02

« Arethey from alocal cosmic accelerator or dark matter? 22



Dec. [deq]

HAWC Observations of

Geminga and Monogem
3 e HAWC observes extended
Moon emission from both the Geminga
(to scale) and Monogem (PSR B0656+14)

pulsars

e Theseareboth nearby, middle-
aged pulsarsthatcould be
producing theobserved local

PSR B0656+14 . positrons

Geminga Monogem

3.2x10% 3.8x10%

3.42x10° 1.1x10°
250 288

109 104 99

R.A. [deg]
; Science 358 (2017) n0.6365, 911-914

-4 -3 -2 -1 0 1 2 3 4 5
Significance [sigmas]

23
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Electron/Positron Diffusion Coefficient *LosAlamos

EST. 0943

Distance from Pulsar [degree] Local positronflux

— 0 2 3 6 4 10 ,
~ 12 . . ’ 10°
o
S A Geminga
T 10 ¢ Data L
By == BestFitD =10 10
]

I «©
§ os v A
> - ) ®
}q_) '.m 10° 3
2| 0.6 } E
o % ¢
2 8

= 10!
A 0.4 =
4 3
E w
o ¢
5 0.2 1077 | e 0.33 (base) - - radx 10%yr
v S=0.3 = = Fit param. syst
% 6=0.35 3o range (base)
€ 00} w— 1 w36% 10%yr ® AMS-02¢°
2 + - - - 1072 :
n 0 10 20 30 40 50 109 10°2 10 10'

Distance from Pulsar [pc .
: P€l gseience 358 (2017) no.6365, 911-914 Energy (TeV)

 TeV radial profile - measurement of e*e- diffusion at the source
« Measured diffusion at 100 TeV is ~100 times smaller than the ISM diffusion
derived from the B/C ratio
* Diporey = 4.5£1.2x10%7 cm?/s
 Using the measured diffusion coefficient , e*/e- cannot reach Earth and
Geminga/Monogem do not explain the positron excess
 Assume diffusion coeff is constant from source to Earth 24



Surface Brightness [1072 TeV cm~? s~} deg~?]

Electron/Positron Diffusion Coefficient < LosAlamos

EST. 0943

Sum
———— Geminga
B0656+14

1071F ceiniens Other Pulsars
i o

+ P,-)

- E @
yand® ",
[

.
.
. .
........
........

D+ /(D

10'

Hooper+PRD 96, 103013 (2017)

107 102 T
E,

But, if you use a variable diffusion coefficient, the positrons can reach Earth and
explain the positron excess
o D.Hooper+ PRD 96, 103013 (2017); K. Fang+ ApJ 863 (2018) no.1, 30;
S. Profumo+ PRD 97, 123008 (2018) 25



E20, [GeV/cm?/s]

Fermi-LAT Observations of Geminga

107° 5
3 loband yo.=2.3
—— Best fit yo=2.3
loband ye=2.0
—— Best fit yo=2.0
Hawc diffuse template
1077 5
10—8_
58 Di Mauro+ arxiv:1903.05647
10! 102 10° 10 10°
E [GeV]

J.E? [GeVZ m—2 g1 gr!
k

Johannesson+ arXiv:1903.05509

/A
s l;; Alamos

HATIONAL LABORATORY
EST. 0943
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Gemingais detected at ~1006 as an extended object with Fermi LAT

CRinjection functionis not well-constrained by HAWC data, but can
be at GeV energies with Fermi LAT

« CRinjectionis degenerate with size of diffusion zone

Depending on propagation and injection models, Fermidatashows
Gemingacan produce up to 20% of the AMS-02 positron excess



Diffuse Flux above 3.5 TeV

Predicted Future TeV Halo Detections '-OSA'a“‘OS

EST. 0943

_*"I H )
100 Edge of HAWC FoV Quisida HAWG
- Declination Range
= _E0 0
3 50 <pb<5
g 10f ]
: o
Z B 10yr HAWC (Morth) ]
HAWC-like (All sky)
ﬂ'|1 i i L i
Wit —a T Sudoh+ Phys. Rev. D 100,
- L
= "‘*'--.. Tre— 043016(2019)
r] "i.h- e e ———
|E —————— —-= Milagro
S 4™ ~S—— =T === 10yr HAWC (North) 3
—= HAWC-like (Al sky) |
0 Elﬂ 510 'EI:I} 120 150 *IEI-'IIII 210 E-;l] 270 SIEIEI 35“] 360
| [deqg]

- Extended TeV emission from pulsar wind nebula are a new class of
objects: TeV Halos

* Able to detect pulsars without radio pulses
10 years of HAWC observations are predicted to find ~70 new TeV halos
* Future discoveries will expand our knowledge about these sources



Lo3A
HAWC Dark Matter Targets T OANAMOR

EST. 0943

Cadeanaseratic ¥
1

Coma Bereni¢es
A N it’"’*"

0 1 2 3 4 5 6 7 8 9 10
significance [o]

« HAWC has a wide field of view making it sensitive to extended objects
- HAWC surveys % of the sky every day, including several DM targets

28
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Dark Matter Limits -- tau*tau » Los Alamos
DM Annihilation Cross Section DM Decay Lifetime Lower
10_13 Upper Limits 1033 Limits
= HAWC M31 32 — HAWC M31
10-19 — HAWC Gal. Halo Einasto | 1077 }|— Hawc Gal. Halo Einasto
= HAWC Combined 15 dSph 1031 m— HAWC Combined dSph
— 107" - - VERITAS Combined 5 dSph Fermi LAT Isotropic
g excluded HESS GC Einasto 1030 |- - VERITAS Segue |
= 10'21 - - - Fermi LAT Combined 15 dSph |1 5g || = Fermi LAT Combined dsph
g 10_22-..__‘__‘_____ MAGICI:E-Q hrs Segue | | = 10 ..+ IceCube(2018)
- ' —" T = 1n28]
AN L — 10
'é 10 Tes ..-"F'?'F 102?_-
\I""III '24 = e e .
1077 ] 1026
25 25
10 Thermal, un-enhanced hb 1024 excluded
10° 10° 10’ 10° 10 10 10 10

m, |GeV] m, |GeV]

HAWC M31: Albert+ JCAP 1806 (2018) 043, HAWC Gal Halo: Abeysekara+ JCAP 1802 (2018) 049
HAWC dSph: Albert+ ApJ 853 (2018) no.2, 154

« No gamma-ray excess detected in any target
« Limitsset on DM annihilation cross section and decay lifetime
« Ableto see extended objects (e.g. Galactic Halo)
« Onlygamma-ray limits published from 100 TeVto 1 PeV
29
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Search for DM substructure > Los Alamos

HATIONAL LABORATORY
EST. 0943

: Characteristic T * = Annihilation Upper Limits
10-

— MpM =1 TeV
w— MpM =2 TeV
— MpM =3 TeV
w— MpM =5 TeV
= MpM =10 TeV
Mpm =21 TeV
== MpM =39 TeV
== MpM =59 TeV
- Mpm =88 TeV
¢ === MpMm =108 TeV

10—-2 .

J{ov) [Geviem=2s71)

10—3 4

logyo(J)

Abeysekara+ JCAP 1907 (2019) 022

« Know the Milky Way halo contains substructure (dSphs)

« Various simulations predict differentamount of substructure
 No pointsources detected significantly preferred DM models
« Calculatecharacteristic limits at all declinations

« Thesecan beused to calculate HAWC limits forany DM model
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HAWC S tral Line S h - Los Alamos
p eC r a I n e ear C NATIONAL LABORATORY
EST_ 1943
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« DM annihilation directly to gammarays produces a spectral line at
the DM mass

« HAWC line search explores 20 -- 100 TeV for the firsttime
« HAWC DM linelimits arethe strongestfrom 10— 100 TeV



FUTURE GAMMA RAY PROSPECTS

Andrea Albert (LANL)
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SWGO

Albert+ arXiv:1902.08429
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differential point source sensitivity
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Proposed HAWC-like water Cherenkov array in the Southern

Hemisphere

* Plan to have 10x HAWC’s sensitivity

Collaboration has formed

Will complement CTA and be the most sensitive southerngamma-

ray experimentabove 10 TeV



SWGO WIMP Sensitivity

~10%

T T TTITT
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SGSO GC Halo (10 yrs)
= CTA GC Halo (500 h)
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----- LAT 60 dSph {15 yrs) :
+ Viana+ arXiv:1906.03353
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HATIONAL LABORATORY
EST. 0943

Fermi LAT + CTA + SWGO will explore thermal WIMPs from 5 GeV -- 100 TeV!
There is overlap in mass between experiments which will allow for multiple

potential detections
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Summary * Los Alamos

EST. 0943

Dark matter annihilations (decay) are predicted to produce a
cascade of secondary standard model particles, which produce

gammarays
« We can search for these cosmic messengers with a network of
ground-based and space-based observatories

Current gamma-ray limits are probing thermal WIMP models

Some intriguing anomalies exist that require extensive follow up

work from all experiments to complete the picture
« The fundamental particle properties of DM (e.g. mass) must be the
same from all messengers and targets

The future is bright and full of exciting questions!
« With continued Fermi-LAT observations, CTA, and SWGO we can
probe some thermal WIMP models from 5 GeV to 100 TeV

Andrea Albert (LANL) 35



