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Dark matter searches

* Indirect detection: look for Standard Model particles - electrons/positrons, photons,
neutrinos, protons/antiprotons - produced by DM interactions.

* Direct detection: look for Standard Model particles recoiling from collisions with
invisible dark matter.

» Colliders: produce DM or dark-sector particles in collisions, look for missing
energy / decay products.

X X

X SM SM

X SM SM SM  SM

Indirect detection Direct detection Collider

Time
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Dark matter searches

* |Indirect detection:|look for Standard Model particles - electrons/positrons, photons,

neutrinos, protons/antiprotons - produced by DM interactions.

* Direct detection: look for Standard Model particles recoiling from collisions with
invisible dark matter.

» Colliders: produce DM or dark-sector particles in collisions, look for missing
energy / decay products.
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« Axion searches: DM

Dark matter searches

* |Indirect detection:|look for Standard Model particles - electrons/positrons, photons,
neutrinos, protons/antiprotons - produced by DM interactions.

* Direct detection: look for Standard Model particles recoiling from collisions with
invisible dark matter.

» Colliders: produce DM or dark-sector particles in collisions, look for missing
energy / decay products.

behaves as coherent
. SM
field, not particle. See

talks by Safdi, Wester, | | | | |
VR e Indirect detection  Direct detection Collider

break it shake it make it

Armendariz, Mohapatra. Time



Direct or indirect!

* Scattering (direct-detection mechanism) — indirect signatures (observed with telescopes)
» Dark matter can capture in the Sun or Earth by scattering, then annihilate leading to neutrino signals.

» Scattering can heat or even destroy astrophysical bodies [talk by Tsai] - potentially strong limits if very cold
neutron stars are observed [Baryakhtar et al | 7; talk by Raj].

~+ Elastic scatterlng between DM and VISIb|e partlcles could modlfy cosmic- -ray propagatlon [talk by Capplello]
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Decay

SM

quarks? leptons!?
> ‘ gauge bosons!

new Cascading decays according

physics Y P to known SM processes

dark matter known particles long-lived known particles
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[See talks by Natale, Liu for

examples where 3—2
annihilation is important.]

new Cascading decays according
DM physics SM 4 to known SM processes
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Where to look!

» Early-universe observables (Big Bang nucleosynthesis, cosmic
microwave background, possibly 2|1cm emission in the future).

» Dwarf galaxies [see talks by Drlica-VVagner, Boddy, Keeley, .
Yapici, Carpenter e

- Galactic center
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Where to look!

independent of late-time
DM distribution
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Current limits

Short version:

Thermal annihilation cross-section benchmark ruled out / in tension for DM masses below
|0-100 GeV, for non-neutrino final states.




Planck-




Licht DM annihilation

<<| GeV:dominant annihilation to electrons/positrons, photons, neutrinos

- DM annihilation to electromagnetically interacting particles can induce additional ionization in early
universe, distort CMB anisotropy spectrum - places stringent limits on e+e- and photon channels.

* For velocity-suppressed annihilation, CMB constraints are weak; stronger limits come from

measurements of the photon Galactic diffuse background, and measurements of cosmic rays by
AMS-02 and Voyager.
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WIMP-scale DM annihilati

~GeV-100 TeV DM masses: rich array of possible annihilation products | — Nominal sample

- Median Expected
68% Containment

CMB rules out thermal relic cross section for s-wave annihilation for masses below Jig 5% Contatnment
~10 GeV (unless annihilation is dominantly to neutrinos).

For photon-rich channels, stronger limits from dwarf galaxies (modulo J-factor
uncertainties) - rule out thermal relic cross section below several tens of GeV. At

masses above | TeV, strong limits from H.E.S.S observations of the inner Galaxy
(Abdallah et al ’16). T e TiE

Albert et al ‘17 DM Mass (GeV)

AMS-02 antiproton bounds are also competitive for hadronic channels, and for Emmanuel Moulin [H.E.S.S.] ICRC2017 (893)

annihilation to e+e-, there are strong limits from AMS-02 positron measurements. 254h, DM DM — yy
Einasto profile

For gamma-ray lines, strong limits from Galactic center gamma-ray observations.
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~GeV-100 TeV DM masses: rich array of possible annihilation products

CMB rules out thermal relic cross section for s-wave annihilation for masses below
~10 GeV (unless annihilation is dominantly to neutrinos).

For photon-rich channels, stronger limits from dwarf galaxies (modulo J-factor
uncertainties) - rule out thermal relic cross section below several tens of GeV. At
masses above | TeV, strong limits from H.E.S.S observations of the inner Galaxy

(Abdallah et al ’16).

AMS-02 antiproton bounds are also competitive for hadronic channels, and for
annihilation to e+e-, there are strong limits from AMS-02 positron measurements.

For gamma-ray lines, strong limits from Galactic center gamma-ray observations.
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Light DM decay

» Light decaying DM can be constrained by photon diffuse background.

» Comparable constraints on ete- channel from the early universe [talk by VWWu] - e.g. heating of the
gas, CMB limits on extra ionization (see e.g. Diamanti et al ’| 3, Liu, TRS & Zavala "1 6, TRS & Wu ’17).

* Very powerful constraints on |0 MeV-GeV DM decaying to electrons from Voyager.

Decaying Dark Matter
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Heavy DM decay

» GeV+ decaying DM constrained by
dwarf galaxies, galaxy clusters,

extragalactic gamma-ray background,
Milky Way halo.

Lifetime lower limits ~10%7-28 s, for DM
masses in the 10-10'° GeV range, for

representative hadronic decay channels.

—— Fermi (this work)
IceCube (this work) V

022221 IceCube 30 (Comb.) .

IceCube 30 (MESE)

1010

FIG. 1: Limits derived in this work on DM decays to bb,
as compared to previously computed limits using data from
Fermi (2,3,5), AMS-02 (1,4), and PAO/KASCADE/CASA-
MIA (6). The hashed green (blue) region suggests parameter
space where DM decay may provide a ~30 improvement to
the description of the combined maximum likelihood (MESE)
IceCube neutrino flux. The best-fit points, marked as stars,
are in strong tension with our gamma-ray results. The red
dotted line provides a limit if we assume a combination of
DM decay and astrophysical sources are responsible for the
spectrum.




Neutrinos from dark matter

 Neutrino experiments can constrain and cross-check DM annihilation/decay to any
SM particle that decays producing neutrinos.

* Unique sensitivity if neutrinos are main annihilation/decay product.
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SuperK and IceCube set stringent limits on GeV+ DM

annihilating to neutrinos. Even for non-neutrino
channels, can set competitive limits at high mass scales.

Talks by Flis, Tonnis & Rott, ICRC20] 7]

Galactic Halo DM annihilation searches cover 10
GeV - 300 TeV Dark Matter masses with 4 analyses:

e ANTARES GC 2007 to 2015

 |ceCube Galactic Halo Cascades 2yrs
e |ceCube Galactic Center Tracks 4yrs (incl. 3yr

MESE)
* |ceCube Galactic Center Track 3yrs (low-energy)
* |ceCube [arXiv:1705.08103]

e e
. 8 IC 3yr halo cascades =4 1C 2yr cascades :
. @9 IC 3yr GC tracks — - ANTARES GC -

ANTARES Physics Letters ..

- Yoy IC 4yr PS+ 3yr MESE
: B 769 (2017) 249-254

IceCube Preliminary
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Beyond constraints:




The 3.5 keV line: signals and constraints

3.5 keV X-ray spectral line: initial discovery in XMM-Newton data claimed by Bulbul et al ‘14 and
Boyarsky et al ‘|14, at ~40 significance. [See plenary by Bulbul.]

» Possible non-DM contributions: atomic lines (from K, Cl, Ar, possibly others), charge-exchange
reactions between heavy nuclei and neutral gas.

Hitomi (30)

» Simplest dark matter explanation: decay of ~/7 keV
sterile neutrino (summarized in figure)

* In some tension with observations of dwarfs
(Malyshev et al ’14), stacked galaxies (Anderson
et al '14),and M31| observed by Chandra
(Horiuchi et al " 14).

* Other DM-related explanations: annihilation,
de-excitation, decay to axion-like particles |
which convert to photons in magnetic fields. Abazajian ‘17




Testing the 3.5 keV line

* There are already stringent constraints on DM decay to X-ray photons
from X-ray telescopes, most recently NuSTAR.

Satellite
Counts

10'14

- Difficult to separate DM-associated line signal from possible ‘
astrophysical backgrounds. o 10!

Perezetal'l7 m [kev]

 One strategy: seek energy resolution sufficient to probe velocity distribution of DM in Galactic
halo, via Doppler shift causing line broadening [talk by Laha; Speckhard et al |16, Powell et al "1 7].
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* One possible instrument: Micro-X sounding
rocket, DM search flight scheduled for 2019.

Cl XVII
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Events /2.5 eV
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» Short exposure (5 minutes per flight)

| Boyarski et al line
'+ strength calibrated assuming NFWV proflile

* No pointing information

» Large field of view (20 degree radius)

3.5 3.55 3.6 3.65 3.7
Figsueroa-Feliciano et al ‘15 Energy [keV]

* Excellent energy resolution (3 eV)



The GeV excess

Apparent new gamma-ray component, discovered in 2009 by Goodenough &
Hooper using public Fermi data. [Plenaries by Lisanti, Gaggero; parallel session . .
talks by Escudero, Keeley, di Mauro, Bartels, Macias.] Al e

Spectral energy distribution peaks around |-3 GeV.
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Centered ~on Galactic Center (GC), steeply peaked power-law-like radial
profile, ~spherical.

If interpreted as DM annihilation, suggests O(10-100) GeV mass scale, near-
thermal cross section. Details depend on modeling of backgrounds (see e.g.
Karwin et al ’| 7).

10-50 GeV residual

—
o

Faint hints (<30) of possible corresponding signals from two dwarf galaxies
(Reticulum Il and Tucana lll), but whether these are consistent with GCE + null
results depends strongly on (not well constrained) dwarf |-factors.
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Several studies suggest evidence for a non-DM origin (Lee, Lisanti, Safdi, TRS &
Xue ’| 6, Bartels et al ’| 6, Fermi-LAT Collaboration ’17) - most frequent Daylan, Finkbeiner, Hooper, Linden, Portillo,

hypothesis is a new pulsar population. Possibly testable with radio telescopes Rodd & TRS*16
(Calore et al '16).



- Limit dSphs bb, Akermann (2015)

-- Limit dSphs bb, Albert (2016) Ll
. al |P| OTONS

- See also plenary by Gaggero, talk by Bachlechner.
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» Cuietal’l7 and Cuoco et al "1 7 use AMS-02 antiproton data to set
limits on DM annihilation to hadronic channels.

— Limit CR bb with systematic uncertainty
I 1-30 bb DM detection

+ Both papers claim detection of a possible excess with significance
4.50 (Cuoco et al) / Bayes factor 2 In K = | |-54 (Cui et al).

Cuoco et al ‘I7

- Similar fits for other annihilation channels
with ~thermal cross sections, 40-130 GeV

mass (Cuoco et al 'l 7). c 3
* Broadly consistent with GCE dark matter = T = ! I
7 / - eestm(dg =0) o [ { { pbar/p AMS-02
Interpretation. © ; ey ° PTG | S erinte e

» Challenges: modeling of antiproton
production cross section, cosmic-ray
propagation, solar modulation.




AMS-02 positrons
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AMS-02 sees a large excess of positrons above ~|0 GeV,
compared to expectations for secondary positrons from proton
collisions with the interstellar medium.

=
-
—
-
Q
()]
Q.
(7p)
c
o
-
O
@
w

E°® Flux [GeV*/(s sr m? GeV))]

Extensively discussed as a possible signature of DM annihilation or
decay, albeit in tension with other measurements [talk by Buch].

Recent development: HAWC has detected extended gamma-ray
emission around two nearby pulsars, Geminga and B0656+ 4
(Abeysekara et al '| 7, 2HWC catalog); talk by Linnemann.

If interpreted as a halo of inverse-Compton-scattered light, these
results constrain e+e- production by these pulsars.

Hooper et al '| 7 argue these measurements suggest pulsars
provide a dominant contribution to the AMS-02 positrons [talks
by Linden, Hooper].

Sam Ting, 8 December 2016, CERN colloquium

AMS (2016)

16,500,000 #HH
electrons

1,080,000
positrons

e* energy [GeV]

Sum
—— Geminga
B0656+14

Other Pulsars
&

Hooper et al | 7 - example model

Positron Spectrum




(an incomplete sample of)
Future directions

* Modeling signal: better understanding of dark matter distribution - substructure,
populations and properties of dwarf galaxies, presence/absence of dark disks, etc [talks by
Nierenberg, Schutz, Bechtol].

* Modeling background: improved methods for modeling the gamma-ray foregrounds/
backgrounds [talks by Porter, Calore], new probes for pulsars with MeerKAT/SKA.

* First results now emerging from DAMPE [plenary by Zimmer], CALET [talk by Asaolkal].

* Future missions: many, but include CTA for high-energy gamma rays [talk by Otte],
AMEGO in the MeV-GeV gamma-ray band [talk by Meyer], GAPS to probe cosmic-ray
antideuterons [talk by Perez], new windows on the early universe with CMB Stage 4 &
2| cm experiments.



Summary

» Current indirect constraints: cover a wide range of masses and cross sections/lifetimes.

+ Decay lifetimes (for 100% of the DM) shorter than 10~%® s can be excluded across the keV-EeV mass range.

* We can rule out s-wave annihilating DM with a thermal relic cross section for masses below 10-100 GeV depending on
channel - except if annihilation is to neutrinos, where the limit is a few orders of magnitude above the thermal value across a
large mass range.

- There are several tentative signals that might originate from DM physics, but could also come from astrophysical sources:

3.5 keV line observed in clusters, Galactic Center and the Chandra Deep Field. [See Bulbul’s talk!] Future high-energy-
resolution instruments could potentially detect the Doppler shift due to the motion of the dark matter, establishing or
refuting a DM origin.

+ Few-GeV gamma-ray emission observed from the Galactic Center; and possibly (low significance) from dwarfs [Lisanti’s talk!]

A possible excess in cosmic-ray antiprotons peaking at ~10-20 GeV, consistent with 40-130 GeV DM annihilating with a
thermal relic cross section (but with potentially large systematic uncertainties).

The well-established large flux of high energy positrons (~10-600 GeV); HAWC measurements of gamma-ray halos around
nearby pulsars may shed light on the pulsar contribution to the positron flux.



BONUS SLIDES




See plenaries by Lisanti,

Gaggero; parallel session
talks by Escudero, Keeley, di T h e G ev eXC e S S

Mauro, Bartels, Macias.

Apparent new gam ma-ray Calore, Cholis & Weniger’ 15
component. '

Daylan, Finkbeiner, Hooper, Linden, Portillo, Rodd & TRS ‘1 6
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0.5-1 GeV residual 1-3 GeV residual
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Based on Fermi Gamma-
Ray Space Telescope data
initial discovery 2009 by
Goodenough & Hooper.
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Spectral energy distribution
peaks around |-3 GeV

0 -10

3-10 GeV residual

Centered on Galactic
Center (GC), steeply
peaked (flux/volume ~ r-%°),
appears ~symmetric under
rotation about the GC.
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s 1111

— ww- Agrawal et al ‘15 (high-mass DM)

Dark matter =
Interpretations

Many studies have been performed of possible DM
interpretations; most suggest a O(10-100) GeV mass scale
for the DM, and a near-thermal cross section. Details depend
on modeling of backgrounds (see e.g. Karwin et al ’| 7).

(ov)T [107%%cm?/s)

m,[GeV]

Some tension with non-detection in dwarf galaxies.

But also faint hints (<30) of possible corresponding signals
from two dwarf galaxies (Reticulum Il and Tucana lll).

However, (a) consistency with Galactic Center excess, and
with non-detection in other dwarfs, depends strongly on Geringer-

uncertainties in DM content/distribution, (b) significance e etd
depends strongly on prescription for trials factor.

Energy [GeV]



Evidence for pulsars

* Overall spatial morphology suggestive of dark matter origin (NFWV-like profile, appears roughly symmetric,
doesn’t trace Galactic disk).

- But studies of photon fluctuations find evidence (Bayes factor ~10°, ~60) for point-source-like structure.
Spectrum consistent with either light dark matter or gamma-ray pulsars.

DM origin hypothesis dark matter onl hoint sources onl Pulsar origin hypothesis

signal originates from a
collection of compact objects,
each one a faint gamma-ray
point source

signal traces DM density squared,
expected to be ~smooth near GC
with subdominant small-scale
structure

® | ee, Lisanti, Safdi, TRS & Xue ’| 6: non-Poissonian template fitting (see also Mishra-Sharma
et al ' 7 for public code package).

® Bartels, Krishnamurthy & Weniger ’| 6: wavelet analysis.

® Most recently, Fermi-LAT Collaboration ’17: studied point sources in this region with
pulsar-like spectra, found evidence for a point source population centered on the Galactic
Center, compared to the fit with a disk population alone.

Data: bright sp‘otsl drive
preference-for point Seurces




The extragalactic gamma-ray background

— [2,5] GeV — [1,2] GeV
— [5,10] GeV - - Ackermann et al. (2015)

Hannes-S. Zechlin ICRC2017 (922)
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T. Yapici [HAWC] ICRC2017 (891)

— HAWC (w/ Trill)
HAWC (w/o Trill)
- Triangulumi|
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Other dwarf galaxy limits

Ursa Major Il - 145 hours

VERITAS 216 hr combined Limit

5
Mass [Ge1\9]
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Additional decay limits

Joaquim Palacio [MAGIC] ICRC2017 (920)

H, 68% containment

H, 95% containment

H, median

New Result!

— MAGIC Perseus (270h)

10°
Mpy [GeV]

T. Yapici [HAWC] ICRC2017 (891)

— HAWC (w/o Trill)
HAWC (w/ Trill)
Triangulumi|
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- HAWC bb (Virgo)

HAWC tf (Virgo)

HAWC W-WwW"* (Virgo)
HAWC = u' (Virgo)
HAWC =t " (Virgo)
Veritas Seguel bb
Veritas Seguel W—-w'
Veritas Seguel u~u'
Veritas Seguel T~ 1t

HAWC bb (w/o Trill)
HAWC tT (w/o Trill)
HAWC W-=W"' (w/o Tnll)
HAWC u~u'* (w/o Tril)
HAWC 7 r' (w/o Trill)
HAWC bb (w/ Trill)
HAWC tT (w/ Trill)

HAWC W=wW"' (w/ Tril)
HAWC u~u' (w/Trll)
HAWC v r* (w/ Trill)




