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Dark Matter

Various astrophysical and cosmological observations have shown that there may
exist some non-relativistic particles contributing as additional gravity sources
at different scales.
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Do they interact with known particles in the Standard Model?



Dark Matter

Searches for DM heavier than 2> few GeV —TeV thus far have yet found evidence
of DM-nucleon (xN) interaction and will eventually reach the neutrino floor
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— (partly) “motivates” the consideration of other candidates with different
masses and/or interactions



Dark Matter with high velocities/energies?

Experiments relying on nuclear recoils to probe the DM—nucleon cross-section
quickly lose sensitivities for m, going below a few GeV, assuming local DM
velocity distribution is ~ virialized, i.e., (vy) ~ 1072 ¢
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Dark Matter with high velocities/energies?

Experiments relying on nuclear recoils to probe the DM—nucleon cross-section
quickly lose sensitivities for m, going below a few GeV, assuming local DM
velocity distribution is ~ virialized, i.e., (v,) ~ 1072 ¢

However, just like the existence of
non-thermal components of SM
particles, there can possibly be a
“non-thermal” component of DM
whose velocities far exceed (v, )

— boosted (light) DM from the
annhilation or decay of (heavy) DM

[Agashe+ 2014, Bhattacharya+ 2016,...]

— upscattered DM by cosmic rays
[Bringmann+ 2018, Ema+ 2018, Cappiello+ 2019]

— many other theoretical possibilities...
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Cosmic-ray up-scattered Dark Matter



How many up-scattered DM?

For a simple 2-to-2 scattering, for E, > m, > m,:
Ly
1+ (mg/(2myEp))

Emax ~
X
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For a simple 2-to-2 scattering, for E, > m, > m,:
Ly
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X

Back-of-the-envelope estimation gives the up-scattered DM flux:

E?®, ~ E*®y - (py/my) - 0xp - L
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CR upscattered high-energy DM: Galactic case

The differential DM flux upscattered by cosmic rays in Milky Way:

MWV Q) = Ny / cw/dE Px(r) ®,(E,) D,y (E,, Ex)o
x o dE, P o pX

cosmic rays spectrum
DM number denS|ty

NFW profile

Sun’s location

For isotropic CRs:
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transfer function D, (E,, E,) = Foes(E,)
X p

Fmax ~, Ep

- 1+ (mg +m3)/(2my Ep)

clusters

**note that we have neglected the inelastic scattering which

should take place when s > O(1) GeVZ**
cosmic rays uniformly distributed within

a disk with R = 10 kpc and h =1 kpc



CR upscattered high-energy DM: Galactic case

The DM energy spectrum:
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CR upscattered high-energy DM: Galactic case

The DM energy spectrum: The DM angular distribution:
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CR upscattered high-energy DM: Extragalactic cases

Intergalactic CRs can also upscatter relic DM (integrated over redshift z):

cilt
dz

(I)EG(EX) = /dEp/O dwpxngl(l +2) F(Ep, 2) Dy (Ep, Ex (1 + 2))

present-day relic DM number density: n) ~107% (GeV/m, ) cm™?

red-shift dependent CR flux:
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CR upscattered high-energy DM

. Extragalactic cases

We have considered three cases:

(i) EG1: no source evolution

(i) EG2: S(2’) o« the SFR

(iii) EG3: stronger (AGN-like)
S(2")

[Alosio+ 2015, Batusta+ 2019]

SFR: star formation rate

lockback time (Gyr)
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CR upscattered high-energy DM: Extragalactic cases

We have considered three cases:

(i) EG1: no source evolution

10~
(i) EG2: S(z') o the SFR ey =10 o
1077
(iii) EG3: stronger (AGN-like)
S(2')

[Alosio+ 2015, Batusta+ 2019]

SFR: star formation rate
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— comparable flux as the galactic case!

solid: m, =1 keV, dashed: m, =1 MeV




High-energy DM Events at IceCube and Constraints



lceCube — a high-energy neutrino telescope

Typical event types seen in lceCube:

Charged-current v, Neutral-current / ve Charged-current v
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DM-—nucleon scattering can possibly disguise as a NC event

— one can use lceCube to probe high-energy DM



lceCube — a high-energy neutrino telescope

lceCube has measured astrophysical neutrinos at ~ 100 TeV — few PeV
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lceCube — a high-energy neutrino telescope

lceCube has measured astrophysical neutrinos at ~ 100 TeV — few PeV
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— excited some work to “help” E.g., boosted DM, neutrino decay,...



Computing the DM events in IceCube

We rescale the “effective area” of v, NC cascade events released by lceCube
to compute the DM events
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Computing the DM events in IceCube

We rescale the “effective area” of v, NC cascade events released by lceCube
to compute the DM events

Nevent (Eda Qd) — f dtdEsdQsAeff<E87 QS) Eda Qd)(I)s(E87 Qs)
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Backgrounds to high-energy DM searches in lceCube

Two main background sources to high-energy DM:

(i) Atomspheric muons and neutrinos from CR interactions
[lceCube 2014]

— we take from the available !
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b) do not assume any prior on N, o and 7, o



Constraints on DM—N cross section: Galactic case

—1 2
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Constraints on DM—N cross section: Extragalactic cases

Considering extragalactic component yields similar results

IceCube six-year data
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Constraints on DM-N cross section: energy dependency

For a CR colliding with a DM at rest, s ~ E,m,, is a factor of m, /m, lower
than s’ ~ E, m, for a DM colliding with a proton at rest, when E, ~ E,

— energy-dependence of o,, can affect the derived bounds



Constraints on DM-N cross section: energy dependency

For a CR colliding with a DM at rest, s ~ E,m,, is a factor of m, /m, lower
than s’ ~ E, m, for a DM colliding with a proton at rest, when E, ~ E,

— energy-dependence of o,, can affect the derived bounds

[eeCube six-year data

For 0,,, a~1/3 for s 2 M2
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o~ 2 for s < GeV?




Extrapolating to low energy? MiniBooNE & Xenon1T: Bringmann+2018
DYB+KamLAND & JUNO: Cappiello+2019

If o), is energy independent, 102
our derived bound here can
be somewhat better than
bounds derived by considering
CR-upscattered DM with

E, < GeV

10—2?

107%

If we naively extrapolate o,
all the way down to

vy =~ 1079 ¢ with a = 1/3,
the bounds can be shifted
to much lower values




Summary

e Both the galactic and extragalactic ~ PeV cosmic-rays can upscatter sub-
GeV DM to produce a flux comparable to high-energy astrophysical neutrinos
detected by IceCube for o, ~ 1073 cm? at the rest-frame of the DM.

e These high-energy DM can then interact with targets in lceCube to produce
events masquerading as the NC v — p scatterings.

e Considering the lceCube six-year HESE sample, we then derive first constraints
on ,, down to o,, ~ 1072 cm? for E, ~ PeV at the rest-frame of a
nucleon, complementary to other searches.

e The exact limit would depend on the energy-dependence of the cross-section,
because the center-of-mass energy are different at the acceleration site from at
the detection site. A consistent modeling is needed to combine (or compare)
this bound at high-energy to others obtained at lower energy scale.



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30

