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Assumption,
but well motivated



Three different methods
have been proposed
to probe WIMP dark matter

inside the Solar System



Direct dark watter searches

The Sun (and the Earth) is moving through a “gas” of dark matter
particles. Or, from our point of view, there 1s a flux of dark matter particles

going through the Earth.
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Direct dark watter searches

The Sun (and the Earth) is moving through a “gas” of dark matter
particles. Or, from our point of view, there 1s a flux of dark matter particles

going through the Earth.
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WIMPs
v~200 km /s

Once 1n a while a dark matter particle will interact with a nucleus. The
nucleus then recoils, producing vibrations, 1onizations or scintillation light

in the detector.
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Annual wmodulation: the DAMA/LIBRA experiment
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Neutrinos from annihilations in the Sun
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Neutrinos from annihilations in the Sun
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Neutrinos from annihilations in the Sun

Observations consistent with the background-only hypothesis
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Theoretical interpretation

of the experimental results



Theoretical interpretation of the experimental results

e Rate of DM-induced scatterings

dR Y ‘ e do
LN O Bovf (T + Tops(t)) —
dER M ATRDM v>VUmin(ER) dER

¢ The neutrino flux from annihilations inside the Sun 1s, under plausible
assumptions, determined by the capture rate inside the Sun:

Ro y o
b = / 4’}"{'?"2(‘1?’ Flge / dB’U _f(r”) (’UQ I [‘L‘csc(?’)]z) X
0 v<v

( Su 1'1} ( .r.:] T.J

max

dER

/'Q;Li ("Uz—l—[‘ucsc (T*)]Z)/'mr,ﬂ do
mpmv? /2 | dER



Theoretical interpretation of the experimental results

e Rate of DM-induced scatterings

do

dR L Ploc

= d3’U’Uf U + Ughs(t
dER mampwm ‘szflllitu(ER) ( ( )) (iER

Uncertainties from particle/nuclear physics and from astrophysics

¢ The neutrino flux from annihilations inside the Sun 1s, under plausible
assumptions, determined by the capture rate inside the Sun:

Rgo ‘ —
C — / 471"?"2(1?" p]UC / ddv f(v) (UZ —E_ [UeSc(T)]Q) X
0 UEUE&-&HJ (r)

mpm (%

dE
'lDZx-IUQ/Q = dER

./ 204 (v Hlvesc(r)]* ) /ma do



Theoretical interpretation of the experimental results

Uncertainties from particle/nuclear physics.

e Dark matter mass?

For thermally produced dark matter, mp,, = few MeV — 100 TeV

e Differential cross section?

do ma
dE_R = QMQ i (mfﬂ(bn) + U%DI %D bﬂ
,7 —2\
Spin-independent and Nuclear form factors

spin-dependent cross sections
at zero momentum transfer

(In some DM frameworks, other operators may also arise )



Theoretical interpretation of the experimental results

Uncertainties from astrophysics

e Local dark matter density?

0.10
0.08
m “local measurements”: T, o0ef ]6
From vertical kinematics g ool
of stars near (~1 kpc) the Sun E 0025, {,Tm o 2011)
F
T i . . e
m “global measurements”: ! = L
—0.02 1 - ] _nTy ] 3 1 I- R ]
. 1920 1940 1960 1980 2000 2020
From extrapolations of year ;
. . 0.03FT=" . . . —
p(r) determined from rotation
. e 0.02
curves at large 7, to the position -
of the Solar System. & 001
=
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a
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Theoretical interpretation of the experimental results

Uncertainties from astrophysics

e Local dark matter velocity distribution?
Completely unknown. Rely on theoretical considerations

m [f the density distribution follows a singular isothermal sphere profile, the
velocity distribution has a Maxwell-Boltzmann form.

1

p(r) ~ =5 — f(0) ~ exp(—v* /o)



Theoretical interpretation of the experimental results

Uncertainties from astrophysics

e Local dark matter velocity distribution?
Completely unknown. Rely on theoretical considerations

m [f the density distribution follows a singular 1sothermal sphere profile, the
velocity distribution has a Maxwell-Boltzmann form.

m Dark matter-only simulations. Show deviations from Maxwell-Boltzmann
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Theoretical interpretation of the experimental results

Uncertainties from astrophysics

e Local dark matter velocity distribution?
Completely unknown. Rely on theoretical considerations

m [f the density distribution follows a singular 1sothermal sphere profile, the
velocity distribution has a Maxwell-Boltzmann form.

m Dark matter-only simulations. Show deviations from Maxwell-Boltzmann

m Hydrodynamical simulations (DM+baryons). Inconclusive at the moment.
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Theoretical interpretation of the experimental results

Common approach: assume SI or SD interaction only, assume p, = 0.3 GeV/cm?
and assume a Maxwell-Boltzmann velocity distribution

SI SD
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Theoretical interpretation of the experimental results

Common approach: assume SI or SD interaction only, assume p, = 0.3 GeV/cm?
and assume a Maxwell-Boltzmann velocity distribution

SI
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Theoretical interpretation of the experimental results

Common approach: assume SI or SD interaction only, assume p, = 0.3 GeV/cm?
and assume a Maxwell-Boltzmann velocity distribution

SI
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@ is ruled out (by PandaX, among others)
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Theoretical interpretation of the experimental results

Common approach: assume SI or SD interaction only, assume p, = 0.3 GeV/cm?
and assume a Maxwell-Boltzmann velocity distribution

SI
\ @ is ruled out (by PandaX, among others)
o
\ DAMQ/LI < @ explains the DAMA results, but
A Superl . . .
@—"/ =S is ruled out by other direct detection
Y\ o\ . experiments and by neutrino telescopes

1s allowed by current experiments, and
will be tested by LZ.

Cross-section [sz] (normalised to nucleon)
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Theoretical interpretation of the experimental results

Common approach: assume SI or SD interaction only, assume p, = 0.3 GeV/cm’

and assume a Maxwell-Boltzmann velocity distribution

Cross-section [sz] (normalised to nucleon)

SI

.
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WIMP Mass [GeV/cz]

@ is ruled out (by PandaX, among others)

@ explains the DAMA results, but
is ruled out by other direct detection
experiments and by neutrino telescopes

1s allowed by current experiments, and
will be tested by LZ.

What 1s the impact of the astrophysical
uncertainties?



Theoretical interpretation of the experimental results

Common approach: assume SI or SD interaction only, assume p, = 0.3 GeV/cm’
and assume a Maxwell-Boltzmann velocity distribution
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Theoretical interpretation of the experimental results

Common approach: assume SI or SD interaction only, assume p, = 0.3 GeV/cm’
and assume a Maxwell-Boltzmann velocity distribution

SI

£0.3 GeV /cm3
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WIMP Mass [GeV/cz]

@ is ruled out (by PandaX, among others)

@ explains the DAMA results, but
is ruled out by other direct detection
experiments and by neutrino telescopes

1s allowed by current experiments, and
will be tested by LZ.

What 1s the impact of the astrophysical
uncertainties?

Do these conclusions hold for arbitrary
velocity distributions?



Addressing astrophysical
uncertainties in

dark matter detection



Halo-independent approach for DM frameworks

e (0, mpy ) is ruled out regardless of the velocity distribution if

I}l(l_})l {R(J, meM)} = Rma}{
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Halo-independent approach for DM frameworks

e (0, mpy) is ruled out regardless of the velocity distribution if

I}l(l_})l {R(J, mDM)} > Rmax
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Halo-independent approach for DM frameworks

e (0, mpy) is ruled out regardless of the velocity distribution if

min {R(U, mDm)} > Rmax
£ ()

FiX g, TNDM




Halo-independent approach for DM frameworks

e (0, mpy) is ruled out regardless of the velocity distribution if

I}l(l_})l {R(J, mDM)} > Rmax

FiX g, TNDM
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Halo-independent approach for DM frameworks

e (0, mpy ) is ruled out regardless of the velocity distribution if

I}l(l_})l {R(U, meM)} = Rma}{

Note: one single direct detection experiment is not sufficient

to probe a dark wmatter model in a halo-independent manner

f(v)



Halo-independent approach for DM frameworks

e (0, mpy ) is ruled out regardless of the velocity distribution if

I}l(l_})l {R(U, meM)} = Rma}{

Note: one single direct detection experiment is not sufficient

to probe a dark wmatter model in a halo-independent manner

f(v)

Velocity threshold
of the experiment




Halo-independent approach for DM frameworks

e (0, mpy ) is ruled out regardless of the velocity distribution if

min {R(U, mDm)} > Rmax
£ ()

Note: one single direct detection experiment is not sufficient

to probe a dark wmatter model in a halo-independent manner

f(v)

Velocity threshold
of the experiment

Some velocity distributions will
escape detection in the experiment



Halo-independent approach for DM frameworks

e (0, mpy ) is ruled out regardless of the velocity distribution if

I}l(l_})l {R(U, meM)} = Rma}{

Note: one single direct detection experiment is not sufficient
to probe a dark wmatter model in a halo-independent manner

f(v)

velocity threshold for
capture in the Sun

Neutrino telescopes probe low dark matter velocities. In combination with
direct detection experiments, one can probe the whole velocity space



Halo-independent approach for DM frameworks

e (0, mpy ) is ruled out regardless of the velocity distribution if

min 5 e

Optimization problem with constraints



Halo-independent approach for DM frameworks

Technically complicated...

e do

Ploc 3 oy o
R(o, mpy) = / dFEg / d v v f(U 4+ Uops(t)) ——

Re =
C(o,mpy) = / drrdr o / d%v f(©)
0 v<v

mpmM (Sun) ()

max (T)

(1}2 + [?Jesc(?")]z) X

dEp —

212 (V2 +[vesc (r)]2 ) /ma do
[ dEp

mpyv2 /2



Halo-independent approach for DM frameworks

Technically complicated...

> Ploc do
R(o,mpym) = dER A0 v f (T + Vops(t)) ———
Et-h m’AmDh{ U}'Umln (ER) dER
Rg =
C(o, mpm) = / drridr i / d’v /%) (’U2 + [Uesc(?")]z) X
0 MM J <o) (1) v
255 (UE—F[UEEE(’P)]E )/TJ’LA d
/ dEg —
TFLD:M’UQ/Q dER

Take-home result.

The velocity distribution that minimizes the rate 1s composed by
a number of dark matter “streams”, at most as many as constraints.




Halo-independent upper limit on the scattering cross
section from combining PandaX and IceCube/SK.
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Halo-independent upper limit on the scattering cross

section from combining PandaX and IceCube/SK.
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The optimal velocity distribution corresponds to a superposition
of two dark matter streams.



Halo-independent upper limit on the scattering cross
section from combining PandaX and IceCube/SK.

Spin-independent interaction
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Halo-independent upper limit on the scattering cross
section from combining PandaX and IceCube/SK.

Spin-independent interaction

10710 ; 1 _
,* Halo independent upper limit
g : : B :
a N ‘ (neutrino telescopes only)
10 B
o -
H —
1074 L
m——q
fi .........
Z 10743
R N
S b N e
S
- 1074 @ Halo independent upper limit
c.ba

1074 L
: PandaX (SHM)

10-46 L.
5 10! 10 10° 10
mpm [GCVI

@ is ruled out by PandaX assuming the SHM, but allowed for some velocity distributions




Halo-independent upper limit on the scattering cross
section from combining PandaX and IceCube/SK.

Spin-independent interaction
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Halo-independent upper limit on the scattering cross
section from combining PandaX and IceCube/SK.

Spin-independent interaction
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@ is ruled out from combining PandaX and neutrino telescopes, for any velocity distribution.

@ 1s ruled out by neutrino telescopes only, for any velocity distribution.



Halo -independent upper limit on the scattering cross

section from combining PandaX and IceCube/SK.

It 1s unlikely that the halo independent upper limit saturates (it 1s unlikely

that the velocity distribution consists just of two streams). Add physically
plausible assumptions (e.g. MB distribution + “distortions™).
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DAMA confronted to null results in a halo independent way

Strategy: minimize the rate at a given experiment, with the constraints that the
modulation signal at DAMA 1n the bins [2.0,2.5], [2.5,3.0] and [3.0,3.5] keV
are as reported by the experiment.

The parameters o- and my,,, are excluded in a halo independent manner 1f:

. { p(PandaX) (o, mDM)} > Rg;}?da,x}

constraints

f(?)

SI interaction only
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DAMA confronted to null results in a halo independent way

Strategy: minimize the rate at a given experiment, with the constraints that the
modulation signal at DAMA 1n the bins [2.0,2.5], [2.5,3.0] and [3.0,3.5] keV
are as reported by the experiment.

The parameters o- and my,,, are excluded in a halo independent manner 1f:

P (NFJ_‘I) (N-11)
min {C (o, mpm) S
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DAMA confronted to null results in a halo independent way

Strategy 2: minimize the rate at a given direct detection experiment, with
the constraints that the modulation signal at DAMA 1n the bins [2.0,2.5],
[2.5,3.0] and [3.0,3.5] keV are as reported by the experiment, and the
capture rate at IceCube is below the current upper limit.

The parameters o- and my,,, are excluded in a halo independent manner 1f:

min {R(Panda,}{) (O'.J, meM)}

constraints
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Halo independent prospects for future experiments

The parameters o and m,,, are fully testable in a halo independent manner if :

min {R(LZ) (O’, mDm)} =1

constraints

/(@)

The parameters o~ and my,,; are untestable in a halo independent manner if :

max {R(LZ) (o, mDM)} <1

constraints

F (@)

LZ reach to the SI cross-section from null results at neutrino telescopes
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Conclusions

e The interpretation of any experiment probing the dark matter distribution inside
the Solar System 1s subject to our ignorance of the local dark matter density
and velocity distribution.

e We have developed a method to calculate the minimum/maximum number
of signal events in an experiment probing the dark matter distribution inside the
Solar System, in view of a number of constraints from direct detection experiments
and/or neutrino telescopes.

e Some applications are:

1) to derive a halo-independent upper limit on the cross section
from a set of null results.
11) to confront in a halo-independent way a detection claim
to a set of null results.
111) to assess, in a halo-independent manner, the prospects for detection
in a future experiment given a set of current null results.

e The method could be extended to include other dark matter interactions, or to
account for more realistic velocity configurations.
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