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DM Capture and Annihilation in the Sun

!
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Section
Number density 
of element i -> 
Solar Model"#$ ∝ &(& + 1)
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Capture

Annihilation

Γ/0123 =
1
267Equilibrium

Spin Dependent scattering
• Only the hydrogen in the Sun contributes 

significantly.
• Lower event rates in direct detection 

experiments
• More interesting for IceCube

Spin Independent scattering
• Heavier nuclei contribute more due to 
∝ ,- enhancement.

• Better sensitivity using direct detection 
experiments such as LUX, XENON etc

2

The secondary annihilation products can interact in the dense 
baryonic environment inside the Sun

Neutrinos are the only messengers that can get out

GeV neutrinos from the Sun- Smoking gun for DM

Sun opaque to neutrinos above ~1 TeV (Exercise)
Slide credits: M. Cirelli



M. RAMEEZ - NBIA 3

The IceCube Neutrino Observatory

Eν > 100 GeV

Eν > 10 GeV

~41o in ice

Cherenkov radiation.
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Unbinned maximum likelihood ratio method

Event by event angular resolution
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Results

• No statistically significant excess
• Unbinned maximum likelihood ratio

method
• 532 days of livetime : 3 years of IC86

austral winters only
• Best p – value ~28.2%

250 GeV !! → #$#

Eur.Phys.J. C77 (2017) no.3, 146
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The PICO 60 Superheated Bubble Chamber

52.2 ± 0.5 kg "#$%
November 2016 to January 2017
1167 kg days of effective 
exposure

Phys.Rev.Lett. 118 (2017) no.25, 251301

Phys. Rev. Lett. 118, 251301 (2017)
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IceCube + PICO together have the most stringent 
constraints on !"#

IceCube 2017

PICO 2017

Standard Maxwellian Halo 
(SMH)

+
Capture Annihilation 

equilibrium
+ (Other assumptions)

No excess of 
GeV neutrinos 
from the Sun

constraint on !"#

Standard Maxwellian
Halo (SMH)

+ (Other assumptions)
+

Detector Response

No excess of 
nuclear recoil 
events within 
the detector

constraint on !"#

IceCube PICO
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The Standard Maxwellian Halo Velocity distribution function
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Figure 3. The VDFs of dark matter halo from simulations are shown together with the standard
halo model (SHM). Left panel shows the normalised VDF f(v)s in the Galactic frame and right panel
shows the VDFs in the local moving frame of the Sun in the form of f(u)/u in eq. 2.1. Detailed
descriptions for Vogelsberger et al. [55] (green), Ling et al. [56] (red), Mao et al. [57] (blue) simulated
halos are given in the text.

For a simple isotropic sphere with density profile ρ(r) ∝ r−2 of collisionless particles,
the velocity distribution leads to a so-called Maxwellian:
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4
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The high-velocity tail is truncated by the Galactic escape speed vesc, for which we use
544 km/s as a default value and normalise the distribution to unity after the cut. In the
reference frame of the Sun it can be written as:

f(u) =

√

3

2π

u

v⊙vrms

(

exp
(

−
3(u− v⊙)2

2v2rms

)
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(

−
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2v2rms
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. (3.2)

The observed value of the orbital speed in the solar position v⊙ is about 220 km/s, which
leads the local velocity dispersion of the dark matter halo vrms to be ≃

√

3/2v⊙ ≃ 270 km/s.
We will call the Maxwellian velocity distribution with introduced parameters above

‘standard halo model (SHM)’ throughout this work. As this model is commonly used, it serves
as a benchmark model in our study, however it is know to have theoretical inconsistencies
and discrepancies are expected due to Galactic dynamics [43].

Recent cold dark matter N-body simulations confirm a significant deviation of the VDF
of dark matter halos from the SHM [28, 55–57]. We choose three benchmark VDFs from
recent works (see Fig. 3 left) and convert them using equation 2.2 to the local moving frame
of the Sun (Fig. 3 right). The small structures seen in the Galactic frame are washed out in
the local moving frame of the Sun. VDFs in the local moving frame of the Sun are shown
in the form of f(u)/u as this term is the relevant one for the capture rate (see eq. 2.1). Our
benchmark distributions are taken from three recent N-body hydrodynamical simulations:
the Aquarius [58] project which resolved a Milky Way-sized Galactic halo with more than
a billion particles; an N-body simulation with Baryons [56] carried with the cosmological
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Choi et al. JCAP05 (2014) 049

Galactic Rest frame Solar Rest Frame

DD
Solar 
Capture

Slower DM particles are more likely to get captured in the Sun
Faster DM particles are more likely to recoil off nuclei in PICO
Deviations from SMH will affect the constraints from the different searches differently
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All’s not well with the SMH
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Figure 8. (Left) Posterior speed distribution for the halo (dashed red) and substructure (dotted blue) components. The solid
black line represents the total contribution. These results are based on fits to the SDSS-Gaia DR2 data within heliocentric
distances of d� < 4 kpc and |z| > 2.5 kpc. For comparison, we show the Standard Halo Model (dashed gray), defined in (6). The
empirical distribution does not include contributions from DM accreted from non-luminous satellites or di↵usely. (Right) The
95% background-free C.L. limits on the DM-nucleon scattering cross section, ���n, for spin-independent interactions as a
function of DM mass, m�, assuming a xenon target with an exposure of 1 kton⇥year exposure and a 4.9 keVnr energy threshold.
These limits are illustrative and do not account for experimental energy e�ciencies near threshold (Aprile et al. 2018).

The right panel of Fig. 8 shows the corresponding lim-
its on the DM mass and DM-nucleon scattering cross
section, ���n, assuming the simplest spin-independent
operator. For this example, we assume a xenon tar-
get, energy threshold of 4.9 keVnr, and exposure of
1 kton⇥year. The 95% one-sided Poisson C.L. limit (3
events) obtained using the velocity distribution inferred
from SDSS-Gaia DR2 is shown in solid black, and com-
pared to the SHM in dashed grey. The substructure
component drives the sensitivity at all masses, while
the halo contribution is subdominant, but becomes more
important at lower masses. In both cases, the exclusion
is significantly weakened for m� . 30 GeV relative to
that obtained using the SHM. For m� & 100 GeV, the
black and gray-dashed lines approach each other because
vmin ! 0 in (9).
The overall e↵ect of the empirical velocity distribu-

tion on the scattering limit depends on the details of the
nuclear target, experimental threshold, and DM mass—
all parameters that feed into the minimum scattering
speed defined in (7). A more model- and experiment-
independent way of understanding these e↵ects is to
study the dependence of the time-averaged inverse-
speed, hg(vmin)i, as a function of the minimum speed, as
this term captures the dependence of the scattering rate
on the DM velocities. The left panel of Fig. 9 plots this
quantity for the empirical speed distribution obtained
in this work (solid black) and the SHM (dashed gray).
The scattering rate for the empirical distribution is re-
duced relative to that for the SHM at vmin & 300 km/s;

it is enhanced for lower minimum speeds. The scatter-
ing rate is completely suppressed for vmin & 550 km/s,
whereas the SHM continues to contribute events above
this point.
To better understand the implications of these re-

sults, let us consider the concrete example of a 10 GeV
DM particle interacting in several detectors. Such a
DM particle needs a minimum speed of ⇠ 570 km/s
to scatter a xenon nucleus at an energy of ⇠ 5 keVnr

in Xenon1T (Aprile et al. 2018). As seen from the left
panel of Fig. 9, this is highly suppressed relative to the
SHM expectation.6 In contrast, the DarkSide-50 low-
mass analysis (Agnes et al. 2018) can detect argon re-
coils down to 0.6 keVnr in energy. A 10 GeV DM particle
only needs speeds of ⇠ 130 km/s to create such a recoil
and these speeds are well-supported by the empirical
distribution.
The empirical velocity distribution also impacts the

time-dependence of a signal. The DM scattering rate
should modulate annually due to the Earth’s motion
around the Sun (Drukier et al. 1986).
The right panel of Fig. 9 compares the modulation

amplitude assuming the newly derived velocity distri-
bution, as compared to the SHM. To obtain the ampli-
tude, we transform the velocities from the Galactic to
the heliocentric frame, taking into account the Earth’s
time-dependent velocity as defined in Lee et al. (2013).

6 In actuality, Xenon1T has non-zero e�ciency below
⇠ 5 keVnr, which improves its sensitivity in this range.

Necib, Lisanti and Belokurov 1807.02519
|Z coord| < 2.5 kpc
4 kpc sphere around the Sun

“the debris from the youngest mergers may be in 
position and velocity substructure. Referred to as 
tidal streams, these cold phase-space features tend 
to trace fragments of a progenitor’s orbit (Zemp et 
al. 2009; Vo- gelsberger et al. 2009; Diemand et al. 
2008; Kuhlen et al. 2010; Maciejewski et al. 2011; 
Vogelsberger & White 2011; Elahi et al. 2011). ”
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The Method of Ferrer, Ibarra and Wild

http://iopscience.iop.org/article/10.1088/1475-7516/2015/09/052/meta
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Figure 3. The VDFs of dark matter halo from simulations are shown together with the standard
halo model (SHM). Left panel shows the normalised VDF f(v)s in the Galactic frame and right panel
shows the VDFs in the local moving frame of the Sun in the form of f(u)/u in eq. 2.1. Detailed
descriptions for Vogelsberger et al. [55] (green), Ling et al. [56] (red), Mao et al. [57] (blue) simulated
halos are given in the text.

For a simple isotropic sphere with density profile ρ(r) ∝ r−2 of collisionless particles,
the velocity distribution leads to a so-called Maxwellian:
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The high-velocity tail is truncated by the Galactic escape speed vesc, for which we use
544 km/s as a default value and normalise the distribution to unity after the cut. In the
reference frame of the Sun it can be written as:
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The observed value of the orbital speed in the solar position v⊙ is about 220 km/s, which
leads the local velocity dispersion of the dark matter halo vrms to be ≃

√

3/2v⊙ ≃ 270 km/s.
We will call the Maxwellian velocity distribution with introduced parameters above

‘standard halo model (SHM)’ throughout this work. As this model is commonly used, it serves
as a benchmark model in our study, however it is know to have theoretical inconsistencies
and discrepancies are expected due to Galactic dynamics [43].

Recent cold dark matter N-body simulations confirm a significant deviation of the VDF
of dark matter halos from the SHM [28, 55–57]. We choose three benchmark VDFs from
recent works (see Fig. 3 left) and convert them using equation 2.2 to the local moving frame
of the Sun (Fig. 3 right). The small structures seen in the Galactic frame are washed out in
the local moving frame of the Sun. VDFs in the local moving frame of the Sun are shown
in the form of f(u)/u as this term is the relevant one for the capture rate (see eq. 2.1). Our
benchmark distributions are taken from three recent N-body hydrodynamical simulations:
the Aquarius [58] project which resolved a Milky Way-sized Galactic halo with more than
a billion particles; an N-body simulation with Baryons [56] carried with the cosmological
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! #⃗ = %
& '&()*

+,#-. , #⃗ − #⃗- !(#-)

Any VDF can be expressed as a superposition of 
hypothetical streams with fixed velocity #- w.r.t. the solar 
system.

Derive DD and IC Solar WIMP constraints separately for 
each stream, report the worst allowed by both.
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How the calculations are done

velocity distribution f(~v) in the rest frame of the Sun is normalized as
Z

vvmax

d3vf(~v) = 1 , (1)

where v ⌘ |~v| and vmax is the maximal velocity of the dark matter particles in the galactic halo.
Under the common assumption that all dark matter particles in the halo are gravitationally
bound to the Galaxy, vmax ' 777 km/s, which is the sum of the galactic escape velocity ' 533
km/s [39] and the local velocity of the Sun with respect to the halo ' 244 km/s [40–42]. We
comment in section 4 on the implications of relaxing this assumption.

The number of expected recoil events at a DD experiment can be expressed as:

R = E ·
X

i

Z 1

0

dER ✏(ER)
⇠i⇢loc

mAimDM

Z

v�v
(DD)
min,i(ER)

d3v vf(~v + ~vobs(t))
d�i

dER
. (2)

Here, ~v denotes the dark matter velocity in the detector frame, hence the velocity distribution of
dark matter particles is f(~v+~vobs(t)), with ~vobs(t) ⌘ ~v�(t) being the velocity of the Earth with
respect to the solar frame, and |~v�(t)| = 29.8 km/s (we note again that we define f(~v) in the rest
frame of the Sun). Furthermore, d�i/dER is the di↵erential scattering cross section of a WIMP

o↵ a nuclear isotope i with mass mAi and mass fraction ⇠i in the detector, and v(DD)
min,i(ER) =q

mAiER/(2µ2
Ai
) is the minimal speed necessary for a dark matter particle to induce a recoil

with energy ER, with µAi being the reduced mass of the WIMP-nucleus scattering. Lastly,
✏(ER) and E are the detection e�ciency and exposure, respectively, both depending on the
specific experiment under consideration.

On the other hand, the neutrino flux from annihilations in the Sun is completely determined
by the capture rate, assuming that dark matter capture and annihilation are in equilibrium.
The capture rate is given by [43]

C =
X

i

Z R�

0

4⇡r2dr ⌘i(r)
⇢loc
mDM
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vv
(Sun)
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, (3)

where ⌘i(r) is the number density of the element i at a distance r from the solar center, vesc(r)

is the escape velocity, and v(Sun)max,i(r) = 2 vesc(r)
p
mDMmAi/ |mDM �mAi | is the maximum speed

of a dark matter particle such that the capture in the Sun remains kinematically possible.
For scattering cross sections that can be currently probed by neutrino telescopes, equilibration
is achieved as long as the annihilation cross section multiplied by the relative dark matter
velocity satisfies (�v)ann & 10�28 cm3/s 1. In the rest of this work, we will always assume that
equilibrium has been reached.

The largest uncertainties in the calculation of the scattering and the capture rates in a
given particle physics model stem from our ignorance of the WIMP scattering cross section

1Capture and annihilation in the Sun are in equilibrium if ↵eq ⌘ tanh2
�
t�

p
C · �A

�
is close to one, where

t� ' 1.5 · 1017 s is the age of the Sun, and �A ' 5.17 · 10�57 1
s · h�vi

3·10�26cm3/s ·
�
mDM
GeV

�3/2
is the annihilation

constant [4]. It is straightforward to check that for (�v)ann & 10�28 cm3/s and for the capture rates C that are
currently probed by IceCube or Super-Kamiokande, one has ↵eq & 0.99.

3

PICO Event Rate

velocity distribution f(~v) in the rest frame of the Sun is normalized as
Z

vvmax

d3vf(~v) = 1 , (1)

where v ⌘ |~v| and vmax is the maximal velocity of the dark matter particles in the galactic halo.
Under the common assumption that all dark matter particles in the halo are gravitationally
bound to the Galaxy, vmax ' 777 km/s, which is the sum of the galactic escape velocity ' 533
km/s [39] and the local velocity of the Sun with respect to the halo ' 244 km/s [40–42]. We
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The number of expected recoil events at a DD experiment can be expressed as:

R = E ·
X

i

Z 1

0

dER ✏(ER)
⇠i⇢loc

mAimDM

Z

v�v
(DD)
min,i(ER)

d3v vf(~v + ~vobs(t))
d�i

dER
. (2)

Here, ~v denotes the dark matter velocity in the detector frame, hence the velocity distribution of
dark matter particles is f(~v+~vobs(t)), with ~vobs(t) ⌘ ~v�(t) being the velocity of the Earth with
respect to the solar frame, and |~v�(t)| = 29.8 km/s (we note again that we define f(~v) in the rest
frame of the Sun). Furthermore, d�i/dER is the di↵erential scattering cross section of a WIMP

o↵ a nuclear isotope i with mass mAi and mass fraction ⇠i in the detector, and v(DD)
min,i(ER) =q

mAiER/(2µ2
Ai
) is the minimal speed necessary for a dark matter particle to induce a recoil

with energy ER, with µAi being the reduced mass of the WIMP-nucleus scattering. Lastly,
✏(ER) and E are the detection e�ciency and exposure, respectively, both depending on the
specific experiment under consideration.

On the other hand, the neutrino flux from annihilations in the Sun is completely determined
by the capture rate, assuming that dark matter capture and annihilation are in equilibrium.
The capture rate is given by [43]
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where ⌘i(r) is the number density of the element i at a distance r from the solar center, vesc(r)

is the escape velocity, and v(Sun)max,i(r) = 2 vesc(r)
p
mDMmAi/ |mDM �mAi | is the maximum speed

of a dark matter particle such that the capture in the Sun remains kinematically possible.
For scattering cross sections that can be currently probed by neutrino telescopes, equilibration
is achieved as long as the annihilation cross section multiplied by the relative dark matter
velocity satisfies (�v)ann & 10�28 cm3/s 1. In the rest of this work, we will always assume that
equilibrium has been reached.

The largest uncertainties in the calculation of the scattering and the capture rates in a
given particle physics model stem from our ignorance of the WIMP scattering cross section

1Capture and annihilation in the Sun are in equilibrium if ↵eq ⌘ tanh2
�
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p
C · �A
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is close to one, where

t� ' 1.5 · 1017 s is the age of the Sun, and �A ' 5.17 · 10�57 1
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3

Solar Capture Rate

DMDD
https://dmdd.readthedocs.io/en/latest/
Gluscevic et al 2015, Anand et al 2013

https://github.com/rameez3333/SolarCaptureRates
/data/ana/BSM/IceCubePicoJoinedAnalysis/
Code tested and verified by Carlos Arguelles

https://dmdd.readthedocs.io/en/latest/
https://github.com/rameez3333/SolarCaptureRates
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Results
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Common question

Rescaling Factor  = !"#$% &'(
!"#$%(*+,-./,1)

3/.4,5*67 8 = 2 ∗ 3-*< 8 ∗
=>'=?@

|=>' −=?@|
Scattering off 
Protons

Nitrogen

For Spin Dependent

Uses solar density profile, nuclear abundances 
and form factors exactly as in DarkSuSy
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Conclusions

Recent observations and simulations suggest significant deviations from SMH velocity 
distribution

Individually, DD and IC constraints can be significantly worse

However, Solar searches and direct detection are complementary in the velocity dependence 
of their constraints.

Combined Halo Independent bound is still quite stringent 
!"# < 10'()*+, 10'(-*+, ./0 1 1 234 56 → 898' (;<;) for > = 0.3 B34/*+(

Conservative and robust w.r.t. any uncertainties in the VDF

Unfortunately, still susceptible to uncertainties/local fluctuations in >
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Summary & Outlook

All comments from IceCube reviewers have been implemented.

PICO review will come with the paper.

Not a blinded analysis, write paper soon.

Review from the PICO side will come at the stage of the paper draft.

Paper outline in discussion in the WG

Thanks to my reviewers.



M. RAMEEZ - NBIA 17

How fast should you drive your dark matter particle to escape IceCube and PICO
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Preliminary Paper Outline

Proposed Journal: EPJC Letters?

Proposed Title : “Halo Velocity Distribution Independent constraints on Spin-Dependent DM-Nucleon interactions”
Authors :  PICO and IceCube collaborations

Figures to show :  
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What has changed?

Switched to dmdd (https://pypi.org/project/dmdd/) instead of exponential form factors. (very small difference)

Switched to 1 sigma pessimistic efficiency curves for PICO

Finer scan near threshold to more precisely find the intersection

https://pypi.org/project/dmdd/
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Why is 500 GeV bbar so bad

Sun : Kinematic threshold 

for scattering off Protons, 

beyond this only Nitrogen 

contributes

PICO – maximum recoil 

energy just at efficiency 

threshold
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Systematics

IceCube curves are already scaled up to IceCube systematics pessimistic

PICO curves are obtained from 1 sigma pessimistic efficiencies.

Sufficient? Derive same results with optimistic curves from both experiment and draw 
a band?
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Backups
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Rescaling Factors
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Figure 1: Upper limits on the spin-independent dark matter-proton scattering cross section �p
SI , nor-

malized to a local dark matter density ⇢loc = 0.3 GeV/cm3, derived from the null results of XENON100
and IceCube (upper plots) and on the spin-dependent dark matter-proton scattering cross section �p

SD
from the null results of COUPP and IceCube (lower plots), assuming annihilations into W+W� (left
plots) or bb̄ (right plots), for mDM = 100 GeV and for a velocity distribution corresponding to a stream
with speed v0 with respect to the rest frame of the Sun, f~v0(~v) = �(3)(~v � ~v0). The various dashed
red lines denote the upper limits for di↵erent angles between ~v0 and the velocity of the Earth. In
each plot, the maximal value of the cross section allowed by the direct detection experiment and the
neutrino telescope is denoted by �⇤.
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Figure 1: Upper limits on the spin-independent dark matter-proton scattering cross section �p
SI , nor-

malized to a local dark matter density ⇢loc = 0.3 GeV/cm3, derived from the null results of XENON100
and IceCube (upper plots) and on the spin-dependent dark matter-proton scattering cross section �p

SD
from the null results of COUPP and IceCube (lower plots), assuming annihilations into W+W� (left
plots) or bb̄ (right plots), for mDM = 100 GeV and for a velocity distribution corresponding to a stream
with speed v0 with respect to the rest frame of the Sun, f~v0(~v) = �(3)(~v � ~v0). The various dashed
red lines denote the upper limits for di↵erent angles between ~v0 and the velocity of the Earth. In
each plot, the maximal value of the cross section allowed by the direct detection experiment and the
neutrino telescope is denoted by �⇤.
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Figure 2: Halo-independent upper limits on �p
SI (upper panel) and �p

SD (lower panel), normalized to
a local dark matter density ⇢loc = 0.3 GeV/cm3, for annihilation into W+W�/⌧+⌧� (left panels) and
bb̄ (right panels). The red solid curves correspond to vmax = 777 km/s, while the red dotted curves
assume vmax = 0.05 c. Also, the black solid and dashed curves show the upper limits from di↵erent
direct detection experiments and neutrino telescopes, assuming the Standard Halo Model (SHM) as
defined in the text.

In order to compare our results with the standard exclusion bounds from direct detection
experiments as well as from neutrino telescopes, we also show in Fig. 2 the upper limits on the
scattering cross section for the specific case of the Standard Halo Model (SHM), i.e. assuming
a Maxwell-Boltzmann velocity distribution with velocity dispersion v0 = 230 km/s and galactic
escape velocity vesc = 533 km/s. In the upper panels, corresponding to spin-independent
scattering, black solid lines show the limits from Super-CDMS and XENON100, while in the
lower panels, corresponding to the case of spin-dependent scattering o↵ protons, they show
bounds from SIMPLE and COUPP. Besides, the black dashed lines show the upper limits from
Super-K and IceCube. The halo-independent limits are, as expected, somewhat weaker than the
combined limit from experiments assuming the standard halo model. Nevertheless, our limits
are remarkably strong and reach �p

SI . 10�43 (10�42) cm2 and �p
SD . 10�37 (3⇥ 10�37) cm2, for

annihilations into W+W� (bb̄) at mDM = 1 TeV, assuming ⇢loc = 0.3 GeV/cm3. For the spin
independent coupling to protons these limits are better than those obtained by IceCube for the
SHM, while for the spin dependent coupling to protons, only a factor of a few worse than the
limits from the SIMPLE or COUPP experiments, also assuming the SHM.
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Figure 2: Halo-independent upper limits on �p
SI (upper panel) and �p

SD (lower panel), normalized to
a local dark matter density ⇢loc = 0.3 GeV/cm3, for annihilation into W+W�/⌧+⌧� (left panels) and
bb̄ (right panels). The red solid curves correspond to vmax = 777 km/s, while the red dotted curves
assume vmax = 0.05 c. Also, the black solid and dashed curves show the upper limits from di↵erent
direct detection experiments and neutrino telescopes, assuming the Standard Halo Model (SHM) as
defined in the text.

In order to compare our results with the standard exclusion bounds from direct detection
experiments as well as from neutrino telescopes, we also show in Fig. 2 the upper limits on the
scattering cross section for the specific case of the Standard Halo Model (SHM), i.e. assuming
a Maxwell-Boltzmann velocity distribution with velocity dispersion v0 = 230 km/s and galactic
escape velocity vesc = 533 km/s. In the upper panels, corresponding to spin-independent
scattering, black solid lines show the limits from Super-CDMS and XENON100, while in the
lower panels, corresponding to the case of spin-dependent scattering o↵ protons, they show
bounds from SIMPLE and COUPP. Besides, the black dashed lines show the upper limits from
Super-K and IceCube. The halo-independent limits are, as expected, somewhat weaker than the
combined limit from experiments assuming the standard halo model. Nevertheless, our limits
are remarkably strong and reach �p

SI . 10�43 (10�42) cm2 and �p
SD . 10�37 (3⇥ 10�37) cm2, for

annihilations into W+W� (bb̄) at mDM = 1 TeV, assuming ⇢loc = 0.3 GeV/cm3. For the spin
independent coupling to protons these limits are better than those obtained by IceCube for the
SHM, while for the spin dependent coupling to protons, only a factor of a few worse than the
limits from the SIMPLE or COUPP experiments, also assuming the SHM.
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Paper from 2015: 
Authors used 
simplified solar 
model, form factors 
and older IC results

We can do better:

Newer IC Solar DM 
limits - 3 year 
Combined

PICO is orders of 
magnitude better 
than COUPP
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Astrophysical Uncertainties

DM velocity distribution functions

There are uncertainties on:
• The velocity of the Sun w.r.t the halo

• The fraction of DM in a co-rotating dark disk
• The galactic escape velocity

C. Rott et al. JCAP05 (2014) 049
The uncertainties are 20% (50%) at low (high) WIMP masses

Our results are conservative w.r.t. the dark disk fraction.

Largest uncertainties come from the VDF and the local DM 
density
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Preliminary Results (contd)
https://github.com/rameez3333/SolarCaptureRates

Currently waiting for the PICO lines from Ken 
Clark

The plan is to derive IceCube-PICO combined 
VDF independent SD limits and 

IceCube-LUX combined VDF independent SI 
limits.
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Ferrer, Ibarra and Wild - Results
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Figure 1: Upper limits on the spin-independent dark matter-proton scattering cross section �p
SI , nor-

malized to a local dark matter density ⇢loc = 0.3 GeV/cm3, derived from the null results of XENON100
and IceCube (upper plots) and on the spin-dependent dark matter-proton scattering cross section �p

SD
from the null results of COUPP and IceCube (lower plots), assuming annihilations into W+W� (left
plots) or bb̄ (right plots), for mDM = 100 GeV and for a velocity distribution corresponding to a stream
with speed v0 with respect to the rest frame of the Sun, f~v0(~v) = �(3)(~v � ~v0). The various dashed
red lines denote the upper limits for di↵erent angles between ~v0 and the velocity of the Earth. In
each plot, the maximal value of the cross section allowed by the direct detection experiment and the
neutrino telescope is denoted by �⇤.

6

10 102 103
10�45

10�44

10�43

10�42

10�41

10�40

5 5 · 103

m [GeV]

�
p
·⇢

0.
3

3
[c
m

2
]

�p W+W� ⌧+⌧� m < mW

10 102 103
10�45

10�44

10�43

10�42

10�41

10�40

5 5 · 103

m [GeV]

�
p
·⇢

0.
3

3
[c
m

2
]

�p bb̄

10 102 103
10�40

10�39

10�38

10�37

10�36

10�35

5 5 · 103

m [GeV]

�
p

·⇢
0.
3

3
[c
m

2
]

�p W+W� ⌧+⌧� m < mW

10 102 103
10�40

10�39

10�38

10�37

10�36

10�35

5 5 · 103

m [GeV]

�
p

·⇢
0.
3

3
[c
m

2
]

�p bb̄

Figure 2: Halo-independent upper limits on �p
SI (upper panel) and �p

SD (lower panel), normalized to
a local dark matter density ⇢loc = 0.3 GeV/cm3, for annihilation into W+W�/⌧+⌧� (left panels) and
bb̄ (right panels). The red solid curves correspond to vmax = 777 km/s, while the red dotted curves
assume vmax = 0.05 c. Also, the black solid and dashed curves show the upper limits from di↵erent
direct detection experiments and neutrino telescopes, assuming the Standard Halo Model (SHM) as
defined in the text.

In order to compare our results with the standard exclusion bounds from direct detection
experiments as well as from neutrino telescopes, we also show in Fig. 2 the upper limits on the
scattering cross section for the specific case of the Standard Halo Model (SHM), i.e. assuming
a Maxwell-Boltzmann velocity distribution with velocity dispersion v0 = 230 km/s and galactic
escape velocity vesc = 533 km/s. In the upper panels, corresponding to spin-independent
scattering, black solid lines show the limits from Super-CDMS and XENON100, while in the
lower panels, corresponding to the case of spin-dependent scattering o↵ protons, they show
bounds from SIMPLE and COUPP. Besides, the black dashed lines show the upper limits from
Super-K and IceCube. The halo-independent limits are, as expected, somewhat weaker than the
combined limit from experiments assuming the standard halo model. Nevertheless, our limits
are remarkably strong and reach �p

SI . 10�43 (10�42) cm2 and �p
SD . 10�37 (3⇥ 10�37) cm2, for

annihilations into W+W� (bb̄) at mDM = 1 TeV, assuming ⇢loc = 0.3 GeV/cm3. For the spin
independent coupling to protons these limits are better than those obtained by IceCube for the
SHM, while for the spin dependent coupling to protons, only a factor of a few worse than the
limits from the SIMPLE or COUPP experiments, also assuming the SHM.
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