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Courtesy HAP

Some examples and success stories 
from exploring synergies

Mainly focusing on IceCube
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The IceCube Neutrino Observatory

Eν > 100 GeV

Eν > 10 GeV

~41o in ice

Cherenkov radiation.
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In-ice Signatures

Good angular resolution: Neutrino Astronomy
◦ (~0.6o at 10 TeV)
◦ Vertex can be outside the detector: Increased 

effective volume!

Muon tracks→ νμ CC

!" !e

cascades → all flavors

• νe, ν# and all-flavor neutral current• Fully active calorimeter: High energy resolution• Angular reconstruction above ~50 TeV

In both cases, ! and !̅ are indistinguishable
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The IceCube astrophysical flux

54 events seen on an expected background of 12.6 ± 5.1 " and 
9.0&'.'().* +. Atmospheric only origin rejected at > 6@

No statistically significant clustering

19/02/2021
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The IceCube astrophysical flux

54 events seen on an expected background of 12.6 ± 5.1 " and 
9.0&'.'().* +. Atmospheric only origin rejected at > 6@

No statistically significant clustering
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The OFU and XFU system

  



Iridium

SN/GRB

Madison/Bonn

Swift (X-ray)PTF (optical)

IceCube

arXiv: 1309.6979 (p.40)

Alerts Alerts

3 / 23

IceCube, 1309.6979 (ICRC)
IceCube, Astropart. Phys. 92 (2017) 30-41

Realtime Alerts from IceCube

Real time (~1 minute)
public alerts since 2016
13 alerts so far

SN/
GRB/
Flaring Blazar

AMON



IceCube-170922: first significant neutrino - gamma ray coincidence
• An event selected with extremely high energy (EHE) event selection (simple requirement 

of large light deposit)
• Track with ~1°angular resolution, declination = +5.7°
• Coincident with known, flaring Fermi blazar (TXS 0506+056 at z = 0.3)
• No previously known very-high-energy gamma-ray source
• Not detected by H.E.S.S. or VERITAS follow-up
• In 12-hour follow-up observation, MAGIC detected 5 σ source above 100 GeV

• 21 Astronomers Telegrams
• Also, excess in archival data



Figure 7. Maps in Equatorial and Galactic coordinates showing the arrival directions of the
IceCube cascades (black dots) and tracks (diamonds), as well as those of the UHECRs detected
by the Pierre Auger Observatory (magenta stars) and Telescope Array (orange stars). The
circles around the showers indicate angular errors. The black diamonds are the HESE tracks
while the blue diamonds stand for the tracks from the through-going muon sample. The blue
curve indicates the Super-Galactic plane.

It is important to stress that all the p-values quoted for both analyses above are with
respect to the null hypothesis of an isotropic UHECR flux, as analyses of the distributions
of their arrival directions yielded no evidence of anisotropy at discovery level. However,
directions with higher densities of UHECRs, such as the TA ‘hot spot’ [38] and the
direction of Cen A [9], have been reported. Hence, as an additional a posteriori study
for both analyses, we have also evaluated the significance under the hypothesis of an
isotropic distribution of neutrinos. In this case, the UHECR positions have been kept
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Correlations with UHECR arrival directions?

!"#$
!%&'

< 5%

GZK horizon

Neutrino Horizon

No statistically significant correlation.

JCAP01(2016)037
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DM Capture and Annihilation in the Sun

At Earth : 
Enhanced neutrino 
flux from the 
direction of the Sun!

!
Scattering Cross 

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

"#+ ∝ ,-

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

All calculations performed with DarkSusy/WimpSim
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Results (contd)

11

Assumptions:
• Capture – Annihilation equilibrium
• Standard Maxwellian Halo
• No dark disk
• ρ"# = 0.3 ()* /,-.

• Standard Solar Model
• /012 = 220 4-/5
-> Set limit on WIMP-proton scattering cross 

section
• The best limit is for Spin Dependent

7⃗8. 7⃗9 in the language of NR EFTs
(R. Catena et al, JCAP 1504 (2015) 04, 042)

The most stringent limits on SD WIMP-proton 
cross section above 80 GeV WIMP mass

Most stringent bounds

M. RAMEEZ
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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:

f(v)dv =
4
√
π

(3

2

)
3

2 v2

vrms
3
exp

(

−
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2

)

Θ(v − vesc)dv. (3.1)

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

)

− exp
(

−
3(u+ v")2
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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

– 7 –

K, 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
12
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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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Conservative bounds completely independent of the VDF

IceCube + PICO synergy, method of Ferrer, Ibarra & White



!" disappearance
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Neutrino Mass Ordering with PINGU/DeepCore



PINGU/Upgrade/JUNO Synergy
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Conclusions

• Synergies between multiple experiments in the last decade have had 
a multiplier effect.

• ICAL’s strength in charge separation must be exploited to augment 
other experiments.
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