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Neutrino sources
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The Sky
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The Sky
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Neutrino Sky
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Neutrino Sky
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Neutrino Sky
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IceCube Lab
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IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors
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8 strings-spacing optimized for lower energies
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IceCube Lab
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IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors
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IceCube Lab
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Flavoring at IceCube

muon-track events cascade events
NCyy ve () CCan, e (¢")
Ve (Vs * Ve(Ve)
Leptonic
Hadronic
CC (+) decay

figures from
IceCube
website
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Flavoring at IceCube

muon-track events cascade events
great angular | poor angular resolution [(¢7)
resolution (< 1°) Va(”a/)- (<10°-20°)
moderate energy great energy resolutionhic
Vr| resolution (o ~ E) (oe ~ 0.15 x E) Y
< P TN —
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figures from
IceCube
website
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Measuring the atmospheric "background”

&
,@0& Phys. Rev. D83 (2011) 012001

ng\ Measurement of the atmospheric neutrino energy spectrum from 100 GeV to 400 TeV
\\ with IceCube

R. Abbasi,?® Y. Abdou,?? T. Abu-Zayyad,*® J. Adams,'® J. A. Aguilar,?® M. Ahlers,?? K. Andeen,?® J. Auffenberg,??
X. Bai,** M. Baker,?® S. W. Barwick,?* R. Bay,’ J. L. Bazo Alba," K. Beattie,® J. J. Beatty,'® ¥ S. Bechet,'?
J. K. Becker,!” K.-H. Becker,”” M. L. Benabderrahmane,?” S. BenZvi,?® J. Berdermann,’ P. Berghaus,?®
D. Bcrlcy,17 E. Bernardini,?’ D. Bertrand,'® D. Z. Besson,?® M. Bissok,! E. Blaufuss,!” J. Blumenthal,’

D. J. Boersma,! C. Bohm,** D. Bose,'* S. Boser,'! O. Botner,*” J. Braun,?® S. Buitink,* M. Carson,?? D. Chirkin,?®
B. Chnbty,17 J. Clem,®! F. Cl(,v(,rmann,‘?0 S. Cohen,?® C. Colnard,?® D. F. Cowen,%6:35 M. V. D’Agostino,’
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Measuring the atmospheric "background”

le’
&(0 Phys. Rev. Lett. 111 (2013)

(\\\)0 Measurement of Atmospheric Neutrino Oscillations with IceCube
M. G. Aartsen,? R. Abbasi,?” Y. Abdou,?? M. Ackermann,*! J. Adams,?® J. A. Aguilar,? M. Ahlers,?”

D. Altmann,® J. Auffenberg,?” X. Bai,":[*| M. Baker,2” S. W. Barwick,2® V. Baum,?® R. Bay,” J. J. Beatty,' 18
S. Bechet,'? J. Becker Tjus,'® K.-H. Becker,’® M. Bell,*® M. L. Benabderrahmane,** S. BenZvi,?” J. Berdermann,*!
P. Berghaus,*! D. Berley,'® E. Bernardini,*! A. Bernhard,*® D. Bertrand,'? D. Z. Besson,?® G. Binder,® 7

D. Bindig,*® M. Bissok,! E. Blaufuss,'® J. Blumenthal,! D. J. Boersma,* S. Bohaichuk,2? C. Bohm,** D. Bose,?
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Measuring the atmospheric "background”
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Measuring the atmospheric "background”

5
chVJ
¢

Phys. Rev. Lett. 110 (2013)

®
PRL 110, 151105 (2013)

PHYSICAL REVIEW LETTERS

week ending
12 APRIL 2013

5%

Measurement of the Atmospheric », Flux in IceCube

M. G. Aartsen,” R. Abbasi,?’ Y. Abdou,>? M. Ackermann,*' J. Adams,"® J. A. Aguilar,”’ M. Ahlers,”” D. Altmann,’
J. Auffenberg,”” X. Bai,”""* M. Baker,?’ S. W. Barwick,”® V. Baum,”® R. Bay,” K. Beattie,® J.J. Beatty,'”!® S. Bechet,'?
J. Becker Tjus,lo K.-H. Bc::ckv::r,40 M. Bell,3 SM.L. Benabdc:rrahmzmc,41 S. Banvi,27 J. Be:rdcrmann,‘41 P. Berghaus,"’1
D. Berley,'® E. Bernardini,*' A. Bernhard,*° D. Bertrand,'? D. Z. Besson,”® D. Bindig,*® M. Bissok,' E. Blaufuss,'®
J. Blumenthal,' D.J. Boersma,*"' S. Bohaichuk,?” C. Bohm,* D. Bose,'* S. Boser,'' O. Botner,™ L. Brayeur,'”
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These data can be used to probe several
"new physics" scenarios, including:

A. E., F. Halzen and O. Peres, “a A. E., F. Halzen and O. Peres,
JCAP 1211 (2012) A JCAP 1307 (2013)

A. E., D. Gratieri, M. Guzzo,
P. de Holanda, O. Peres, iesd . .
G. Valdiviesso A. E. and Alexei Yu. Smirnov, A. E. and Alexei Yu. Smirnov,

PRD (2014) JHEP 1312 (2013) JHEP 1306 (2013)

A.E., O. Peres, Z. Tabrizi,
JCAP 1412 (2014)
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3+1 scheme -
Sterile «——>» No SM Interaction

4
Voo = 5 UaiVi =€, U, T,S
1=1

Uy

Ui Up Uz Upg Arn?

a,tm\ m2
Usl U32 USS US4 Am2 . — )
msol\ m]_

. . 3+1 scheme
Existence of a sterile

neutrino is NOT a small
perturbation to SM

Fogli, Lisi and A. Marrone, Phys. Rev. D 63 (2001); O. L. G.
Peres and A. Y. Smirnov, Nucl. Phys. B 599 (2001); Grimus and
Schwetz, Eur. Phys. J. C 20 (2001); M. C. Gonzalez-Garcia, M.
Maltoni and C. Pena-Garay, Phys. Rev. D 64 (2001); M.
Maltoni, T. Schwetz and J. W. F. Valle, Phys. Lett. B 518
(2001); A. Strumia, Phys. Lett. B 539 (2002); G. Karagiorgi, Z.
Djurcic, J. M. Conrad, M. H. Shaevitz and M. Sorel, Phys. Reuv.
D 80 (2009); A. Palazzo, Phys. Rev. D 83 (2011); C. Giunti and
M. Laveder, Phys. Rev. D 84 (2011), ...

/47zman gsmai[i | N - | .S)cience jai’z @ g 5757 ﬂ — — OS/WOV/;éZS



Existence of sterile neutrinos is NOT a small
perturbation to SM

Existence of sterile neutrinos have far-reaching consequences in
neutrino physics, particle physics and DM detection.

On neutrino model building side, the discrete symmetry considerations
ShOLlld be modified (TBM, BM, €'|'C...) Barry, Rodejohann and Zhang, JHEP 2011

From particle physics point of view, light sterile neutrino should

be incorporated in seesaw, etc... Zhang, PLB 2012
Blennow and Fernandez-Martinez, PLB 2011

Mohapatra, Nasri and Yu, PRD 2005

Existence of sterile neutrinos affect the indirect DM detection in

neutrino telescopes , o i o | G peres JcAP 2012 Arguelies and Kopp, JCAP 2012

Existence of sterile neutrinos drastically affect SN neutrino flux

(Wr-ong mass hier'ar'chy mimicking) A.E., O.Peres, P. D. Serpico, PRD (2014)
Tamborra, Raffelt, Hudepohl and Janka, JCAP (2012)

Choubey, Harries and Ross, PRD (2007)
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Existence of sterile neutrinos is NOT a small
perturbation to SM

Existence of sterile neutrinos have far-reaching consequences in
neutrino physics, particle physics and DM detection.

On neutrino To name some: siderations
should be m STEREO, Neutrino-4, ICARUS- | Zhang, THEP 2011
From partic ~ NESSIE, nuSTORM, Posseidon,  hould
be incorporc DANSS, Prospect, SOLID, Nucifer,

Hanaro, BEST, SOX, LENS, SCRAAM, #Martinez PLE 201

Yu, PRD 2005
OscSNS, MicroBooNE, IsoDAR, ...

EXiS.rence Cl QTGO 1T 11U ] 1TTIVWDG WA ] W) 11IVTGe 1IN Ol WiV UOIOCTion in

neutrino telescopes i | ¢ peres 7cAP 2012 Arguelles and Kopp, TCAP 2012

Existence of sterile neutrinos drastically affect SN neutrino flux

(Wr-ong mass hier'ar'chy mimicking) A.E., O. Peres, P. D. Serpico, PRD (2014)
Tamborra, Raffelt, Hudepohl and Janka, JCAP (2012)

Choubey, Harries and Ross, PRD (2007)
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A note on parametrization

Uet Uer Ue Uy
U,ul U,u2 U,u3 U,u4 3 hew miXing angles

Uri Ura Urg Usg 2 new CP-violating phases
Usl U32 Us3 US4

s
|

Uy =R (034) 5" (024) R5" (014) R*%(023) R5> (613) R (612)

hew mixing parameters
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A note on parametrization

Uet Uer Ue Uy
U,ul U,u2 U,u?) U,u4 3 hew miXing angles

Uri Ura Urg Usg 2 new CP-violating phases
Usl U32 Us3 US4

Uy =R (034) 5" (024) R5" (014) R*%(023) R5> (613) R (612)

hew mixing parameters

Reactor anomaly 014 # O
Why ? LSND/MiniBooNE anomaly 014 #0 & 024 #0
Ur - Us mixing 934 # 0

weakly constrained
up to now
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Impact of sterile neutrinos on atm v flux
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Impact of sterile neutrinos on atm v flux
Liu, Mikheyev and Smirnov, Phys. Lett. (1998)
For Am? ~ 1 eV?

Er'es ~ 2 TeV

Nunokawa, Peres, Zukanovich-Funchal, PLB (2003)

A ¥ For Am? ~ 1 eV?
R AL \, A Eres ~ 4 Tev

A.E., F. Halzen and O. L. G: P .;}

JCAP (2012) }:}}‘

A.E., F. Halzenand O. L. 6. Peres; 2 Flj”

S
-
Y

JCAP (2013) ¥ | , S. Choubey, THEP (2007)
A. E. and Alexei Yu. Smirnov, A MY ‘\ ‘7\ :
JHEP (2013) ' Razzaque and Smirnov, JHEP (2011)
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Impact of sterile neutrinos on atm v flux

A. E. and Alexei Yu. Smirnov, 2 2
Amy; =1eV
THEP 1312, 014 (2013) , , ,
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IceCube sensitivity to sterile neutrinos
3 x IceCube-79 data (available now)

A.E., A.Yu. Smirnov,

JHEP 1312 (2013) uncorrelated sys. error
10 - 10,

> %
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IceCube sensitivity to sterile neutrinos
3 x IceCube-79 data (available now)
A. E., A. Yu. Smirnov,

THEP 1312 (2013)
10 ‘ —

F=10%.--"""

~

- 99% T

With the already collected data
the bound |U,4|?< 0.01 (99% C.L.)
can be established

Amj, (eV?)

Mixing required by
LSND/MiniBooNE can be
excluded at (4-6) o
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Non-standard neutrino interactions

: Nq
at the phenomenological level: r=—o~3
Te
1 0 ) VCC €Cee Ceu Cer
H pm— 2E U Am21 U —l_ O _l_ TVCC EZM G,u,u GMT
Y Am3, 0 €or  €pr  Err

€q quantifies the scattering: Vo, + f — vg + f

model independent limits:
A. Friedland and C. Lunardini, PRD (2009)

C. Biggio, M. Blennow and E. Fernandez-Martinez, 25 0.21 1.7 A. Friedland, C. Lunardini and M. Maltoni,
JHEP (2009) ‘ ‘ ' PRD (2004)
eap| < 0.21 0.046 0.21 stronger limit can be
L7 021 obtained by atm data

Super'-l(qmiokande limits (90"/0): Super-Kamiokande Collaboration, PRD 84 (2011)
leur| < 1.1 x 1072  and €| = |y — €7 < 4.9 x 1077

MINOS limits (90%): MINOs collaboration, arXiv:1303.5314
—0.20 < ¢, < 0.07
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Non-standard neutrino interactions

Vs muoh neutrino survival probability oscillograms for
e = 0and g,y # 0 (low energy)

€ = 1072 €4 = -1072
1

A. E.and A. Yu. Smirnov, JHEP (2013)
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Non-standard neutrino interactions

Vs muoh neutrino survival probability oscillograms for
e = 0and g,y # 0 (low energy)

€ = 1072 €4 = -1072

1

A. E.and A. Yu. Smirnov, JHEP (2013)

09

Py, — vy)
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o
4
8

e
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the difference change sign |
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NSI in IceCube

J constraints on NSI parameters from IceCube-79 data
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A. E.and A. Yu. Smirnov, JHEP (2013)
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NSI in DeepCore

sensitivity of DeepCore to NST parameters after one year of data-taking
(available now)
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Violation of Equivalence Principle in Neutrino Sector

Originally, VEP was introduced as a mechanism which induces flavor
oscillation even for massless neutrinos.

However, we know flavor oscillations originate from the mass of
neutrinos and VEP, if exists, can contribute only sub-dominantly.

Different coupling to gravitational field for
VEP ™ different mass eigenstates

N =%GN

Gur = v — 2% P() 0,
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Violation of Equivalence Principle in Neutrino Sector

2
T

Juv = Nuv — 2’7@¢(x)5,uu Ei =pu(1+27¢) + -

2, (1+4v;9)

dv 1
Z—d’l“ 2pr(M + AG)U" + V(r) aﬁuﬁ

/ |

AG = diag (0, £4p|¢(r) Ao |, +4p |6 (r) Avsi )

Neutrino source O AY32 P Ay21

SN1987A 0 < 10722
Atmospheric (SK) <4x10%° 0
Atmospheric+K2K <6 x107%° 0

Atmospheric (MACRO) |< 3 x 10724 0
Atmospheric (AMANDA)|< 3 x 1072° 0
Solar 0 <1071
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Violation of Equivalence Principle in Neutrino Sector

 Oscillation probabilities dAv21 =0 5 dpA~g = 10726
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Violation of Equivalence Principle in Neutrino Sector

 Limits on VEP parameters from IceCube data
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Mission for IceCube began |

ime

1.

 The two PeV cascade events, 616 days live
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Mission for IceCube began

 The two PeV cascade events, 616 days livetime

M. G. Aartsen et al. [IceCube Collaboration],

Phys. Rev. Lett. 111 (2013), [arXiv:1304.5356] .
expected bkg. (conventional+prompt)

10° :
. sum of atmospheric background ~ 0.08(-0.057)(+0.041) svs.
Y E*p=3.6x10" GeV sr' cm? gl seeeeees atmospheric p ( )( ) y
10 e aehida atmospheric v conventional
10 ‘= =+ atmospheric v prompt

excess of events ~ 2.80

,,,,,,, GZK ? too low energy, more events
should be seen in higher energies

1 HIIIF1 ’l IIHI"I IRRLL

ﬂﬂﬂﬂﬂﬂﬂ

Number of events

...........
lllll

astrophysical ? an E? spectrum
| would give ~ 9 more events in
TR BT U R T vt o

5 55 6 -;;;;;;;;;;;g?;s 7 75 higher energies

it is like a cut-off at ~ PeV flavor composition ?
NC of vq or CC of ve

demands more statistics isotropy ?
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HESE analysis

Veto

v’ select events interacting

iInside the detector only I |

v no light in the veto region

v veto for atmospheric
muons and neutrinos

(which are typically accom- :
panied by muons) I I

v energy measurement: to-

tal absorption calorimetry
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Mission for IceCube began

 Looking for lower energy contained events, 662 days livetime

M. G. Aartsen et al. [IceCube Collaboration],
Science 342 (2013), [arXiv:1311.5238]

J 26 more events

o
-

80 + Showers +—e— -

Tracks -+ .
60 7 J all the new events are lower in

40 + %4 s - energy
20 | i i# } J expected bkg. (conventional+prompt)
¢ ~ 10.6(+4.5)(-3.5) sys.
t

Declination (degrees)
)
o O
] I
i3
) AT
o,
“

:Zg : T ,%1% F% % : excess of events ~ 4.30

10° 10°
Deposited EM-Equivalent Energy in Detector (TeV)

The whole family! previous PeV
cascade events

(Bert and Ernie)
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Mission for IceCube began

" Looking for lower energy contained events, 662 days livetime

M. G. Aartsen et al. [IceCube Collaboration],
Science 342 (2013), [arXiv:1311.5238]

80
60
é 40
S 20
=)
c 0
O
g -20
S -40
()]
-60
-80

_ #4%{(;& : | ¥ ~106645)-35) sys

J 26 more events

B
—

Ll L Ll L4 T L I
Showers +—e— -

Tracks +-><--
) J all the new events are lower in
% X - energy
F#j ) J expected bkg. (conventional+prompt)

++ + % } excess of events ~ 4.30

2 3
10 10
Depositéd EM-Equivalent Energy in Détector (TeV) atmospheric ?

The whole family! previous PeV Wh IC h 0) ne? astrophysical ?

cascade events .
(Bert and Ernie) or something else ?
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Mission for IceCube began

 Looking for lower energy contained events, 988 days livetime

M. G. Aartsen et al. [IceCube Collaboration],
PRL 113 (2014), [arXiv:1405.5303]

/ totally 37 events

o[ & Showers e -
60 | The whole family! ~ Tracks -->¢--

40 - %* % % r>< }
J expected bkg. (conventional+prompt)

% 1 ¥ ~156(+10.1)(-5.8) sys.
2ol 3t gi -
-40 |

- excess of events ~bH.70
60 | ++ Ff* + -

102 10°
Deposited EM-Equivalent Energy in Detector (TeV)

/ three events with energy ~ PeV

Declination (degrees)
o
|

atmospheric ?

which one? astrophysical ?

or something else ?
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Mission for IceCube began

" Looking for lower energy contained events, 1347 days livetime

Declination (degrees)

IPA 2015
The whole family!

B T l"tlﬁ\\

- 'S'h;)\'lv'e'rs |—o'—|
~ Tracks ¢

=

(0]
B = p
=2y,

. %Sube Preliminary

—

2
10
Deposited EM-Equivalent Energy in Detector (TeV)

atmospheric ?

which one? astrophysical ?

or something else ?

/ totally 54 events

/ still three events with energy ~ PeV

4 years of data

excess of events ~ 70
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IceCube data
3 yrs data-set

2 @ Background Atmospheric Muon Flux

10° ¢ - |mmm Bkg. Atmospheric Neutrinos (+/K)

Background Uncertainties

- Atmospheric Neutrinos (90% CL Charm Limit)

—  Bkg.+Signal Best-Fit Astrophysical (best-fit slope £ **)
- « Bkg.+Signal Best-Fit Astrophysical (fixed slope £ 7)
e®e Data

[
o
[

-
-
[=]

Events per 988 Days

=
S
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AN

ok
X XA
10° 10° 10*
Deposited EM-Equivalent Energy in Detector (TeV)
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IceCube data
4 yrs data-set

Bl Background Atmospheric Muon Flux

[ Bkg. Atmospheric Neutrinos (=/K)

EZZ1 Background Uncertainties

= Atmospheric Neutrinos (90% CL Charm Limit) .
= Bkg.+Signal Best-Fit Astrophysical (best-fit slope £ **) |
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TceCube data

 Thereare interesting features in the observed spectrum

A which still are not significant

2 @ Background Atmospheric Muon Flux

10 3 : B Bkg. Atmospheric Neutrinos (=/K)

72 Background Uncertainties

- Atmospheric Neutrinos (90% CL Charm Limit)

——  Bkg.+Signal Best-Fit Astrophysical (best-fit slope £ %)

v
‘%\ N - « Bkg.+Signal Best-Fit Astrophysical (fixed slope £ 7)
0 10 e®e Data
© .
(9] -
o —
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8 0 7 - -, T
B L . -
" 10 -
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o / -
o)
>
w
L+ Galactic 10~1
7
[ B
0 TS=2log(L/LO) 113

10° 10° 10°
Deposited EM-Equivalent Energy in Detector (TeV)
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TceCube data

 Thereare interesting features in the observed spectrum

A which still are not significant

: B Background Atmospheric Muon Flux

| @l Bkg. Atmospheric Neutrinos (=/K)
Background Uncertainties

= Atmospheric Neutrinos (90% CL Charm Limit) -
= Bkg.+Signal Best-Fit Astrophysical (best-fit slope £ **) |
=+ Bkg.+Signal Best-Fit Astrophysical (fixed slope E7)
|eee Data

- - 4"' : IceCube Pr

[
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N
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-
o
[
T

[
o
o

Events per 1347 Days

[
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—

0 TS=2log(L/L0) 109

102 10° 10
4 year's Of dC(T(] Deposited EM-Equivalent Energy in Detector (TeV)
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Interpretations of IceCube data

J "Conventional" interpretations of IceCube data

M. D. Kistler, T. Stanev and H. Yuksel, arXiv:1301.1703 [astro-ph.HE]

Cosmic ray sources K. Murase and K. loka, Phys. Rev. Lett. 111, no. 12, 121102 (2013) [arXiv:1306.2274
[astro-ph.HE]].
GRBS K. Murase, M. Ahlers and B. C. Lacki, Phys. Rev. D 88, no. 12, 121301 (2013) [arXiv:

1306.3417 [astro-ph.HE]].
L. A. Anchordoqui, H. Goldberg, M. H. Lynch, A. V. Olinto, T. C. Paul and T. J. Weiler,

GC('C(XY clusters arXiv:1306.5021 [astro-ph.HE].
R. Laha, J. F. Beacom, B. Dasgupta, S. Horiuchi and K. Murase, Phys. Rev. D 88,
_ N ! 043009 (2013) [arXiv:1306.2309 [astro-ph.HE]].
STGr' for.mlng 90'0X|€S S. Razzaque, Phys. Rev. D 88, 081302 (2013) [arXiv:1309.2756 [astro-ph.HE]].

C.Y. Chen, P. S. Bhupal Dev and A. Soni, Phys. Rev. D 89, no. 3, 033012 (2014)

AGNs [arXiv:1309.1764 [hep-ph]].
M. Ahlers and K. Murase, Phys. Rev. D 90, 023010 (2014) [arXiv:1309.4077 [astro-
Fermi bubbles ph.HEI]

I. Tamborra, S. Ando and K. Murase, JCAP 1409, no. 09, 043 (2014) [arXiv:1404.1189

' VL [astro-ph.HE]].
GGIGCTlC Cen'rer‘ GC'hVITICS M. Kachelriess and S. Ostapchenko, Phys. Rev. D 90, 083002 (2014) [arXiv:

1405.3797 [astro-ph.HE]].

° M. Ahlers and F. Halzen, arXiv:1406.2160 [astro-ph.HE].
Y. Bai, A. J. Barger, V. Barger, R. Lu, A. D. Peterson and J. Salvado, Phys. Rev. D 90,
063012 (2014) [arXiv:1407.2243 [astro-ph.HE]].

° A. Bhattacharya, R. Enberg, M. H. Reno and I. Sarcevic, arXiv:1407.2985 [astro-
ph.HE].
C. Lunardini, S. Razzaque, K. T. Theodoseau and L. Yang, Phys. Rev. D 90, 023016
o (2014) [arXiv:1311.7188 [astro-ph.HE]].
For a review .
L. A. Anchordoqui, V. Barger, I. Cholis, H. Goldberg, D. °
Hooper, A. Kusenko, J. G. Learned and D. Marfatia et al.,
Journal of High Energy Astrophysics 1-2, 1 (2014)
[arXiv:1312.6587 [astro-ph.HE]]. °
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Interpretations of IceCube data

J "New Physics" interpretations of IceCube data

Y. Ema, R. Jinno and T. Moroi, Phys. Lett. B 733, 120 (2014) [arXiv:1312.3501
LZPTO-QUGF‘RS [hep-ph]].

K. loka and K. Murase, PTEP 2014, (2014) [arXiv:1404.2279 [astro-ph.HE]].

K. C. Y. Ng and J. F. Beacom, Phys. Rev. D 90, 065035 (2014) [arXiv:1404.2288

: : . [astro-ph.HE]].
Secret neutrino interactions | ibe and k. Kaneta, Phys. Rev. D 90, 053011 (2014) [arXiv:1407.2848 [hep-
ph]].
. V. Barger and W. Y. Keung, Phys. Lett. B 727, 190 (2013) [arXiv:1305.6907 [hep-
resonant absorption on phll

B. Feldstein, A. Kusenko, S. Matsumoto and T. T. Yanagida, Phys. Rev. D 88, no.
! ! 1, 015004 (2013) [arXiv:1303.7320 [hep-ph]].
Cosmlc neUTr'|n0 bGCkground Y. Bai, R. Lu and J. Salvado, arXiv:1311.5864 [hep-ph].
A. Bhattacharya, M. H. Reno and |. Sarcevic, JHEP 1406, 110 (2014) [arXiv:
1403.1862 [hep-ph]].

supermassive |0n9_| ived J. Zavala, Phys. Rev. D 89, 123516 (2014) [arXiv:1404.2932 [astro-ph.HE]].
A. Bhattacharya, R. Gandhi and A. Gupta, arXiv:1407.3280 [hep-ph].
par.-ricles C. Rott, K. Kohri and S. C. Park, arXiv:1408.4575 [hep-ph].
T. Higaki, R. Kitano and R. Sato, JHEP 1407, 044 (2014) [arXiv:1405.0013 [hep-
ph]].

D k ‘I'T d A. Esmaili and P. D. Serpico, JCAP 1311, 054 (2013), arXiv:1308.1105

arkKk marrter aeca

y A. Esmaili, S. K. Kang and P. D. Serpico, JCAP 1412, 054 (2014),
arXiv:1410.5979

¢ A. Esmaili and P. D. Serpico, arXiv:1505.06486
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A note on Dark Matter
DM exist!

expected

from
luminous disk

-

R (kpc)

M33 rotation curve
(fig. 1)

Angular scale
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A note on Dark Matter
DM exist!

What We Know?

~ Non Baryonic
<~ No electric and color charges

<~ Cold (or perhaps warm)

 CLong lived (not necessarily s‘ra@

All of these come from gravitational effects
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A note on Dark Matter
DM exist!

What We Do Not Know?

axion Sterile» ~ WIMP Wimpzilla

106 eV ~KeV ~100 GeV Maut (101 GeV)

/\ “WIMP" paradigm ?

Note that WIMP paradigm is a "particle physics” conjecture, needs to
be validated at colliders
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A note on Dark Matter
DM exist!

What We Do Not Know?

axion Steriles WIMP

Wimpzilla

MsuT (101 GeV)

10%eV ~KeV ~100 GeV
/\ “WIMP" paradigm ?

Note that WIMP paradigm is a "particle physics” conjecture, needs to
be validated at colliders
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A note on Dark Matter
DM exist!

What We Do Not Know?

axion Sterilex WIMP

Wimpzilla

Mass

Meur (101 GeV)

10%eV ~KeV ~100 GeV

"WIMP" paradigm ?

Note that WIMP paradigm is a "particle physics” conjecture, needs to
be validated at colliders
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“non-WIMP dark matter” is like a “non-dog animal”

slide from A. Kusenko
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“non-WIMP dark matter” is like a “non-dog animal”

slide from A. Kusenko
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A note on Dark Matter
DM exist!

What We Do Not Know?

axion Sterile» ~ WIMP Wimpzilla

MsuT (101 GZV)

10%eV ~KeV ~100 GeV

/\ “WIMP" paradigm ?

Note that WIMP paradigm is a "particle physics” conjecture, needs to
be validated at colliders

< Lifetime: stable () or
Tom > 4.3 x 10 s (age of Universe)
Tom > 2.2 x 10 s (CMB) V. Gong and X. Chen, PRD77 (2008), arXiv:0802.2296

J Possible decay and/or annihilation channels

v
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Limits on lifetime from neutrino experiments
before recent IceCube data

J Lifetime: stable () or

A.E., Alejandro Ibarra and Orlando L. G. Peres

Th'slm”‘ JCAP (2012) [arXiv: 1205.5281]
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102 90 <)/o CL 4 \ Isélpfzmma?chrg'ym i
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Interpreting the IceCube events
by decaying dark matter

Two main diagnostics:

 Energy distribution

<~ Angular distribution
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Confronting with energy distribution of IceCube data

two years data set
branching ratio by gives ) ) »7
4 the two PeV events b= 0.12 and Tom = 2 x 10" s

\
Vs soft channel and lifetime Tpm : -
gives the upturnin low energy = |
‘Q L
the value of Tpmis compatible with the bounds ‘% 1.
' ' > -
derived from neutrinos and gamma rays > - data
s natural explanation for the  -—= E7spec, |
lack of events > PeV 0.1 — PM=vr.aq -
the value of mpm can be changed within the 10° 10°
current uncertainty of the highest energy events E, (TeV)

s the low energy bins contain

large bkg. contribution 7 different decay channels lead

the important discriminators of DM vs to qualitatively same result

astrophysical model are high energy bins, where
clearly data shows preference to DM model
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Confronting with energy distribution of IceCube data
three years data set
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Angular distribution of neutrinos from decaying DM

v~ We would compare

Avman (f)smai[i | B | Seience Fain @ gggﬂ o ” 05/ 7/]0\)/ 20'115 7



Angular distribution of neutrinos from decaying DM

v~ We would compare

12
piSO _ i _ 1 d=J,
4 J, dbdl
PDF of data
1 7 — T;|°
pi(b,1) = 207 =P [_ 20°% ]
W, “flat sky"

PDF of % approximation \
isotropic dis. PDF of DM

iso 1 DM, [ — L&, _ Jy plr(s,b,D)]ds + Qpympef

P = b= wa 47T(77 T Qpmpd)
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Angular distribution of neutrinos from decaying DM
 Likelihood analysis

0.8+

fraction
— i
~ o)

<
b

S
o

mean p-values ~ 2%, which means |
98% C.L. preference for DM

distribution of p-values
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Angular distribution of neutrinos from decaying DM
 Likelihood analysis

08 0087
distribution of p-values 7 >0 means |
0.6 0.06 preference to DM
= mean p-values ~ 2%, which means | o | ]
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Angular distribution of neutrinos from decaying DM

v Anderson-Darling test:

0.3} . B Isotropic
I B Isotropic B  Dark matter
g I @ Dark matter g
B> 0.2+ s
g 2
01l p-value distribution
0.0 L et UL LU
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Angular distribution of neutrinos from decaying DM

v Anderson-Darling test:

0.3} . B Isotropic
Bl Isotropic B  Dark matter
g I @ Dark matter g
'§ O-Zf ‘§
o1 p-value distribution
0.0 H L e T DD
0.0 0.2 04 0.6 0.8 1.0 6 8 10
p—value
~ 20 preference for DM distribution
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Gamma ray bounds

cascades develop: gamma-ray
interaction with interstellar
radiation field and CMB

Universe is opaque for
gamma-rays with E > 1 TeV

gamma-rays populate at
lower energies < 10@-3) GeV
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Gamma ray bounds

cascades develop: gamma-ray
intferaction with interstellar =<
radiation field and CMB

gamma-rays populate at
lower energies < 10@-3) GeV

Universe is opaque for
gamma-rays with E > 1 TeV

v 4 Isotropic diffuse gamma-ray background by Fermi-LAT

M. Ackermann et al. [ The Fermi LAT Collaboration],
arXiv:1410.3696 [astro-ph.HE].
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C B, dE’Y ‘;0 —e—— Fermi LAT, 50 months, (FG model A)
w 105 — Fermi LAT, 50 months, (FG model B) = -
F —— Fermi LAT, 50 months, (FG model C) -
El ~/ 0(].) GeV E2 g 0(100) Gev : Galactic foreground modeling uncertainty T:
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10°
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Gamma ray bounds

cascades develop: gamma-ray
intferaction with interstellar =<
radiation field and CMB

gamma-rays populate at
lower energies < 10@-3) GeV

Universe is opaque for
gamma-rays with E > 1 TeV

v 4 Isotropic diffuse gamma-ray background by Fermi-LAT

M. Ackermann et al. [ The Fermi LAT Collaboration],
arXiv:1410.3696 [astro-ph.HE].
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10° 10° 10 10°
Energy [MeV]
i A de, ! dpes )’
total electromagnetic 4« S e dg) LE di; ) B ~ 5.2 % 10~ eV fem’
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Universe is opaque for
gamma-rays with E > 1 TeV

Gamma ray bounds

cascades develop: gamma-ray

~w3  interaction with interstellar =

radiation field and CMB

gamma-rays populate at
lower energies < 10@-3) GeV

v 4 Isotropic diffuse gamma-ray background by Fermi-LAT

M. Ackermann et al. [ The Fermi LAT Collaboration],
arXiv:1410.3696 [astro-ph.HE].
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Gamma ray bounds
/ Galactic component

neither full absorption or cascade
development, nor full transparency

at ~ PeV, the absorption length of gamma-rays
are comparable to Galactic distances

A. E. and P. Serpico, arXiv:1505.06486
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Gamma ray bounds

J Galactic component

at ~ PeV, the absorption length of gamma-rays
are comparable to Galactic distances

neither full absorption or cascade

development, nor full transparency

A. E. and P. Serpico, arXiv:1505.06486
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Gamma ray bounds

Galactic component
v P Tom = 1028

and mpm = 4 PeV
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Gamma ray bounds

Galactic component

Anisotropy A~y —

No need to ¥/hadron discrimination

Absorption suppress the anisotropy

The bound 2.5x10%7 s can be set

anisotropy (a,)

Adding the phase info of anisotropy
would improve the limits significantly
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Gamma ray bounds

Galactic component

Anisotropy A~y —

No need to ¥/hadron discrimination

Absorption suppress the anisotropy

The bound 2.5x10%7 s can be set

anisotropy (a,)

Adding the phase info of anisotropy
would improve the limits significantly
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IceCube / Fermi-LAT cross correlation
in the 4-yrs data set, 14 muon-tracks observed

let's look at the Fermi-LAT skymap at the
position of these events

&

|
2 42 72 10 13 16 19 2 25 28 3 9 55 7 86 10 1

2 13 15 16 18 1 88 1.7 2.5 3.4 4.2 5 5.9 6.7 7.5 8.4 9

work in progressl!|
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TIceCube / Fermi-LAT cross correlation

6 10 17 23 29 36 42 49 55 62 6 68 41 75 11 14 18 21 o5 o8 31 3 B8 16 24 32 39 47 54 62 69 77 8

# 13 # 18 #H 47

work in progressl!|
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TIceCube / Fermi-LAT cross correlation

1 2 3.1 4.1 5.2 6.2 7.3 8.3 9.4 10 1 69 3.7 6.7 9.7 13 16 19 22 25 28 < 4 2.1 2.8 3.5 4.2 4.9 5.6 6.4 71 7.8 8

# 8 # 37 # 43

work in progressl!|
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conclusions
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