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IceCube Lab

IceTop

/ 81 Stations

50 m 324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

Amanda |l Array
(precursor to IceCube)

1450 m

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
324 m

2450 m
2820 m
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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

great angular
resolution (< 1°)

moderate energy
Vr| resolution (o ~ E)

z TN

cascade events

poor angular resolution (")
) (<100-20°)

great energy resolutionhic
(oe ~ 0.15 x E) Y

v (V)

figures from
IceCube
website
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Mission for IceCube began |
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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]

103 —@— data sum of atmospheric background
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it is like a cut-off at ~ PeV

demands more statistics

expected bkg. (conventional+prompt)
~ 0.08(-0.057)(+0.041) sys.

excess of events ~ 2.80

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

astrophysical ? an E? spectrum
would give ~ 9 more events in
higher energies

flavor composition ?
NC of vq or CC of ve

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
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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]
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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
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Mission for IceCube began

" Looking for lower energy contained events, 1347 days livetime

IPA 2015
The whole family! / totally 54 events
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Mission for IceCube began

J Looking for muon-track events, 660 days livetime
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TceCube data

Some features of the observed spectrum
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TceCube data

Some features of the observed spectrum
J deficit of events in the energy range ~ (400 - 1000) TeV
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TceCube data

Some features of the observed spectrum
J deficit of events in the energy range ~ (400 - 1000) TeV

J cut-off in events: no events observed with energy > 2 PeV
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TceCube data

Some features of the observed spectrum
J deficit of events in the energy range ~ (400 - 1000) TeV

J cut-off in events: no events observed with energy > 2 PeV

J angular distribution of events show mild anisotropies (enhanced toward GC)
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TceCube data

Some features of the observed spectrum
J deficit of events in the energy range ~ (400 - 1000) TeV

J cut-off in events: no events observed with energy > 2 PeV

J angular distribution of events show mild anisotropies (enhanced toward GC)

A none of the above-mentioned issues are significant
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TceCube data

Some features of the observed spectrum

J deficit of events in the energy range ~ (400 - 1000) TeV

J cut-off in events: no events observed with energy > 2 PeV

J angular distribution of events show mild anisotropies (enhanced toward GC)

A none of the above-mentioned issues are significant
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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:
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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]].
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Interpretations of IceCube data

J "New Physics" interpretations of IceCube data
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The idea
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decaying
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DM mass

106 eV ~KeV ~100 GeV Meur (101 GeV)
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The idea

decaying mowm ~ O (PeV)

dark matter
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DM mass
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The idea

. ™MpmM O(PGV)
decaying

dark matter

axion Sterilev.  WIMP Wimpzilla

DM mass

Meur (101 GeV)
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;4’mmn gsmail[ - W | DSUo015 @ YITP - K yoto | 18/ ;75-60/2015



The idea

decaying mowm ~ O (PeV)

dark matter

28

| TDM 0(1028 S)

A.E., A. Ibarraand O. L. G. Peres
JCAP (2012) [arXiv: 1205.5281]
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The idea

decaying mowm ~ O (PeV)

dark matter

TDM 0(1028 S)
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e K. Murase and J. Beacom
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The idea

decaying mowm ~ O (PeV)

dark matter

TDM 0(1028 S)
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The idea

.
™MpmM O(PGV) Q /70,0
decaying : /776,.,/. A Pr,
dark matter TOM ~ @(1028 S) s QC/?

} R-parity violating gravitino

Feldstein, Kusenko, Matsumoto, Yanagida

hidden sector gauge boson PRD (2013) [arXiv: 1303.7320]

ﬁg singlet fermion in extra-dim

Higaki, Kitano and Sato

Sterile neutrino THEP (2014) [arXiv: 1405.0013]

From model-building

. . Sterile neutrino Ko and Tang
point of view + U(1) gauge PLB (2015) [arXiv: 1508.02500]
mirror dark matter Berezhiani [arXiv: 1506.09040]
EFT leptophilic DM Boucenna ef. l.

[arXiv: 1507.01000]

lar + steril Fri Dudas, Mambrini, Olive,
Scalar + sterile neutrino PRD [arXiv: 1412.3459]
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The idea

A. E., Pasquale D. Serpico, JCAP (2013) [arXiv:1308.1105]
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decaying
dark matter

quarks
dN, dN, dN,
ag, ~ 47 g, S+bH dE, |
heutrinos,
charged leptons (Ve+ Uy +0r)/3
APy 1 dN, [*

Galactic

extra-Galactic

mpwmM ~~ O(PGV)

‘; TDM 0(1028 S)

The idea

A. E., Pasquale D. Serpico, JCAP (2013) [arXiv:1308.1105]

10719

I ‘
galactic

extragalactic

——  galactic+extragalactic

Efd] /dE, (TeV cm™ s~ st 1)

dEV N 47TmDMTDM dEV 0

dq)eg _ QDMPC /OO > 1 dN,/
dEV 47TmDMTDM 0 H(Z) dE,/

ds ppay|r(s,l,b)]

Ey(1+ 2)]

mpm/2 = 1.6 PeV
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fine-tuned decay channels ?

I ‘
- galactic

[

S
[
e}
\

----- extragalactic

——  galactic+extragalactic

ek

I
o
[E—

E2dJ/dE, (TeV cm™ s~ sr7!)

[
-
L
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4
]
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.
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fine-tuned decay channels ?

Tom = (1-3) x 1047 s

[

S
[
e}
\

ek

I
[E—
[E—

E2dJ/dE, (TeV cm™ s~ sr7!)

galactic+extragalactic

I ‘
galactic

extragalactic

| |
DM — v, v, (15%), bb (85%)

h
|
|
|

|
r_
[a—
<
S
\
\

——. DM - v, 7, (12%), cc (88%)

[—— DM — e” e (40%), qq (60%)

E2dJ/dE, (TeVem ™2 s7!s
3

10_12; Lo Lo S ) E Lo L \ \
1 10 102 103 1 10 10 10°
E, (TeV) Ey, (TeV)
the intriguing features are generic
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Confronting with energy distribution of IceCube data

by =0.12 and Tpm = 2 x 1047 s

two years data set

£ :
e
o 1- T "7 -
9 g 1
L  — data .
| =-- E? spec.
01 | — DM — V)T, qq
| | | ‘ | | | | | | ‘
102 10°

E, (TeV)

A. E.and P. D. Serpico,
JCAP (2013) [1308.1105]
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Confronting with energy distribution of IceCube data

. . - - 27
sterile neutrino model br=0.12 and Tom = 2 x 10" s
- S I - -
10 1 three years data set two years data set
- e - :
S 15 —l—
= N it T
% —— Data ] § 1 1 -1
0.1 ==-- Astro.(E?) ] © E — data -
[ Dark matter ; - E” Spec.
o | - N | | i 01 — DM — vv, qq
107 10° P e
Deposited Energy (TeV) 10 10

E, (TeV)

A.E., S. K. Kang and P. D. Serpico,

A. E.and P. D. Serpico,
JCAP (2014) [1410.5979]

JCAP (2013) [1308.1105]
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Angular distribution of neutrinos from decaying DM

v~ We would compare
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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 Number of signal events

-7

Test il . i 1
L TS1ike = 2 In f; —Inp;™) =21 i | —2NIn | —
Statistics % ; (In fi = Inpi”?) = 21n <Hlf> " (477)

1 _lmioE?
fi= / pi(b,1) pPM (b, 1) cos(b) db dl = o / e 2 p"M(b,1)cos(b) dbdl

oy,

N =35? too optimistic!
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Angular distribution of neutrinos from decaying DM

 Likelihood analysis Number of signal events

Test N/ . al 1
TSlike = 2 ; (ln fi — lnpfiso) = 21n <}_[1 fz> — 2N In (E)

Statistics

1 _lz—F
fi= / pi(b,1) pPM (b, 1) cos(b) db dl = o / e 2 p"M(b,1)cos(b) dbdl

N =35? too optimistic!

J let's assume Np = 15 and all the events with E > 150 TeV are signal events

008~ T

>0 means |
preference to DM

(26> ways of selecting the bkg events
“ \15/ among the low energy events

fraction
o
o
=

Distribution of TSjike for all 0.02
these realizations ¥
0.001 - L e SR RN —
(mean value = 2.1) 20 2 4 6
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Angular distribution of neutrinos from decaying DM

 Likelihood analysis Number of signal events

-7

Test il . i 1
L TS1ike = 2 In f; —Inp;™) =21 i | —2NIn | —
Statistics % ; (In fi = Inpi”?) = 21n <Hlf> " (477)

1 _lmioE?
fi= / pi(b,1) p"M(b,1) cos(b) db dl = ——; / e 2 p"M(b,1)cos(b) dbdl

oy,

N =35? too optimistic!

J let's assume Np = 15 and all the events with E > 150 TeV are signal events

0.8~

Quantifying the preference

distribution of p-values

generating a sample (10°) of isotropically 0.6
distributed si of 20 events

for each realization of bkg choosing, p-value

| . is the fraction of generated events which 7
p-value ‘f} have smaller TSjike than the one computed o e ]
by observed data 0.0 0.1 0.2 03 0.4

i mean p-values ~ 2%, which means |
04+ 98% C.L. preference for DM

fraction

p—value
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Angular distribution of neutrinos from decaying DM

J Kolmogorov-Smirnov test: a powerful non-parametric test

-
-
-
-
-
-
-
-
-
-
-
-
-

The 2-dim KS test have some ambiguities

) 27 ) 27 1 1 ........
1SO 19 — 1SO 19 d — d —— T
P (V) /O p(0, ) de /O =YY=z T

cos ¥ = cosbcos!

~

(s, 9)|ds + QpmpeS
(77 + QDM,OCB)

M) = [P0 e = Jor
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Angular distribution of neutrinos from decaying DM

J Kolmogorov-Smirnov test: a powerful non-parametric test

-
-
-
-
-
-
-
-
-
-
-
-
-

The 2-dim KS test have some ambiguities

) 27 ) 27 1 1 ........
13019 — ISO,& d — _d e
P (V) /O P (0, ) dyp /O wY= T

~

cos ¥ = cosbcos!

27T
DM DM fo 7“ S, 19 d3—|—QDMpC/5’
) :/ v, ) d
p- (V) P (0, ) dp = 20 T Moniped)

1.0F
- Data
0.8- ====-= Isotropic

Dark matter

0.6

s
5
0.4
0.2
0.0 ; \ __\'" \ \ \ \ \ \ \ \ \ \ \ \ L7
0 30 60 90 120 150 180
¢ [degree]
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Angular distribution of neutrinos from decaying DM

J Kolmogorov-Smirnov test: a powerful non-parametric test

-
-
-
-
-
-
-
-
-
-
-
-
-

The 2-dim KS test have some ambiguities

) 27 ) 27 1 1 ........
13019 — ISO,& d — _d e
P (V) /O P (0, ) dyp /O wY= T

cos ¥ = cosbcos!

~

plr(s,9)|ds + QprpeS
(77 + QDMPCﬁ)

Data

08 =——-m- Isotropic : 1
7 Dark matter EDFdata(ﬁ) — N Z @(19 — 19@')

CDF

0.4
sin )’ dv’
02

N——"

%
CDFDM (19) _ / pDM (19/
0

9 il
CDF*°(¢) = / p°(¥) sin ' d =
. !

0 .0 ; | ! ! ! | ! ! | ! ! | ! ! | ! ! [T
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Angular distribution of neutrinos from decaying DM

statistically larger TS for
isotropic distribution

v Kolmogorov-Smirnov test:

0 20i - Isotropic

- Dark matter

o 4. 0.15- 1
Test Statistics -
S I
c1 £ 0.10}
_ DM/qy ¢— 41 © DM q :
TSks = max {CDF (¥;) = —— ~ — CDF (19@)} ol

0.1 0.2 03 04

TSKS

18/, :bec'/20;5
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Angular distribution of neutrinos from decaying DM

. . statistically larger TS for
v Kolmogorov-Smirnov test: isotropic distribution

- Isotropic

- Dark matter

020"

. 0.15
Test Statistics g

c1 £ 0.10
. DM N o v DM ' i
TSks = max {CDF (9:) = — 7 — CDF (19@)} -

0.00 i

0.1 0.2 0.3 0.4
TSks

again, generating a sample (10°) of isotropically
distributed set of 20 events ,

$ O.Sff I Isotropic
' I Dark matter
on the average, 10% of generated isotropic
sample have smaller TSks than the values ;
obtained for data vs DM dis. 02
for data vs isotropic dis. it is 73% :

v

less than 20 preference for DM dis. | | pvalue

fraction
o
(09

p-value distribution
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Angular distribution of neutrinos from decaying DM

J Anderson-Darling test: a powerful non-parametric test, especially sensitive to the end points

04+
statistically larger TS for B
isotropic distribution 03 I W Isotropic
I B  Dark matter
. . o L
Test Statistics g .,
s L
1 0.1
TSAD = —N — N 2(22 - 1) [ln (CDFDM(T%)) —|—1Il (1 - CDFDM<19N_|_1_Z'))] . 7
=1 L
0.0 |-
2 4 6 8 10
TSap
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Angular distribution of neutrinos from decaying DM

J Anderson-Darling test: a powerful non-parametric test, especially sensitive o the end points

04f
statistically larger TS for ’
isotropic distribution .-
Test Statistics g .,
1 I
TSap = —N - Y (2i — 1) [In (CDFPM(9;)) + In (1 — CDF"M (D 41-4))] 0
1=1
0.0

again, generating a sample (10°) of isotropically
distributed set of 20 events

% 0.3 B

on the average, 11% of generated isotropic

o)

sample have smaller TSks than the values % 0.2
obtained for data vs DM dis. =

for data vs isotropic dis. it is 86% 0.1

% 0.0

00

less than 20 preference for DM dis.

Al

B Isotropic
Bl  Dark matter

2 4 6 8 10

B Isotropic
P Dark matter

p-value distribution

02 04 06 08 10

p—value
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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].

- b | ! | | R | ! rorm T
B 3
. . -1 = o
integrated energy density w0 % ‘ ARS
N s
> - Wu, “
) b
R =104 ¥, E
4 de _7 3 g E = 5
Wy = — E,—dE, < 44x107"eV/cm 2 | # :
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:
10-6 al aaaal eba g aaaal aaaal
10° 10° 10*

10°
Energy [MeV]
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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].

“a ' I |

intfegrated energy density w0 % IGRB -
£ S8V e
% = wwlwb 0
A ("2 dyp S10'E S E
_ s < -7 3 ) 3 :
Wy = c Jg EW dE7 dE’Y ~ 4.4 x 10 eV/cm JE: - ——e— Fermi LAT, 50 months, (FG model A) #
1 W 10’5; —i—  Fermi LAT, 50 months, (FG model B) S -
F —w— Fermi LAT, 50 months, (FG model C) -
El ~ 0(].) GeV E2 L 0(100) Gev : Galactic foreground modeling uncertainty T:
10 L saasl S s 2 22322l sasal
10° 10° 10 10°
Energy [MeV]
i A de, ! dpes )’
total electromagnetic 4« S e dg) LE di; ) B ~ 5.2 % 10~ eV fem’
ener‘gy bUdgeT ¢ i=gal,extragal v €
(NH case) \/
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Universe is opaque for
gamma-rays with E > 1 TeV

Gamma ray bounds

~ cascades develop: gamma-ray
«wd%  interaction with interstellar =3
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].

10-5 ] BN PULE ) ML I %10’35 . IGRB -
IceCube 2014 +—+— 3  F o, :
Fermi 2014 —— § ¢ [ ARG N :
— 10° «4 =10 S =
T : 1 32 | | :}'cf :
- o ‘;0 | —— Fermi LAT, 50 months, (FG model A) Il
‘U) 7 7 ey . 105 Fermi LAT, 50 months, (FG model B) e
'\-‘E 10 E —e— Fermi LAT, 50 months, (FG model C) -
) II : : Galactic foreground modeling uncertainty T:
> , | 6 L sl asansal sal it
Q -8 m— 10
@) 10 Galactic primary ' I 15 10° 10° 10* Energy [Me\}]oe
oy + extragalactic y | p
o xtraga 'y ]
N -9 -
- 10 T 3
10'10 | ’1’/ val o Py sal o sl y al o s ald, y a1V ;1 Murase, Laha, Ando, Ahlers,
10° 100 10° 10° 10* 10° 10° 10’ 10° @Xivi1503.04663
E [GeV]
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Gamma ray bounds

J Galactic component

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

Absorption due to pair production
on CMB photons

neither full absorption or cascade
development, nor full transparency

A. E. and P. Serpico, arXiv:1505.06486

]

M
>
S - m——— L =4kpc
I
02 04 0.6 0.8 1.0 = ]
B % 04 —— L=83kpc (GO VA
\ %
30F \ g
ST LT - L=20kpc \ ol :
25¢ \, //
20 . ! Y
3 1 10 100 1000 104 103
) 15
S ol E, [TeV]
oL S — Absorption at ~ PeV
20 2.5 30 35 40 4.5 50
Log,, (E,/TeV)
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Gamma ray bounds

J 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, JCAP (2015) arXiv:1505.06486

(r,2) =(0,0) kpc

i | Gala;ctie 11‘1t<‘3r‘s£e‘:l‘l‘ar Ragliat‘ion fiei;i
. . . L (r,z) = (8.3,0) kpc
Absorption due to pair production “ )= (535 Kpe emmrmrmnen ]
on SL+IR photons T
I :
— T ‘Tg f CMB
2
£ oo
0.01? “{ yf‘\‘ .':

: 0001+ | BAR AN A e
s 0.1 1 10 100 1000 10°

I A [um]
06. L =8.3kpc L =20 kpc ;

e mmmmmee (b,) =(0,0) 1
0] ————— -~ (b, D) = (x/6,0) ]

- .= 0.5 . Absorption at ~ 100 TeV
0.47 . . L L] L] . . L

1 10 100 1000 104

E, [TeV]
:Z).S) 7//2015 @ yjy /O - J( yoto 18/ :Zbec/ 2015
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Gamma ray bounds
J Galactic compohent

neither full absorption or cascade
development, nor full transparency

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

do 1 dN.
Prompt component d?fy (E~,b,1) = i
gl

E b.l — Ty~ (E~,8,b,0) d
47TmDM TDM dEW( 7)/0 Ph[Q(S, ’ )]6 >

100, S — . ‘ S — 5
N \ |
%A 1 \\ 7
Z | \ ] calculated by
) 0.1; DM o> e*e~ () = \\ PYTHIA 8.2
S — DM - vV, (v, V,)
001 e - DM - ViV \\
— DM - hh \
— DM - W W~ (~Z22)
0001- — ..HH‘DM—>.quar‘ks..HH‘ N\,
! 10 100 1000
A. E. and P. Serpico, JCAP (2015) arXiv:1505.06486 E, [TeV]
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Gamma ray bounds

Galactic component

at ~ PeV, the absorption length of gamma-rays neither full absorption or cascade
are comparable to Galactic distances development, nor full transparency
inverse-Compton  d®;c 1 L (Ey.sbi) mpM/2 dne
component dE, (b 1) = dr k., /0 dse /me dfe dFE. (e, 0) Pro(Be, By, 0)

_ SCMB ST,ATR
Pic = P&~ + P

10—26 g

10 TeV 102 TeV 10° TeV  10* TeV

/

1 -31 | | | / | \ \ \
A. E. and P. Serpico, JCAP (2015) arXiv:1505.06486 10 10* 107 102 107! 1 10 102 103 104 10
E, [TeV]
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Gamma ray bounds

Galactic component

at ~ PeV, the absorption length of gamma-rays neither full absorption or cascade
are comparable to Galactic distances development, nor full transparency
inverse-Compton  d®;c 1 L (Ey.sbi) mpM/2 dne
component dE, (b 1) = dr k., /0 dse /me dfe dFE. (e, 0) Pro(Be, By, 0)

_ 5CMB |, HSLAIR
Pic = P&+ P

10 TeV 102TeV 10° TeV  10* TeV

= 10728 3 /
QL [

1073 3

-31 | | | | | / | | |

A. E. and P. Serpico, JCAP (2015) arXiv:1505.06486 070 104 109 102 100 1 10 12 10°  10*  10°
E, [TeV]
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Gamma ray bounds

Galactic component

at ~ PeV, the absorption length of gamma-rays neither full absorption or cascade
are comparable to Galactic distances development, nor full transparency

inverse-Compton dd 1 oC mbm /2 dn.
P IC (E.,,b,1) = / dSG—TW(EW,s,b,l)/ g & (Ee, 0) Pic(Ee, E,, 0)
0

component dE, T 4rnE, e “dE.
dn, 1 (@) / ot AN ;o
E. 7)== — E)) Lyig(Ee, B, 7)dE,
dEe ( QZ) mpM TDM b(Ee, :I?) E. dl?(f3 ( ) d ff( CU)

Looof T T T T T b(Ee,T) = — T = bic(Ee, &) + bsyn(Ee, T)
0.500| w= ©0,0)

0.100 - (r,z) = (8.3,0) kpc
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-

0050 ZZz=-e T e

———
e ——
_——

———
.-~
-~

~

e

2 b(E,r2) [107%*/eV/s]

(r,z) = (0,5) kpc

N

E

0.010~ Thalo = _ §

0.005-

r = Ro| ||

o1 1 10 100 1000 10* Byeg(¥) = By exp |—
E, [TeV] "B “5

A. E. and P. Serpico, JCAP (2015) arXiv:1505.06486
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Gamma ray bounds

Galactic component
v P Tom = 1028

and mpm = 4 PeV

107 ' L Ics
r t
protp w/o0 absorption
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A. E. and P. Serpico, JCAP (2015) arXiv:1505.06486
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/ Galactic component

Gamma ray bounds

tom=10°8s  and mpm = 4 PeV

1079 S P
. prompt 1G5 w/0 absorption CASA-MIA
______ (b,1) =(0,0) e ————— KASCADE
—_— - b,))=(0,nm)
— - (b,1) = (n/2,0) , Bpajo = 0
10719, *
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A. E. and P. Serpico, JCAP (2015) arXiv:1505.06486
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Gamma ray bounds
/ Galactic component

Amsterdam ¢ o \(
) ‘
Netherlands [
1 f\ \\
t,,__'/‘v&"\‘\_ (‘ )
.kqem%sels (kr'\ Germany H__s*\,v':\\% KA S CA D E
Belgium  Erankfurt o ”'/'Ptague { P
}J’ﬁux 'mbou \<
o g \_ Czech Republic
Paris A N
o 7 T oy
f Munich S Vienng
b G e
5 AN T ) Austria [j&
France JSanerland MR Ty

L ?—‘/ ,:\
o Sloveni
\’ / Mllan : Vemce N&. “j

Nasia A N

A. E. and P. Serpico, JCAP (2015) arXiv: 1505 06486

/4’zmcm (f;smaclt DSU2015 @ YITP - K yoto | | 18/ iZ)ec'/ 26;5




Gamma ray bounds

J Galactic component

A. E. and P. Serpico, JCAP (2015) arXiv:1505.06486
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Gamma ray bounds

/ Galactic component
Future experiments
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PRD (2014), arXiv:1309.4077
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Gamma ray bounds

Galactic component
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conhclusions

The excess of events observed by IceCube in the energy range
~ 30 TeV - 2 PeV is an evidence for astrophysical flux or other "New
Physics" induced fluxes

Several features of the observed events motivate us for a DM
interpretation: cut-off at ~ 2 PeV, a mild dip in the (400 - 1000) TeV
and anisotropy.

We argued that a PeV-scale decaying DM, with generic decay
channels, can naturally explain these features. The required lifetime
is allowed by the current limits. Both the energy and angular
distributions mildly prefer DM interpretation.

With more statistics in the next few years, the DM interpretation
of IceCube events can be tested. The gamma-ray flux expected in
this scenario can be detected by the next generation of EAS
detectors. Also, anisotropy measurements in the CR flux would be
constraining.
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Confronting with energy distribution of IceCube data

three years data set

SM sector Dark sector
OsmOpwm
portal type: ﬁprotal — Ad—4
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Confronting with energy distribution of IceCube data

three years data set

SM sector Dark sector
l | r ~ OsmOpwm
pOf‘TC( Type- protal — Ad—4
“nQUTr'inO" pOf‘TGI: OSM % HL ,ab\r.xlzi\a/tzllgg\(l)v;ﬁi,?ébJuknevich and J. Shelton
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Confronting with energy distribution of IceCube data

three years data set

SM sector Dark sector
l | r ~ OsmOpwm
pOf‘TCl Type- protal — Ad—4
“nQUTr'inO" pOf‘TGI: OSM % HL ,ab\r.xlzi\a/tzllag\(l)vglii,?ébJuknevich and J. Shelton

heavy sterile neutrino, DM candidate
J d=4: ODM — N - Higaki, R. Kitano and R. Sato, JHEP (2014)

arXiv:1405.0013
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Confronting with energy distribution of IceCube data

three years data set

SM sector Dark sector
l | r ~ OsmOpwm
pOf‘TC( Type- protal — Ad—4
“neUTr'inO" pOr'TGI: OSM % HL Qéxﬁsfgg\évg.l;i,?ébduknevich and J. Shelton

heavy sterile neutrino, DM candidate
J d=4: ODM — N Higaki, R. Kitano and R. Sato, JHEP (2014)

arXiv:1405.0013

UV completion:  SU(3). x SU((2)r xU(1)y xU(1)p_r,

meg ~ 1013 GeV
"Higgs" field ¢®B—_1, plays the role of inflaton
Tr ~ 107 GeV
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Confronting with energy distribution of IceCube data

three years data set

np

Leptogenesis: ¢ — NaNo My ~ 102 GV —3 2 ~ 10—10

3 1
DM abundance: Qn, ~ 0.2 ( M, ) ( Tr )

4 PeV 3 x 107 GeV
o M, O\l /10-29
: ~ & 1028
DM lifetime TNy =0 X 107 (1 PeV> ( |yN|2>

DM decay Br((=W7) = 2Br(v,Z) = 2Br(vh) = [Un |’ NH

channels: .\ :
Br((=WT) =2Br(v,Z) = 2Br(veh) = |Uys| IH
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Confronting with energy distribution of IceCube data

three years data set

SM sector Dark sector

pOf‘TC(l Type: [/protal —

\ : A. Falkowski, J. Juknevich and J. Shel
‘neutrino” POPTGI: Osm — HL arXiv:0908.1790 hep-ph]. e

me > MN inflaton decay

production mechanism:
me < My freeze-in

goNN |, g ~107°
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Confronting with energy distribution of IceCube data

three years data set

SM sector Dark sector
OsmOpwm
portal type: ﬁprotal — Ad—4
"neutrino” portal Osm = HL Loty e oo
J d=5H: OpMm — XO singlet fermion and scalar

(Asymmetric DM)
J d=6: otherportals

J For d > 4 there are more freedom in branching ratios. We have shown
that for the most constrained model (d=4) a good fit to the data can
be obtained. Obviously better fits can be achieved for d > 4.
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Constraining DM properties
< DM lifetime

contribution of DM to the events in each bin should be smaller than Njimit

bin # loglo (Eu/ TeV) Nastro(E; ‘= E; 2'3) Ndata | Mimit (E; ‘4 E; 2'3) Nimit
#1 1.4—-1.6 9.46 = 10 11 7.8 = 7.46 16.6
#2 1.6 —1.8 4.31 - 5.3 6 6.53 + 5.87 10.5
#3 1.8—-2.0 4.55 =+ 5.68 7 7.41 = 6.58 11.8
#4 2.0—2.2 3.97 + 4.82 3 3.98 + 3.73 6.68
#5 22—-24 3.32 + 3.56 4 5.15 + 5.01 8.00
#6 24— 2.6 2.59 + 2.42 2 3.65 + 3.71 5.32
#7 2.6 —2.8 1.96 + 1.62 0 2.3 - 2.3 2.3
#8 2.8 —-3.0 1.5 + 1.1 0 2.3 + 2.3 2.3
#9 3.0 —3.2 1.2 = 0.74 2 4.31 =~ 4.64 5.32
#10 3.2—3.4 0.92 = 0.5 1 3.3 + 3.501 3.89
#11 3.4— 3.6 0.73 =+ 0.35 0 2.3 + 2.3 2.3
#12 3.6 — 3.8 1.72 = 0.76 0 2.3 = 2.3 2.3
oo o f % CL ¢ S L(NG, N) AN
oisson statistics: ar g/ C.L. 100 fOOO L(Néata7N) N
. N + N¢ Niata ; . N)Naata
E(Njuor V) = s e o LN ) = S
Avman Esmaili INTN @ 301 17/ 7//0\)/ 2015




Constraining DM properties
limits on DM lifetime (90% C.L.)

leptonic channels hadronic/gauge channels

DM - W*W~ (ZZ)

DM - v,v, (AMANDA+IC22+1C40)
| | | | [ ‘ | | | | | | 13 I [ ‘

| | | | | | | | [ ‘ | | | | | | [ ]
102 103 10* 102 10° 10*
mpwm (T€V) mpm (TCV)

at least one order of magnitude stronger lower limit on the DM lifetime,
in the relevant DM mass range

for a specific model, different channels should be scaled according to
the corresponding branching ratios
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Constraining DM properties

 limits on DM lifetime (90% C.L.)

1029

1028

TpMm (8)

NH and IH cases
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Constraining DM properties
J Annihilation cross section
The lower part (< 100 TeV) of the observed spectrum can be used to probe <ov>
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Constraining DM properties
J Annihilation cross section
The lower part (< 100 TeV) of the observed spectrum can be used to probe <ov>

The isotropic components of neutrino flux from DM annihilation:

The residual isotropic flux from the Galactic halo (anti-GC direction)

dJann (gp) 1 dN

1SO

= l.o.s.). .. 1.0.8.) i o = 2 07—
dEz/ ) 477777%1\/{ dEV ( 0.5 )antl—GC wher'e( 0.5 )antl—GC /0 P [T(Sab O,l 7T)] ds
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Constraining DM properties
J Annihilation cross section
The lower part (< 100 TeV) of the observed spectrum can be used to probe <ov>

The isotropic components of neutrino flux from DM annihilation:

The residual isotropic flux from the Galactic halo (anti-GC direction)

dJemn (gv) 1 dN

1SO

dEz/ ) 47””%)1\/[ dEV ( 0.5 )antl—GC where (1 0.5 )antl—GC L P [T(Sa b O,l 7T)] ds

The cosmic flux from all redshift

-------------------------------
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Conservative estimates

E. Sefusatti, G. Zaharijas, P. D. Serpico, D. Theurel and M. Gustafsson,
Mon. Not. Roy. Astron. Soc. (2014) [arXiv:1401.2117].
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Constraining DM properties

" upper limits on annihilation cross section <ov> (90% C.L.)

minimum = maximum value used for {(z)

unit of <ov> is 1022 cm3s!

DM | 100 TeV 50 TeV 30 TeV
DM + DM —

UoUg 1.39 = 0.22 | 1.21 - 0.36 | 2.44 =+ 0.88
qq 489 = 84.5 | 1427 = 299 | 9934 =+ 4603
bb 185 = 304 | 517 = 106 3514 = 1621
cC 592 = 100 | 1708 = 348 | 11218 =+ 5215

ete 14.7 = 2.38 | 17.8 =~ 5.06 | 41.3 +~ 14.2

utp 447 - 0.65 | 9.06 - 1.6 | 23.7 + 9.23

T~ 584 =093 | 109 =23 | 28.5 = 10.8
hh 21.2 +- 3.36 | 53.4 = 9.49 177 = 76.5

77 11.9 = 2.05 | 181 - 4.09 | 40.7 - 16.3

WTW~— 144 + 24 | 23.7 ~4.96 | 54.5 = 22.3

for some final states (neutrinos, charged leptons) the limit is
stronger than the unitary bound

a bit
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