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Flavoring at IceCube

muon-track events cascade events
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Flavoring at IceCube

muon-track events

cascade events

great angular
resolution (< 10)

moderate energy
Vr| resolution (o ~ E)

poor angular resolution (")
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Observation of High Energy Neutrinos in IceCube

 The two PeV cascade events, 616 days livetime

M. G. Aartsen et al, PRL (2013)
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Observation of High Energy Neutrinos in IceCube

 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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Interpreting the IceCube events
by decaying dark matter

B. Feldstein, A. Kusenko, S. Matsumoto and T. T. Yanagida,
PRD (2013), [arXiv:1303.7320]

A. E., Pasquale D. Serpico,

. . . JCAP (2013) [arXiv:1308.1105]
Two main diagnostics: o

 Energy distribution

<~ Angular distribution
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A note on Dark Matter
DM exist!

What We Do Not Know?
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A note on Dark Matter
DM exist!

What We Do Not Know?

axion Sterile» ~ WIMP Wimpzilla

Mass

~100 GeV Meur (1016 GeV)

~KeV

10-6 eV
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Interpreting the IceCube events
by decaying dark matter

B. Feldstein, A. Kusenko, S. Matsumoto and T. T. Yanagida,
PRD (2013), [arXiv:1303.7320]

A. E., Pasquale D. Serpico,

. . . JCAP (2013) [arXiv:1308.1105]
Two main diagnostics: o

 Energy distribution

<~ Angular distribution
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Energy distribution of neutrinos from decaying DM
Ph

J Galactic contribution: NFW  phaio(r) = 7773
d.Jy, 1 dN, [~
[,b) = d [,b
dEV( ) ) 47_‘_ mDM TDM dEV 0 S ph[rg7 ) )]
r(s,1,b) = /s? + R% — 2sR¢ cosbcosl
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Energy distribution of neutrinos from decaying DM
Ph

Galactic contribution: NFW  phaio(r) = 7773
dJy, 1 dN, [~
[,b) = d [,b
dEV( ’ ) 41 ™MDM TDM dEV 0 > ph[r&? ’ )]
r(s,1,b) = /s? + R% — 2sR¢ cosbcosl

extragalactic contribution:

dJeg QDM,OC /OO 1 dN,/
dE,/ 47TTTLDMTDM 0 © H(Z) dE,/ [( + Z) ]
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Energy distribution of neutrinos from decaying DM

. QL N Ph
J Galactic contribution: NFW  phaio(r) = 7773
dJy, 1 dN, [~
[,b) = ds pn|r(s,[,b
dEV( ) 4 ™MpDM TDM dEV 0 Ph[ {A )]
r(s,1,b) = /s? + R% — 2sR¢ cosbcosl
J extragalactic contribution:
dJeg QDM,OC /OO 1 dN,/
— d 1 E,
dE,/ 47TTTLDMTDM 0 © H(Z) dE,/ [( + Z) ]
heutrinos,
quarks charged leptons
energy spectrum of neutrinos N, \ /
at production point 158 bH) + bH dEZ ]

(including the EW corrections)
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Energy distribution of neutrinos from decaying DM
Ph

J Galactic contribution: NFW  phaio(r) = 7773
dJy, 1 dN, [
[,0) = ds pn|r(s,l,b
dEV( ) 4 ™MDM TDM dEV 0 Ph[ {A )]
r(s,1,b) = /s? + R% — 2sR¢ cosbcosl
J extragalactic contribution:
dJeg QDM,OC /OO 1 dN,/
— d 1 E,
dE,/ 47TTTLDMTDM 0 © H(Z) dE,/ [( + Z) ]
heutrinos,
quarks charged leptons
energy spectrum of neutrinos N, \ /
at production point 158 bH) + bH dEZ ]

(including the EW corrections)

1"|'h Je Pee -PG,LL Pe’T [e d 1_
a e roaucTtion

decoherent oscillation
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Flux of neutrinos from decaying DM

"
A. Bhattacharya, A. E., S. Palomares-Ruiz, mpy = 4 PeV
I. Sarcevic,
et Vut Vs
JCAP (2017) [arXiv:1706.05746] gl
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Flux of neutrinos from decaying DM

J an example: A. E., Pasquale D. Serpico,
JCAP (2013) [arXiv:1308.1105]
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Flux of neutrinos from decaying DM

J fine-tuned decay channels ?

T ‘
-———- galactic

[
S
[
e}
\
\

----- extragalactic

——  galactic+extragalactic

(G
I

p—

[E—

Eng /dE, (TeV cm™2 s~ ! sr7h)

[
S
o
7
\
\

Avman (f]smai[i | - - DARKWIN @ 99pP. Natal o B 05/56/9/—2;19 o



Flux of neutrinos from decaying DM

J fine-tuned decay channels ?

Tom = (1-3) x 1027 s
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Confronting with energy distribution of IceCube data

by=0.12 and Tom = 2 x 1027 5 2 years data set
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Lo |
107 10°
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the low energy bins contain natural explanation for
large bkg. contribution the lack of events > PeV

the value of Tpmis compatible
with the bounds derived from
neutrinos and gamma rays

different decay channels lead
to qualitatively same result
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Observation of High Energy Neutrinos in IceCube

 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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TceCube data

 Looking for lower energy contained events, 988 days livetime
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Confronting with energy distribution of IceCube data

3 years data set A.E., S. K. Kang and P. Serpico,

JCAP (2014) [arXiv:1410.5979 [hep-ph]]

IH, Tom = 1.1 x 1028 s mom = 4 PeV NH, tom=7.3x10%7 s
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Deposited Energy (TeV)

Deposited Energy (TeV)
Calculation based on a model for DM: neutrino portal with dim-4

operator (heavy sterile neutrino), B-L symmetry (inflation),

Leptogenesis (other sterile neutrinos), with production mechanism

(either inflation decay or freeze-in mechanism) T- Higakd, R. Kitano and R. Sato,

THEP (2014) [1405.0013]
The predicted neutrino flux is fixed by the model
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Angular distribution of neutrinos from decaying DM

v~ We would compare

piso _ i
A
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Angular distribution of neutrinos from decaying DM

v~ We would compare

piso _ i
PDF of data
1 7 — T;|?
pi(b,1) = 20’ oEb [_ 20°% ]
_, “flat sky"

PDF of M approximation \
isotropic dis. PDF of DM

iso 1 DM, ] 1 &g, _ fy plr(s;b,1)]ds + Qpupef

P = b = dl 47T(77—|—QDM,065)
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Angular distribution of neutrinos from decaying DM

 Likelihood analysis Number of signal events

-7
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Angular distribution of neutrinos from decaying DM

 Likelihood analysis Number of signal events

-
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JCAP (2014) [arXiv:1410.5979 [hep-ph]] Y
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Angular distribution of neutrinos from decaying DM

 Likelihood analysis Number of signal events

-

Test Y . i 1
L. TSlike = 2 In f; —lnp;>°) =21 i | —2NIn | —
Statistics " ; (In fi = Inp¥) =2In <H1f> " (m)

-2

1 _ |5757;—2w|
Ji = /Pi(b,l) p°M(b,1) cos(b) db dl = 5 /e 207 pPM(b, 1) cos(b) db di

27‘(’0’,&-

0.8 distribution of p-values |

ways of selecting the
26
bkg events among the ( )

mean p-values ~ 2%, which means
low energy events 15
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A. E., S. K. Kang and P. Serpico,
JCAP (2014) [arXiv:1410.5979 [hep-ph]] 0.0 e —— — ]
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Angular distribution of neutrinos from decaying DM

J Kolmogorov-Smirnov test: a powerful non-parametric test
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The 2-dim KS test have some ambiguities
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A. E., S. K. Kang and P. Serpico,
JCAP (2014) [arXiv:1410.5979 [hep-ph]]
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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 §
P 1 E 0.10
_ DM/qy 7+ v DM/ q
TSks = max {CDF (9;) W CDF (19@)} ol

0.00 !

o1 02 03 04
TSks

A. E., S. K. Kang and P. Serpico,
JCAP (2014) [arXiv:1410.5979 [hep-ph]]

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
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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 o the end points

04+
statistically larger TS for ’

isotropic distribution ./} W Isotropic

] Dark matter

Test Statistics

0.2
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TSap = —N — % S (20 — 1) [In (CDFPM(9;)) + In (1 — CDFPM (W 41-4))] 0.1

1=1

0.0 | IS

> 4 6 8 10
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: : : : A. E., S. K. Kang and P. Serpico,
again, generating a sample (10°) of isotropically JCAP (2014) [arXiv:1410.5979 [hep-ph]]
distributed set of 20 events T T T

% 0.3

on the average, 11% of generated isotropic

I B Isotropic
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g
sample have smaller TSks than the values % 02/ iy
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% 0.0:

less than 20 preference for DM dis. 00 02 04 06 08 10
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Avman Esmaili | B | DARKWIN @ 99pP. Natal o B 05/56/9/—2;19



Observation of High Energy Neutrinos in IceCube

" Looking for lower energy contained events, 1347 days livetime

IPA 2015

The whole family!
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Source(s) not identified!

/ totally 54 events

/ still three events with energy ~ PeV

dox E7:vy=2.58

4 years of data

0.25

excess of events ~ 70
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TceCube data

" Looking for lower energy contained events, 1347 days livetime

T . R — : :
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4 years of data

Auman Email O DARKWIN @ 99D Natel o



Confronting with energy distribution of IceCube data

4 years data set

< More refined analysis of the 4 years data set

dPc AdP< dP
Ez/ ., _ DM EV, | astro Ezf i
dEV( s TDM, MDM; Pa, ) iE. (Ey; ToM, MDM ) iE, (Ev; @asy)
single power—law dq)astro,va _ gb ( EV )W
astro flux dE, |5, " \100 TeV
fitting parameters 0 = {TDM, MDM, Pa 7}
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Confronting with energy distribution of IceCube data

4 years data set A Bhattacharya, A. E., S. Palomares-Ruiz,
I. Sarcevic,

JCAP (2017) [arXiv:1706.05746]
10-18 [GeV-1cm-2s-1sr-1]

Best-fit values of 0 = {rp\, mpw, Pa, Y}

[60 TeV — 10 PeV]

Decay channel | Npym(mpm[10% s])  mpwm [TeV] | Nastro(@astro) 7Y

u i 10.2 (0.021) 522 16.6 (1.2) 2.42

bb 12.9 (0.089) 1066 13.8 (0.83) 2.32

tt 16.1 (0.58) 11134 10.7 (1.9)  3.91

W+ W- 11.3 (1.4) 4860 15.5 (2.5)  3.66

77 10.5 (1.6) 4800 16.3 (2.6)  3.61

hh 13.6 (0.17) 606 13.2 (0.76)  2.29

et e 5.0 (1.2) 4116 21.9 (3.2)  3.33

ut 6.3 (5.0) 6437 20.7 (3.2)  3.46

T+ 7.6 (4.4) 6749 19.3 (3.0)  3.53

Ve Vs 3.7 (2.6) 4041 22.7 (3.2) 3.24

v, 0, 6.4 (2.4) 4133 20.6 (3.2)  3.48

V.U, 6.7 (2.3) 4117 20.1 (3.1)  3.50
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Confronting with energy distribution of IceCube data

4 years data set
years A EET b = 1066 TeV

2
10 - l LI I B
Event rate: i . e D -
- s Total best fit [60 TeV - 10 PeV]
i = DM — b b: T, (1066) = 0.089
— i 232
— astrov: @  =0.83 (E /100 TeV)
> | astro v
D M bb ——— atm. u best fit [60 TeV - 10 PeV]
> — atm. v best fit [60 TeV - 10 PeV]
S 10 F Total IC best fit [60 TeV- 3 PeV]
~ n
<t i
m o
A
;_4 -
)
o i
o]
b= _
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Confronting with energy distribution of IceCube data

Event rate:

-
=
1
=
i
5

Events per 1347 days

10 E
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0™

ek
-
T 1 |

4 years data set

mpwm = 4860 TeV

U
LIL|

-

Data <
Total best fit [60 TeV - 10 PeV]

DM — W' W 1, (4860) = 1.4

astrov:® =25 (E /100 TeV)_s'66
astro vV

atm. u best fit [60 TeV - 10 PeV]
atm. v best fit [60 TeV - 10 PeV]
Total IC best fit [60 TeV- 3 PeV] =
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Confronting with energy distribution of IceCube data

4 years data set
Y mpu = 6437 TeV
2
10 - 1 1 1 1 l LI I 1 1 1 1 L L L I 1 1 1 1 1 5
Event rate: : — ® D 3
- : memmmmm  Total best fit [60 TeV - 10 PeV]
DM 4+ DM — 1" W T, (6437)=5.0
— ’u ’u e astro v: @ =32 (E /100 TeV)'s'46

o '. ——— atm. u best fit [60 TeV - 10 PeV]
— e —— atm. v best fit [60 TeV - 10 PeV]
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Confronting with energy distribution of IceCube data

4 years data set
4 mpy = 4041 TeV
y)
10 - || || || || l | L L] I || || || || || | L] I || || || || || 5
Event rate: - SN ® Dan -
- : memmmmm  Total best fit [60 TeV - 10 PeV]
. - DM — Ve Ve: 1:28 (4041) =2.6
DM — v v, e astrov: @ = 3.1 (/100 TeV) ™™
——— atm. u best fit [60 TeV - 10 PeV]
; ———— atm. v best fit [60 TeV - 10 PeV]
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Confronting with energy distribution of IceCube data
4 years data set

All the channels: the case of astro + DM (one channel decay)

B 10 TeV-10 PeV
T 60 TeV-10 PeV

with respect to
DM — e e*

3@ _
|
= |
\ = |
[
C\1>< B
<1 1r
O IIII
U b t Z W h [ T Ve Vu Vg
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Confronting with energy distribution of IceCube data

Multiple channel DM decay:
02 = {Npm, mpm, BR}

4 years data set

Decay channels | Npy (7om [10%° s])  mpym [TeV]  BR
ul, et e” 26.6 (0.22) 3991 0.84
U, Ve U 26.7 (0.19) 3902 0.92
bb, et e~ 26.5 (0.22) 4042 0.84
bb, ut p~ 26.4 (0.25) 5444 0.94

bb, v, e 26.6 (0.19) 3933 0.92
bb, v, v, 26.6 (0.20) 4023 0.93
bb, 7T T 26.5 (0.25) 5539 0.94
tt, v, v, 26.1 (0.32) 8866 1.00

WHYW=, utp~ 25.3 (0.22) 4633 1.00

WrW—, v, v, 25.3 (0.22) 4633 1.00
hh, ut pu~ 26.3 (0.28) 7031 1.00
hh, v, 7, 26.3 (0.20) 4103 0.92
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Confronting with energy distribution of IceCube data

4 years data set
Multiple channel DM decay:

14
. B 10 TeV-10 PeV

12 B 60 TeV-10 PeV

with respect to

r;? 10
DM — {utt, Vele} § |
~~ 8_
-
E L
N
I
\ J
<

6 -
|
4_
: The best-fit channel and | | i
' DM-mass is the same as 0" = = T e w W
e w Y YupooT p Ve Vupoe p Yy

' IceCube 2-years dataset |
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Confronting with energy distribution of IceCube data
4 years data set
yedrs fara = DM — {92% wii, 8% vei, }

2
10 F 1 5 ! ! -
Event rate: i SN ® D o
- memmmmm  Total best fit [60 TeV - 10 PeV]
B e DM —v v: 1t (3902)=0.19
- e e 28
mpwm = 3902 TeV | DM — uu: Br=092
_ ——— atm. u best fit [60 TeV - 10 PeV]
i ——— atm. v best fit [60 TeV - 10 PeV]
c%n 11 ii Total IC best fit [60 TeV- 3 PeV] a
= 10 ==
~
<r D G
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= o _ -
- ¢ —— _
> 10 F
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_1 1 1 1 1 l L1l 1 — — 1 L1 1 l 1 1 1 L1
10 > 3 4
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Observation of High Energy Neutrinos in IceCube

 Looking for lower energy contained events, 2078 days livetime

ICRC 2017
The whole famulyl / totally 82 events

1 T ST e Sh '
owers —e— . ,
Tracks —>— J still three events with energy ~ PeV

IceCube Preliminary
+ Obx E7: v=29=x0.3

6 years of data

sin(Declination)

excess of events > 70

10

Source(s) not identified!
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TceCube data

 Looking for lower energy contained events, 2078 days livetime

Energy Threshold
' = Background Atmospheric Muon Flux
[ Bkg. Atmospheric Neutrinos (7/K)
[ 1 Background Uncertainties
= Atmospheric Neutrinos (90% CL Charm Limit)
: —— Bkg.+Signal Best-Fit 1-Component Astrophysical (E~%%2)
102 R ______ = + Bkg.+Signal Best-Fit 2-Component Astrophysical
: e®e Data
Q2 IceCube Preliminary
© 5
a ;
o :
M~ 1 :
o 107 F @l ST
o E
[ E
) :
o é
) 5
)
C E
> 10° F
L - -4 -
] [ !
-1 . ]
. 1
1
L -] -
0.0 TS =2In(L/Lo 12.6 .
107 PR

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

6 years of data
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Confronting with energy distribution of IceCube data

6 years data set

mpwu = 4062 TeV

2
10 F A | ]
Event rate: i Data 1
Total best fit [60 TeV - 10 PeV]
DM —v_v_: 1, (4062)=4.1
DM — Vele astro v: @ =352 (E /100 TeV) ™
atm. u best fit [60 TeV - 10 PeV]
; atm. v best fit [60 TeV - 10 PeV]
S 101 - Power-law best fit [60 TeV- 10 PeV]
o C ]
o0 _
~
-
@\
S
O
o —o—
&
=
D) 0
> 10 F -
_1 L1 1 I
10 P 3 4
10 10 10 10
Deposited EM-Equivalent Energy in Detector [TeV]
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Confronting with energy distribution of IceCube data

6 years data set

MpM = 412 TeV

2
10 - l LI I 1 1 1 I -
Event rate: - N ® Dua 1
memmmms  Total best fit [60 TeV - 10 PeV]
1 _ e DM — W' W T, (412) =037
DM — W™ W 25170 v: B = 0.4 (E /100 TeV) " |
——— atm. p best fit [60 TeV - 10 PeV]
< ' —o ——— atm. v best fit [60 TeV - 10 PeV]
% 101 — : Total IC best fit [60 TeV- 10 PeV] —
o |
S | __
'Y
S
P
> - —o—
g — —
5 T
2 10°F - 4 E
[ - i -
_1 L1 [ | I 1 lI 1 1 1
10 2 3
10 10 10 10
Deposited EM-Equivalent Energy in Detector [TeV]
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Confronting with energy distribution of IceCube data

Event rate:

DM — {92% uu, 8% v .}

10
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3 1
2 Al
3 10" LT
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b=
r.%) 100:— u
_1 ITI [ |
10
10" 10>

6 years data set

I
Data
Total best fit [60 TeV - 10 PeV]
DM —=v v T, (3845) =0.18
DM —uu: Br=0.97
atm. u best fit [60 TeV - 10 PeV]
atm. v best fit [60 TeV - 10 PeV]
Power-law best fit [60 TeV- 10 PeV]
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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(2-3) GeV

Auman Esmail O DARKWIN @ IIP Natal o T s S0



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

Gamma ray bounds

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

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

integrated energy density

M. Ackermann et al. [ The Fermi LAT Collaboration],
arXiv:1410.3696 [astro-ph.HE].

gamma-rays populate at
lower energies < 10(2-3) GeV

| ' | I
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o
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11 lllllll
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4 B dgp —7 3 E_ —E
wfy — 7 E7 dE’fy dEfY 5 44 X 10 eV/Cm - ——eo—— Fermi LAT, 50 months, (FG model A) = .
Ey v - N A
10 = ——a——  Fermi LAT, 50 months, (FG model B) =
; —=—— Fermi LAT, 50 months, (FG model C) ;
El ~/ 0(1) GeV E2 g 0(100) Gev : ‘ Galactic foreground modeling uncertainty T:
10 112 ...13 A ......14 ...15 Coa
10 10 10 0
Energy [MeV]
. 4 d i d i
total electromagnetic 4w T E. d?) LB dgzzi> dE ~ 52 x 10~ eV /em?
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
interaction with interstellar =<

radiation field and CMB

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

M. Ackermann et al. [ The Fermi LAT Collaboration],

arXiv:1410.3696 [astro-ph.HE].

gamma-rays populate at
lower energies < 10(2-3) GeV
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Gamma ray bounds arXivi1802.09983
<~ Multi-TeV high Galactic latitude diffuse gamma-ray flux

107> ;
5 ey from m° decays
. . 6. - =y from n* decays
1) IﬂJ@CT@d cosmic ray by 10 ] Fermi/LAT dk Fermi/LAT |b| >20°
a recent nearby PeVatron 0. B
108 ‘{*
2) Cosmic ray interaction 109 vy
in large scale halo around 105 KASCADE
the Mllky WCly - = v from meson decays
. == from meson decay
Nc.n 10 Fermi/LAT —-— Yy, inverse Compton
& .
O
S 1077
3) Decay of the dark I ‘
: W oo .
matter particles S 107 O
S ’ \
TLI 1 7z '
10794 e ;‘* ‘
L .\ 1M KASCADE
10©  10? 102 102 10*  10° 106 10’ 108

E, GeV
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SL+IR]
YY

Exp[-T

Gamma ray bounds

J Galactic component

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

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

1.0
0.8+
038 \ | i
N . 05060 ==--- L =4kpc
0.7 h P 1
_____ = .
06 L=83kpc L=20kpc [;j 04 L = 8.3 kpc (GC) ‘-‘ ,/ ]
Tl e— —————— (b,1)=(0,0) 7 B /'
s S e (b,1) = (x/6,0) 5 02 -=em- -  L=20kpc ‘\\ o !
L — (b1 = 0.7/2) ’ Rt 7
B (U [ R T R TTT
E, [TeV]
E, [TeV]
Absorption at ~ 100 TeV Absorption at ~ PeV
Absorption due to pair production Absorption due to pair production
on SL+IR photons on CMB photons
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Gamma ray bounds

Galactic component

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

Prompt component

do., 1 dN.
—(E,,b,1) = i
dE,Y( Yo )

E bl — Ty~ (E,8,b,1) d
47TmDM7_DM dE,y( ’Y)A ph[Q(S, ) )]6 S

inverse-Compton component

d®ic 1 o B mpm /2 dn
E. bl = ds e (Eryss:b.0) / dE.—< (E., 0) Pc(E.. E
dE,y ( v Yy ) 477E,y /0 Se . dEe ( 7@) IC( ) fy,Q)

_ Alsman gsmai[i - DARKWIN @ 99pP. Natal - 03/56/9/—2019 -



/ Galactic component

Gamma ray bounds

Tom = 1028 s and mpm = 4 PeV

1077

[, [, [,
< < <
— —_ —_
\S] —_ (@]
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Ei do,/dE, [TeV cm 25 s

[E—
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[E—
W

prompt
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(b.)=(0,0)  emcmeme—e————

(b, =(0,n)
(b’ l) - (7T/2, 0) s Bhal() =0

(b’ l) = (7[/2’ 0) thalo = 1 MG
(ba l) = (7(/290) thalo = 2IUG

'R _E 2 KN N N
—-’-_‘-'- -—--.~-~
- S,

-

CASA-MIA
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10—14 e,

10 T 0o
E, [TeV]

A. E. and P. Serpico, JCAP (2015), arXiv:1505.06486
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Gamma ray bounds
J Galactic component
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TR PR “UTITITITR ey, AU

'''''
. ~

KASCADE

-~
~ o
~

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

/ Galactic component

NWC

bb decay limits tt decay limits
1029’ 1029 High Alt tl de Wate ChcrcnkO'
1028 1028
- 1027 - 1027
© 1026 v 10%° .
= i S 1025 piiem
@ 10%° / o 10 P
= 24 ] — NFW -== HAWC DSph H— 24 |7
10 —— Einasto -== IceCube 107" — NFW --= MAGIC Seguel
1023' —— Burkert » lceCube DM 1023 —— Einasto  --- HAWC DSph
o | -==MAGIC_Seguel - — Burkert * lceCube DM
100 101 102 103 104 100 101 102 103 104
mass (TeV) mass (TeV)
uu decay limits W* W~ decay limits
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= 1027 / e ——
© 102!
-g 25 § -
g 1 g
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225 —— Einasto * |ceCube Neutrinos - === MAGIC_Seguel
10° 101t 102 103 104 10° 101! 102 103 104
mass (TeV) mass (TeV)
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Gamma ray bounds

/ Galactic component

T 1~ decay limits

1024
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Gamma ray bounds

J Galactic component
LHAASO

IceTop
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Gamma ray bounds

Galactic component

dd dd,
. . Ay lgo 9By [anti—ge
hisotropy N AP con
dE
Total CR flux
No need to ¥/hadron discrimination
- @ EAS-TOP 2003 B IceTop 1
7 EAS—TOP 2009 o
, , _ EAS-TOP 1996
Absorption suppress the anisotropy 0= ¥ ¢
§ 5x1074 oM = 2;5x1027 s [‘]i ®
The bound 2.5x1027 s can be set g [ I ¥ s
- I
= .""'~.-._._.-.,.---::;\_
1074 T oo |+
Adding the phase info of anisotropy //TD;= 10% s
would improve the limits significantly 3107
with absorption

100 | | 500 1000 2000
A. E. and P. Serpico, JCAP (2015), arXiv:1505.06486 E, [TeV]
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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.

man Esmal O DARKWIN @ 99D Natal |  05/Sep 2019



conclusions
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D. Hooper, C. Blanco, arXiv:1811.05988 Gamm(] r'C(y bOLIndS
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Gamma ray bounds

D. Hooper, C. Blanco, arXiv:1811.05988
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Parameter correlations
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Parameter correlations

il DM — v,

U —

mpwm [TGV] NpuMm N
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Constraining DM properties
< DM lifetime

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

bin # loglo(Ev/TeV) Nastro(E;2 - Ey_2.3) Naata | Nimit (E;z - E;2'3) MNimit
#1 14—-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 7 741 = 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 + 3.96 4 5.15 + 5.01 8.00
#6 2.4 — 2.6 2.99 + 2.42 2 3.65 + 3.71 0.32
T 2.6 — 2.8 1.96 +— 1.62 0 2.3 + 2.3 2.3
#8 2.8 —-3.0 1.556 + 1.1 0 2.3 + 2.3 2.3
#9 3.0 —3.2 1.2 = 0.74 2 4.31 + 4.64 0.32
#10 3.2—34 0.92 +- 0.5 1 3.3 =+ 3.51 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
Poisson statistics at q% C.L d foNﬁmit L(Nagar V) AN
0I1SSO aTISTICS: o C.L. — = 5 .
100~ [ L(Ni,,,N)dN
g Niata : Niata
L(N}oia, N) = (N A+ Nastro) T4 (N4 NL,00) or L(N}ptas N) = V)
N ] N ]
data data
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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)
| | | | | [ ‘ | | | | | [ | [ | [ ‘

| | | | | | | | [ ‘ | | | | | | [ ]
102 103 10* 102 10° 10*
mpwm (TGV) mpm (TeV)

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
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 (ov) 1 dN

1SO

— (L.o.s.) e where (Lo.s.), . ao = / p*[r(s,b=0,l =7)] ds
dE, 2 4mmi,, dE, =GO u-ce

The cosmic flux from all redshift

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

d.jann QZ 2 00 1 3 d dN . s kmax [AMpc™1]: - __ 8
cos __ <O-U> DM2:0c C ( + Z) C( ) ~ [(1 + Z) El/] 108 F ot S 136
dFE, 2 4dmmiy Ho Jo \/Q 14 2)3 +Qp dFE,

[S—
o
~
rm N\

\\\

1
1
\
\
1
\
\
1
\
\
1
1
\
1
1
\
\
1
\
\
1
\
Zl
1
N
— )
Lo S |
1

C(Z) flux multiplier (DM clustering)

(14+2)* £(z) Hy | H(2)

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

Aman Esmail; | B DARKWIN @ 99P - Natal o ﬁ 05/ gep/ 2019



Constraining DM properties

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

minimum + maximum value used for {(z)

unit of <ov> is 10-22 cm3s-!

DM [ 100 TeV 50 TeV 30 TeV
DM + DM —

VaUg 1.39 - 0.22 | 1.21 = 0.36 | 2.44 = 0.88
qQq 489 = 84.5 | 1427 = 299 | 9934 + 4603
bb 185 = 30.4 | 517 = 106 3014 + 1621
cC 592 = 100 | 1708 = 348 | 11218 = 5215

ete™ 14.7 =238 | 17.8 = 5.06 | 41.3 = 14.2

e 4.47 +0.65 | 9.06 =~ 1.6 | 23.7 + 9.23

Tt 584 - 0.93 | 10.9 - 2.3 28.5 = 10.8
hh 21.2 = 3.36 | 53.4 = 9.49 177 = 76.5

77 11.9 = 2.05 | 18.1 =-4.09 | 40.7 = 16.3

WTW~— 144 =~ 2.4 | 23.7 =496 | 54.5 = 22.3

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

Avman (f]smai[i
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A note on Dark Matter
DM exist!

What We Do Not Know?

axion Steriles WIMP

Wimpzilla

106 eV ~KeV ~100 GeV Maut (1016 GeV)

/\ “WIMP" paradigm ?

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

caution: streetlight effect

+ L N i -~
BECAYSE | (=% '
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5 BETTER. | [y

v TI:L;DVOUDRO&; f THEN WHY ARE |
Sk [ (DDYouBReY J(o, 1 DRoPPeD § N NG
COKING Lt —ecn | IT TWOBLOLKS | Cop o7 ERE?
: e s
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A note on Dark Matter
DM exist!

What We Do Not Know?

axion Sterile» ~ WIMP Wimpzilla

Mass

Meur (1016 GeV)

106 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 Sterile» ~ WIMP Wimpzilla

Meur (1016 GeV)

106 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 107 s (age of Universe)
Tom > 2.2 x 1019 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

Tpm (8)

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

this talk JCAP (2012) [arXiv: 1205.5281]
IO28 ! J ! ' ! 'i ' ' ' ' - agctl)f Universe
.1 90 % CL - \ et
0| "M ] Using AMANDA, TceCube,
102 | v yiy | Auger and ANITA data
1024 i
104
107
10%! Tom > 2.2 X 1019 s (CMB)
1% T /

Tom > 4.3 x 107 s
(age of Universe)

—>

0

1002 10" 10 6 $

10° 100 10
Mpn (rCV)

13 15

100° 10 10" 107 10" 10" 10

10t 10t 10
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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

this talk JCAP (2012) [arXiv: 1205.5281]
1038 T T T T 'i T J ' ' ! ' ' ' "w age of Universe
190 % cL 3 rad
0 “am | Using AMANDA, IceCube,
10 ete—y | Auger and ANITA data
104 |
Z 10
A
- o2
o Tom > 2.2 x 1019 s (CMB)
e '/

Tom > 4.3 x 107 s
(age of Universe)

—>

0

10 100 10®

Mpn (TCV)
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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

Avman Esmaili | B | DARKWIN @ 99pP. Natal B B 05/56/9/—2;19



Confronting with energy distribution of IceCube data

three years data set

np

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

4 PeV 3 x 107 GeV
o M, \ "L /10-29
: ~ 8 1028
DM lifetime TN, 8 X > (1 PeV> (|?/N|2>

DM decay Br((*WF) = 2Br(v,2) = 2Br(veh) = [Un|” NH

channels: .\ :
Br((5WT) = 2Br(vZ) = 2Br(vh) = [Us?  IH

Avman (f]smai[i | - - DARKWIN @ 99pP. Natal o B 03/56/9/—2;19 o



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

gd)NN , g~ 1076
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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.

Avman Esmaili | B | DARKWIN @ 99pP. Natal - B 03/56/9/—2-0:19 .



Confronting with energy distribution of IceCube data

DM — bb DM — W+ W~
1029 1030
preferred 142
. 1028
reqgions. 29
g B 10 e
B
- 1027 =
()
=
10%® !
1026
0
25 27 ‘ 0 nononncr : T nannnnr
10%.1 1051 10 10.0
mpwm [Pe\/]
4 years data set
1017, 10-17
= | = | 12
T T
ol ol R
'_I‘S 10—18 TC 10—18
> =
(] (]
O, O,
—19 -19
1077, 0 S 90 925 3.0 85 40 45

Awman Email B DARKUWIN @ 99D Natal — S



Confronting with energy distribution of IceCube data

DM — utpu— DM — vee
10% 10%
preferred I
’ : 29 £
regions 10 10 13
o R,
1028 1028
27 . nnnnnnn N nn o onnoan 27 : 0 A nnnc : 0 A nnna
1051 10 10.0 1051 1.0 10.0
mpwm [PGV] mpwm [Pe\/]
4 years data set
10—17 - 10—17
T T
T ol
"Tg 9
£ 10-18 5 0oL
| |
% % 4
O, O,
< A=Y 0
10—19 10—19....|....| I 1 |
1.5 20 25 30 35 40 45 1.5 20 25 3.0 35 4.0 45
v v
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limits on DM from IceCube data

T. Cohen, K. Murase, N. L. Rodd, B. R. Safdi and Y. Soreq,

4 years data set

arXiv:1612.05638 DM —» W+tW~—
107 107 —— IC 4yr HESE (DM — W+W~) 3
1027k 102 _ ------- ~-rays (Cohen et al, 2016) ]

—— IC 4-yr HESE (DM — bb)
....... ~-rays (Cohen et al, 2016)

1]= C . e Ok C . e
0.1 1.0 10.0 0.1 1.0 10.0
mpwm [PeV] mpwm [PeV]
DM — putpu~ DM — verve
1030 3 —— IC 4-yr HESE (DM N N+V'_) _ ]-030 E IC 4-yr HESE (DM — Veﬁe) —
------- ~-rays (Cohen et al, 2016) ---=-= ~-rays (Cohen et al, 2016)
10% 10¥E 3
E 3
= 10%8E 3
le O S :
oL/ e -
1026 Ll
301 | ’
2 2 ‘
S ].5 B ] S 15 B N
* i
1]= L] . e Ok Ll . e
0.1 1.0 10.0 0.1 1.0 10.0
mpMm [PeV] mpwm [PeV]
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Confronting with energy distribution of IceCube data

4 s data set e
years aara se fitting parameters

4 Likelihood analysis, taking into account the angular (up-going / down-going)
and energy distribution simultaneously, tau regeneration, etc.

e_NDM_Nastro_Nz/_N,u Nobs

L(0) = N 11 z:6)
Obs* i=1

Lf(g) — NDM 7D[c)l\/[,z(ﬂ/LDl\/I) =+ Nastro 7Daustro,i(’y) =+ Nl/ Pu,i + N,u P,u,i

Energy range [10TeV,10PeV] : N,=9.0 and N,=12.6

Energy range [60TeV,10PeV]: Ny=3.3 and N,=0.6
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Confronting with energy distribution of IceCube data

/L s data set e
years dara s fitting parameters

Likelihood analysis, taking into account the angular (up-going / down-going)
and energy distribution simultaneously, tau regeneration, etc.

e_NDM Nastro — NObS

L£E(0) = N H L£5(6

Lf(g) — NDM 7D[c)l\/[,z(”/LDl\/I) -+ Nastro Pastro,i(’y) + Nl/ PV,’i -+ N,u P,u,i

T
c 1 d (N]%M)K,Hi
Pbw,i(mpm) = (NG, Z dE jon ;
max DM ep,1?
Ze H' T fE dEgep dEdeIf’H/ :

min

Avman (f]smai[i | B - DARKWIN @ 99pP. Natal o B 03/56/9/—2;19 o



