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TIceCube data

" Looking for lower energy contained events, 1347 days livetime
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IceCube data
3 yrs data-set
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IceCube data
4 yrs data-set
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TceCube data
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TceCube data

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

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

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

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

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:

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 .
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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

Lepto-quarks

Secret neutrino interactions

resonant absorption on
cosmic neutrino background

supermassive long-lived
particles

Dark matter decay

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

K. loka and K. Murase, PTEP 2014, (2014) [arXiv:1404.2279 [astro-ph.HE]].
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V. Barger and W. Y. Keung, Phys. Lett. B 727, 190 (2013) [arXiv:1305.6907 [hep-

ph]].
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1, 015004 (2013) [arXiv:1303.7320 [hep-ph]].
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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
/ MASS  decmsrsommdmmsssarms b

Wimpzilla

10°eV ~KeV MouT (101 GeV)

~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

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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A note on Dark Matter
DM exist!

What We Do Not Know?

axion Steriles WIMP
V' OMASS s omsssmm oo s

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

16 — 2.5 x 10° TeV
AMANDA 105 . 108 TeV
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Re gul ar prot on shower Muonic component of the shower
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1450'“\ :

109 — 3.2 x 10! TeV
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2%"‘ A

Deep Core
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Experiments

R. Abbasi et al. [IceCube Collaboration], Phys.Rev.D83 (2011)
arXiv:1103.4250

P. Gorham et al. [ANITA Collaboration], Phys.Rev.D85 (2012)
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Decaying Dark Matter

®=EkE;?
k Emin-Emx (TeV) Nbg | Nsig | Niimit
AMANDA | 7.4 x 108 16 - 2.5x10° 6 / 5.4
IceCube-22| 1.6 x 107 340 - 2x10° 0.6 3 6.1
IceCube-40| 3.6 x 108 2x103 - 6.3x10° 0.1 0 2.3
Auger 1.7 x 1077 10° - 108 0 0 2.3
ANITA 1.3 x 1077 10 - 3.2x10" 0.97 1 3.3

NeXp:TAQZ / Py, 474 gff(El/)dEv

Niimit N
L S1 N dN N | N Si&
Js V) where L(Ngg|N) = ( bg) " (NN
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Limits on lifetime from neutrino experiments
before recent IceCube data

J Lifetime: stable () or

A.E., A. Ibarraand O. L. G. Peres

“"SI*G' k JCAP (2012) [1205.5281]
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Limits on lifetime from neutrino experiments
before recent IceCube data

J Lifetime: stable () or

A.E., A. Ibarraand O. L. G. Peres
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Energy distribution of neutrinos from decaying DM
Ph

J Galactic contribution: NFW  Phalo(r) = (Lt 1 /r0)?

d.J;, 1 dN, [
[.b) =
dE,,(’ )

ds pn|r(s,l,b)]
N

r(s,l,b) = \/32 + R% — 2sR¢ cosbcosl

47‘(’ ™MDM TDM dEV 0
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Energy distribution of neutrinos from decaying DM
Ph

Galactic contribution: NFW  phatolr) = 7=
d.J;, 1 dN, [
[,b) = d [,b
dEV( ’ ) 47 ™MDM TDM dEV 0 > Ph[TS, ’ )]

r(s,l,b) = \/32 + R% — 2sR¢ cosbcosl
extragalactic contribution:

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

: : : P
J Galactic contribution: NFW  Phalo(r) = r/rc(lfr/rc)Q
dJy, 1 dN, [
[,b) = d [,b
dEV ( 7 ) 4 ™MDM TDM dEV 0 ° Fh V&? 7 )]

r(s,l,b) = \/32 + R% — 2sR¢ cosbcosl
J extragalactic contribution:

dJeg _ QDMIOC /OO d» 1 dN,/
dE,/ 47TmDMTDM 0 H

neutrinos,
quarks charged leptons

energy spectrum of neutrinos \ /

at production point dVy = (1 — by) + by dN,
(including the EW corrections) df, 3 dE,

dN
dE, ,
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Energy distribution of neutrinos from decaying DM
Ph

J Galactic contribution: NFW  Phalo(r) = (Lt 1 /r0)?
dJy, 1 dN, [
[,b) = d [,b
dEV( 7 ) 4 ™MDM TDM dEV 0 i ph[r&? 7 )]

r(s,l,b) = \/32 + R% — 2sR¢ cosbcosl
J extragalactic contribution:

dJ. Qo e 00 1 dN,
0 H

dE,/ N 47TmDMTDM (Z) dE,/
nheutrinos,
quarks charged leptons
energy spectrum of neutrinos \ /
: : dN, dN, dN,
at production point = (1 — by) + by
(including the EW corrections) dE, dby | dby |y

1_ -|-h Je Pee Pel,b PeT '[e d 1_
at the _ production
Earth i“ P““ iﬁw ?L point

decoherent oscillation
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Flux of neutrinos from decaying DM

4 anexample:

A. E., P. Serpico,
JCAP (2013) [1308.1105]
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E2dJ/dE, (TeV cm™2 57! sr7!)

mopm/2 = 1.6 PeV

(Ve+ vy +0;)/3

by=0.12 and Tpm = 2 x 1047 s
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Flux of neutrinos from decaying DM

4 anexample:

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

two years data set

by =0.12 and Tpm = 2 x 1047 s

‘ I I I I ‘

10 {
- - I
S
5 1
> -
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0.1

107 10°
E, (TeV)
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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\cl)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‘TC( Type- protal — Ad—4
“nQUTr'inO" pOf‘TGI: OSM % HL ,ab\r.xlzi\a/tzllgg\(l)v;ﬁi,?ébJuknevich and J. Shelton

heavy sterile neutrino, DM candidate
J d=4: ODM — N 1 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
“nQUTr'inO" pOf‘TGI: OSM % HL ,ab\r.xlzi\a/tzllgg\(l)v;ﬁi,?ébJuknevich and J. Shelton

heavy sterile neutrino, DM candidate
J d=4: ODM — N 1 Higaki, R. Kitano and R. Sato, JHEP (2014)

arXiv:1405.0013

Higgs field of B-L
\ Mo > m

production mechanism:

inflaton decay

mge < 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
l | r ~ OsmOpwm
pOf‘TC( Type- protal — Ad—4
“nQUTr'inO" por'TC(I: OSM % HL ,aAr.XFis:lgg\év;l;i,?;bJuknevich and J. Shelton

heavy sterile neutrino, DM candidate
J d=4: ODM — N 1 Higaki, R. Kitano and R. Sato, JHEP (2014)

arXiv:1405.0013

DM decay Br((*W7) = 2Br(1v,Z) = 2Br(veh) = [Un|*  NH

channels: N ;
Br({=WT) = 2Br(v,Z) = 2Br(vph) = |Uys| TH
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Confronting with energy distribution of IceCube data

three years data set

IH

om = 1.1 x 1028 S

shaded: +lo

10 -

events/bin

NH

TDM = /.3 X 1027 S

shaded: +lo

|
events/bin

——  Data —  Data
0.1- ==== Astro. (E_2) | 01- =—=== Astro. (E—2)
[ ] Dark matter [ Dark matter
| | ‘ | | ‘ | | ‘ | | ‘
10 10° 107 10°
Deposited Energy (TeV) Deposited Energy (TeV)
mpom = 4 PeV
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Confronting with energy distribution of IceCube data

three years data set

SM sector Dark sector

J d=5: OpMm — XO singlet fermion and scalar
(Asymmetric DM)

‘/ 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.

Three body decay -> Morisi talk
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Angular distribution of neutrinos from decaying DM

v~ We would compare

piso _ i
A
Aman Esmail; IeTp - gxt’zaga/actic Thontier . . .



Angular distribution of neutrinos from decaying DM

v~ We would compare

piso _ i
PDF of data
1 7 — 7|
pi(b,1) = 207 oEb [_ 20°% ]
_, “flat sky"

PDF of M approximation \
isotropic dis. PDF of DM

iso 1 DM, ] — 1 d*J, _ fy plr(s;b,1)]ds + Qpupef

P = by =l 47T(77—|—QDM,006)
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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

-
1

Test TS 2N | In pis°) = 21 3 2N 1
Statistics tike ™ ;(nﬁ_ np;?) = 2In Efi - H(E)

1 _|a‘c’z-—2:f|2
fi= / pi(b,1) pPM (b, 1) cos(b) db dl = S / 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
°§ 0.04
Distribution of TSjike for all 0.02
these realizations ¥
e L L L L O L U O e O
(mean value = 2.1) 20 2 4 6
TStike
ACTP - gxt’zaga/actic Frontier . . . o ﬁ 05/ Way/ 210;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
() /O P (0, ¢) do /O == T

cos ¥ = cosbcos!

~

(s, 9)|ds + QpmpeS
2(n + Qpmpep)

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!

~

plr(s,9)|ds + QprpeS
(77 + QDMPCﬁ)

Data
0.8- ====-= Isotropic

Dark matter

0.6
s
8 B
04-
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
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!

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

1.0F
N = 35 (too optimisticl) | bata |
8- ===== Isotropic ] 1
: Dark matter EDFdata(ﬁ) — N Z @(19 — 191')
0.6~ . 1=1
[L‘ L
5
9 04-
CDFPM () = / pPM () sin ) dv’
0 02, | 9 il 1_ 9
: CDF*° (¢)) = / P () sind dy = — >
0 0* '''' | | | 0 | \; 2
0 30 60 90 120 150 180

¢ [degree]
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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

| 05/777@/?016‘
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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

0.4/

statistically larger TS for
isotropic distribution 03 I W Isotropic
I B  Dark matter

2 4 6 8 10

fraction
o
(\9)

Test Statistics

N
TSap = —N — — 3 (20 — 1) [ln (CDF*M(9,)) + In (1 — CDF*M 9y, )] O
=1
0.0
2 4
TP - 5xt’zaga/actic Fwontier . .. 05/ Way/ 2016
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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

0.4+ -

statistically larger TS for ‘B |

isotropic distribution . {1 m Isotropic

i B Dark matter |

-, o1 7

Test Statistics g ., |
s ]

L5 0.1 )

TSap = —N - = D (2i = 1) [In (CDFPM(9;)) +In (1 = CDF™M(Ony1—y))] |
1=1 i |

0.0 - ]

8 10

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

% 0.3 B

on the average, 11% of generated isotropic

| B Isotropic
| P Dark matter

g
sample have smaller TSks than the values % 02/ iy
obtained for data vs DM dis. N p-value distribution
for data vs isotropic dis. it is 86% 0.1y
% 0.0:

less than 20 preference for DM dis. 00 02 04 06 08 10

p—value
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Angular distribution of neutrinos from decaying DM
J Some issues:

Angular resolution in KS even after shifting all the events
and AD tests? - to higher § values still the

preference for DM persist
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Angular distribution of neutrinos from decaying DM
J Some issues:

Angular resolution in KS even after shifting all the events
and AD tests? to higher § values still the

preference for DM persist

3 yrs
sof & ' Showers e -
60 | \\M‘“\-\‘._‘,Egﬁr_»thshadow— neﬁiﬁ%ﬁu‘b—ﬁé};d-
Figure from T. Gaisser T %%4 % X |
Background rejection? 7 _ # +

Declination (degrees)
o
I
o,
X

-20 |- |J| 1 ? v;séifve'c-o ¥ - iT

V/_GO/ ﬁ —> + + %fw

-BOT . 71'{" R S . +
102 10°

Deposited EM-Equivalent Energy in Detector (TeV)
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Angular distribution of neutrinos from decaying DM

J Some issues:

Background rejection?

Angular resolution in KS even after shifting all the events

and AD tests?

to higher & values still the

preference for DM persist

3 yrs
80F e - Showers e -
60 | ‘Earth shadow — net}';['ﬁ\%'gsgu p_p?é_s;ed-
Figure from T. Gaisser T %%4 % T |

-20
-40

I S _
X ? v, self veto ;‘
1

Declination (degrees)
o
. !
o,
X

K
,L

1.00—— -
f R L S

g 095" 102 103
5 i Deposited EM-Equivalent Energy in Detector (TeV)
£ 090
S :
- [

0.85" S test
£ : How many events are
2030, needed for a 30

075: \ ! \ \ ! \ \ \ ! \ \ \ ! ‘ ‘ L] discriminaTion?

' 40 60 80 100 120
number of signal events
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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

interaction 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].

I ' I I

'll T T L
IGRB

-
]
w

integrated energy density

T Trrrmm
| - IIIIIII

Wy = — . EvﬁdEv < 4.4 x 107" eV/em

T lllllll
1 1 IIIIIII

—eo—— Fermi LAT, 50 months, (FG model A)

E? dN/JE [MeV cm? s sr]
Q

——a—— Fermi LAT, 50 months, (FG model B)

—
Q
4]

—=—— Fermi LAT, 50 months, (FG model C)

Eqi ~ 0(1) GeV E2 ~ 0(100) GeV

Galactic foreground modeling uncertainty

T T TTTTT
L

llllll 1 L lllllll 1 1 lllllll L 1 L

10° 10* 10° 10°
Energy [MeV]

10% -

—
o
n
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Gamma ray bounds

cascades develop: gamma-ray
interaction 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].

I ' I I

]ll'l' T T L
IGRB

—
=]
w

integrated energy density

T Trrrmm

E? dN/JE [MeV cm? s sr]
Q

A P2 d 3 E

wy = — [ E,S22dE, < 44 x1077eV/em® : | :
C B, dE’Y | ——e—— Fermi LAT, 50 months, (FG model 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 : v Galactic foreground modeling uncertainty T:

108 L R | bl ol )

10? 10° 10° 10° 10°

Energy [MeV]

i 4 do, \' dpe+ '
total electromagnetic 4w S e dg) LE d% ) B ~ 5.2 % 10~ eV fem’
ener‘gy bUdgeT ¢ i=gal,extragal v ©

(NH case) \/
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Gamma ray bounds

cascades develop: gamma-ray
interaction 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].

I ' I I

]ll'l' T T L
IGRB

—
=]
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" IceCube 2014 — +— }
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| - IIIIIII
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1
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~ I total Y . T [ | Galactic foreground modeling uncertainty ]
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L 7 Ahlers talk
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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, JCAP 2015, [1505.06486]
1.0
Absorption due to pair production 03
on CMB photons — '
LEJl}“ 06 ===== L =4kpc )
08 10 L@ i \
: | i 04 —— L=83kpc (GC)\“
S0F 0.2 L=20k “‘\ ‘
i L[  mmema - = C . ¢ B
25_ : p \ ’,/',
g i | 10 100 1000 104 10°
St .
ob | | | | | i Absorption at ~ PeV
2.0 2.5 30 3.5 4.0 4.5 50
Log,, (E,/TeV)
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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, JCAP 2015, [1505.06486]

| Galactic Interstellar Radiation Field

(r,2)=(0,0) kpc = ======mmun
(r,z) =(8.3,0) kpc

Absorption due to pair production N )= (535 Kpe emmrmrmnen ]
on SL+IR photons | "
1
‘?g [ CMB
A
f 0.1p
001+ i
0.001 2 e el RS L \ﬂ\ e
0.1 1 10 100 1000 10°
A [um]
06. L =8.3kpc L =20 kpc ;
---------- (b, 1) = (0,0)
osf ————— - (b.1) = (/6.0) ]
L .= 0.5 Absorption at ~ 100 TeV
o4l
1 10 100 1000 10
E, [TeV]
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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, R : ‘ ———— ;
o \
Lo N |
g
Z | \ ] calculated by
ol O'lg S DM = e*e™ (u* i) - \\ PYTHIA 8.2
b — DM - v,v, (v, V,)
001, —— DM - .7, \
i _— DM - hh \
e DM - W*W~™ (~ ZZ)
0001- —_— ‘H.H‘DM—>.quar‘ks..HH‘ | N\
R | 10 100 1000
A. E. and P. Serpico, JCAP 2015, [1505.06486] Ey [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 [ moM/2 - (p
— = — Ty~ (Ey,8,b,0) e
component dE, (£y,b,1) irE, /0 dse” / dE. iz, (Ee, 0) Pic(Ee, E4, 0)

Me
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Gamma ray bounds
Galactic component

neither full absorption or cascade

at ~ PeV, the absorption length of gamma-rays
development, nor full transparency

are comparable to Galactic distances

inverse-Compton  d®;c 1 > mDM/2 dn
—_— = _TWW(EW’S’b’l) €
component dE, (Ey,0,0) dr k., /0 dse /me dEe dFE. (Ee; 0) Pie(Ee, By, 0)
dne , . 1 (@) / o AN ;o
E€7 — — E I 1 E67 Ee? dEe
dEe ( 33) mpM TDM b(Ee, :I?) E. dEé ( e) d ff( CU)
dEe — —
b(Eea f) = — — bIC<Eea 33) -+ bsyn(Eea CE)

L000f T T _
\ : a1t

0.500? (r,2) = (0,0) ]
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0.100 -

Se—aa
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N
______
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E
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E, [TeV]

A. E.and P, Serpico, JCAP 2015, [1505,064861
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Gamma ray bounds

Galactic component
v P Tom = 1028 s

and mpm = 4 PeV

107 ' L Ics
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Gamma ray bounds
/ Galactic component
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Gamma ray bounds
J Galactic component —
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Galactic component
Future experiments

HAWC

AWC

High Altitude Water Cherenkov

Gamma-Ray Observatory

Gamma ray bounds
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Gamma ray bounds

Galactic component
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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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Decaying Dark Matter

J extragalactic contribution:

H(z) = Ho/Qp + Qm (1 + 2)3

= d |+ 2)E,] e~ (v
R A CRLAP

dF, N ATMpPpMTDM dF, /

(
7.4 x 107 (14 2)"2(E,/ TeV), for 1 < z < zeq

Opacit Su(Ey,2) = 4
p y ( ) \17 ¢ 10—14(1 + Z)3(Ey/ TeV), for z > Zeq

Je Fee Pe“ Fer e roduction
at the Earth J,u — P,u,u P,LLT ],u P oint
T P., I, °
decoherent
oscillation
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- Event 8 (Track)
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What can we learn about DM if the IceCube events
originate from conventional astrophysical flux?

constraining:

< DM lifetime

J annihilation cross section
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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) ]Vastro(‘E;2 -~ Ey_2'3) Ndata Nlimit (E;2 - E;2'3) Nlimit
#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 2.2—-24 3.32 + 3.56 4 5.15 + 5.01 8.00
#6 24— 2.6 2.99 + 2.42 2 3.65 + 3.71 2.32
T 2.6 — 2.8 1.96 = 1.62 0 2.3 = 2.3 2.3
#38 2.8 —-3.0 1.55 + 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—-34 0.92 +- 0.5 1 3.3 + 3.1 3.89
#11 3.4 —3.6 0.73 + 0.35 0 2.3 + 2.3 2.3
212 3.6 — 3.8 1.72 + 0.76 0 2.3 + 23 2.3
Poisson statistics at q% C.L d fo‘wmit L(Ngapar V) AN
0I1SSO aTISTICS: o C.L. — = 5 :
100 [XL(Ni,,, N)dN
i Ngata : Niata
L(N}oia, N) = (N A+ Nastro) T4 (N4 NL,00) or L(N}pias N) = V)
N .| Nt .|
data data
Avman Esmaili JeTp- 5xt’zaga/actic Frontier . . . 05/ Way/ 2016




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

leptonic channels hadronic/gauge channels

DM - W*W~ (ZZ)

| | [ [ | [ | | | | | | [ ‘ | | | | | | [ ]
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.)

10295‘” B
- — Normal hierarchy i
| m——- Inverted hierarchy - ,i
1028 = — L:
s . :
NH and IH cases g :
1027j 4 —
v/ _
/ ]
1026 Lo Lo [
107 10° 10
mpm (TGV)
EE— E; 2 astro. = ===——— E;*? astro.
107 1
dependence on the astro.
model?
1026;"“‘ o s
107 10° 104
mpwm (TGV)
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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)

dJ2m (gv) 1 dN o0
=0 — l.o.s. - where (l.o.s.)_ .. — 2lr(s.b=0.1 = )] ds
0B, 2 dwmdy, dE, O emi-co (Los)anti—ae = | = pIr(s,0=0,1=m)]
The cosmic flux from all redshift
2 9 3 e ok Mpe e s
d.Jjann _ (ov) Q2,02 ¢ [® (1+2)3¢(2)dz dN 1+ 2) B, o » knax [h Mpc™] 132
dFE, 2 47rm%)M Hy /g \/Q (14 2)3 + Qqp dE, -
_1W0F T eeeemmTTITT
% _______ MS-II
EIO‘S
C(2) flux multiplier (DM clustering) S B W
x10°
ot el —eeal
E. Sefusatti, G. Zaharijas, P. D. Serpico, D. Theurel and M. Gustafsson, L+ttt L
1 2 3 4 5 6

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 —

VUaUg, 1.39 =022 | 1.21 = 0.36 | 2.44 = 0.88
qq 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 - 2.38 | 17.8 = 5.06 | 41.3 =~ 14.2

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

T 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
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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 > mDM/2 dn
— — Ty~ (Ev,8,b,0) ©
component dE, (£, 8,0) 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

10730+

A. E. and P. Serpico, arXiv:1505.06486 103! | A | w

| |
105 10*% 10° 102 107! 1 10 102 103 10* 105
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 > mDM/2 dn
_ — T~ (B~ ,8,b,1) e
component dE, (£, 8,0) 4rE, /0 dse /m dfe dFE, (e 0) Pro(Ee, By, 0)
_ pCMB SL+IR
Pic = B¢+
1072¢ ]
10 TeV 10> TeV 10’ TeV  10* TeV
10—27E
= 10‘28; /
5 10—29-
10-30;
A. E. and P. Serpico, arXiv:1505.06486 10—31_ ‘ ‘ ‘ ‘ ‘ / ‘ ‘ ‘
105 10 107 1072 107! 1 10 102 100 10* 103
E, [TeV]

;4&man Esmaili - ACTP - Cf;xt’zaga/actic Fwontier . .. o 05/ W]ay—/2016 |



