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The Nobel Prize in Physics 2015
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“for the discovery of neutrino oscillations, which shows that neutrinos have mass”

So, apparently, neutrinos are interesting and important.
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Astrophysical Neutrinos (TeV)

Cosmic rays +

COSITIIC Fays
4 gaimma-rays
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Neutrino Telescopes for
Astrophysical Neutrinos

o Gigaton Neutrino Detector at the
Geographic South Pole

e 5160 Digital optical modules(PMT)
distributed over 86 strings

A M

Cherenkov light emission from
secondary particles produced in \
the neutrino interaction with the ice
o Eth>1OOGeV fcl)(lrJTt]?\gPole Glacier
6
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Neutrino Telescopes

Antares

ko ILo7

~480m

Cable to shore

Lake Baikal Mediterranean Sea South Pole Glacier
1/2000 km~3 1/100 km~3 1 km”"3
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Principle of an optical Neutrino Telescope

Carsten Rott
Array of optical
sensors captu rs the ‘
» ,’ I@lt Y E
o » ...’ ’,J ‘;"

Cherenkov
Radiation

44(/
. '-.,_b 0/7
interaction_ "/,
V (/(,./.
. o
hadronic

shower



Neutrino Signhatures

Claudio Kopper, ICRC2015
ime

e

CCTau Neutrino-

Neutral Current/

SEvilmg sl Electron Neutrino

v+ N —=p+ X Ve+ N —e +X v+ N —>717+X
vy + N = v+ X

track (data) cascade (data) “double-bang” (210PeV) and other

factor of = 2 energy resolution = £15% deposited energy resolution signatures (simulation)

< 1°angular resolution at high = 10° angular resolution (in IceCube)  (not observed yet: T decay length is
energies (at energies z 100 TeV) 50 m/PeV)
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Neutrino Events at IceCube

ICeCube PRL 113 101101(2014)

* Full 988-day data

« 30TeV — 2 PeV

o 37 events (9+28)
 Muon Background
N+ =84+4.2

e Atmospheric neutrino
Nl = 6.6579

e reject pure atm, 5.70
 Isotropy, equal flavor

 global fit flux
g2 vt
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Neutrino Events at IceCube

Claudlo Kopper ICRC2015

* Full 4-year data ol EL' T Showers e
e ~30TeV — 2 PeV 60 I Tracks FX—
. ~ lceCube Preliminary |

54 events (15+39) § ol * + " ]

« Muon Background 5 + ”# |

O

Nﬂi:12-.6i5.1- g ol %L _

e Atmospheric neutrino g 20 I-I-I+ FL ]

Nell =9.059 S ol |

« reject pure atm, 6.50 °© 60 L T +++#‘ + + _

B4
807 . ||'§'| . < ._

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

 Supernova Remnants IceCube, PRL 113, 101101(2014)
. . ol S
ACtlve G al aCtI C N u C I e I § Background Uncertainties

= Atmospheric Neutrinos (90% CL Charm Limit)
— Bkg.+Signal Best-Fit Astrophysical (best-fit slope E-2°)

- Bkg.+Signal Best-Fit Astrophysical (fixed slope E2)
00¢ Data

« Gamma-Ray Burst

| —
o
—

Usually start with
some specific emission
spectra and consider py
and pp interactions

Events per 988 Days
|—|
OO
Il
I
1
1
:
]
| I| R
|
i
: 1
1 P

—
o
—

Ahlers, Bahcall, Beacom, Essey, Kalashev 7
Kusenko, Leob, Murase, Waxman, et al 102 10° "' "1'04

Deposited EM-Equivalent Energy in Detector (TeV)
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Power law
lceCube 1507.03991

e Assuming astrophysical flux arrives isotropically
and equal flavor ( E )—’Y v = 2.50 4 0.09

D, =¢-
¢ 100 TeV /  ¢=(6.7773) 107" GeV s 'sr "em ™

10— ,
& B Power law (v, +v, +v,) |] — 10
IE I Wi Differential (v, 1, 1+, |] C\IIE 9
v ’ ‘ | ’ © 5
0 T8
~ : n
BRSNS — e 1
> 3 5
0 ©
~, ‘ 1 o 4
| | | :
0% — S 28

REERE aalE
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E, [GeV] Y
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Spectral Fit

Claudio Kopper, ICRC2015

o Best fit spectral index 5t

< I | 'lceCube Preliminary
v = 2‘58 K HESE—4yr
3.0 —
e Prefer softer spectrum
« Potential cut-off at 2.5 i
about 2-5 PeV
2.0\ |
challenge?
1 up-going muon-track event 1.5 B
with ~2.6 PeV deposited energy,
estimated neutrino energy ~6-10 PeV 1.9 | | | | | |
8 20 22 24 26 2.8 3.0 3.2
y<2.1-2.3, EG diffuse y-ray Yastro
D —— R
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Disclaimer! WG
AR

* The spectrum Is consistent with single
power-law arriving neutrino flux

o Astrophysical sources are not definitely
clear at the moment, and there is no
compelling evidence for dark matter
explanation

 Nevertheless, neutrinos from DM decay
may have some testable features
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Framework

e Mixed contributions

2 - | I - Bac'kgro'ur('i A'tm'os'p'hleric Muon |'=qu '
10° 1 S I Bkg. Atmopgheric Neutrinos (w/K)
Backgrounid |Uncertainties
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DM Interpretations

 PeV dark matter
e |ate time decay, lifetime 10"27 — 10728 s
e Non-thermal production

* For PeV neutrino events, DM could have
decay channels to neutrino directly.

It might be possible to explain the
“possible” gap (not statistically significant)
between 0.5 —1 PeV.
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Neutrino Portal

* Gauge Invariant operator Lfl , couples to
dark matter X throughyLH .

e To explain the IceCube PeV neutrino
events, the yukawa coupling should be

—29
around y ~ 10~ 7.
Feldstein, Kusenko, Matsumoto & Yanagida, 1303.7320

* Although incredible small coupling, but still
technically natural.
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yLHx VS lceCube

e Spectrum is very sharp
] Murase, Laha, Ando & Ahlers, 1503.04663(PRL)
mainly because oftwo 5 —

body decay. e 2014 o -
* May not be viable any = |
more If considering . ]
highly energetic muon ¢ g totalv/_*i&*/ﬁpr}q TTT
traCking event. E 108 ;Galacticprimaryy : - J'-I-\ll \ll v_§
= L -+ extragalactic A ]
* Gammaray can put ¢ i T R’
strong bounds. i I T
L/ | y
10—10 AN GEME PR EEPER EETERT BT B P SR
10° 100 100 10° 10* 100 10° 10" 10°

E [GeV]
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Model Setup

P.Ko,YT, 15608.02500(PLB)
* Right-handed neutrino portal, N

e Dark sector with gauge symmetry

e Assume Ux(1)and x — dark matter, Q" =1
® — dark Higgs, Q' =1
. Lagrange X — dark photon

_ 1 _ .
L =Ly + NidN — <§mNNCN +yLHN + h.c.)

1 1
_ ZXWXW —5 sineX,,, Fy" + DM(I)TD“(I) —V(®,H)

+x (i) —my) x — (fX®N +h.c.),
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Model Setup

P.Ko,YT, 1508.02500(PLB)
* Right-handed neutrino portal, N

o Dark sector with gauge symmetry

e Assume Ux (1)and x — dark matter,Q" =1
® — dark Higgs, Q' =1

. Lagrange X — dark photon

- 1 _ —
L =Lan + NidN — <§mNN N ++ h.c.)

1 1
_ ZXWXW —5 sineX,,, Fy" + DM(I)TD“(I) —V(®,H)

+X(i¢—mx)x— +h.c.),
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Integrate heavy N

When N Is much heavier than dark matter X,
we can integrate N and get effective operators

Y CoHTL + hee.
M

after spontaneous symmetry breaking,

H — ! ( 0 ) and P >%+¢(w)

\/5 VH T h(ZC) \/§ 'v¢.<< PeV
we have (common factor yf/2)
VgV v v 1
¢ HX”? —¢th7 —H>_<¢V7 —)_(¢hV,
mn mn mn mn
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MixXing
* kinetic mixing leads to
(BH, WE XM — (A*, ZH, Z'H)
* \oy®TO®HTH gives
(h, ¢) — (H1, Hs)

» 7' and Hy(or X and ¢) can decay into
standard model particle pairs.
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VpVH

mn

Yong Tang(KIAS)

XV,

Decay Modes

1
Yo ——Yhv, — X¢V —Yohv,
™m N m N MmN

IceCube Events and Decaying Dark Matter

IPMU
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Decay Modes

VU v v 1
C ° v, —2xhy, —Hx@—xthv,
my mn mn my
T : Goldstone boson
x — WTIT, Zv, hv with BR ~ 2 : 1 : 1)equivalence theorem

B v
Y — Z'v,ov with BR ~1:1 XN — j%XN
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Decay Modes

VU v v 1
s, [¢ Yhv, —= X(,ba — xohv,
my

mn my m

n . Goldstone boson
x — Wt Zv, hv with BR ~2:1:1 equivalence theorem

B v
Y — Z'v,ov with BR ~1:1 XN — j%XN

Cxﬁhu,gbu with BR :vé:v% >
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Decay Mode§

v v 1
v, —=xhv, —x¢v,|— xodhv,
mny my my MmN

\_ J
n . Goldstone boson
x — Wt Zv, hv with BR ~2:1:1 equivalence theorem

B v
Y — Z'v,ov with BR ~1:1 XN — j%XN

~\

VpUH

x — hv, ov with BR ~ fué LU

(X — Z’/¢ + hV/ZV/W:':l:F ) Three body decay
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Decay Modes

VU v 1
? H)‘(V ¢ ——xhv, —X¢V —Yohv,
mny my my MmN

Goldstone boson

v — W*IF Zu hy with BR ~2:1: 1 cauivalence heorer
Y — Z'v, ¢v with BR ~1:1 XN — \/§XN

X — hv, ¢v with BR ~ v} : vj

X 7' |+ hv/Zv/WEIT

Three body decay

)

In principle, all decay channels need to be included.
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3-body decays dominate
I's (x — ¢ohv) 1 mi

Y

Ly (x = hv,¢v) — 1672 v] + v,

o 2-body decays only results from symmetry
breaking when my > m,

> 1

_ 1 _ o~
L =Ly + NigN — <2mNNCN +yLHN + h.c.)

1 1
_ ZXWXW ~ 35 sineX,,, Fy~ + DM(I)TDM(I) —V(®, H)

+x (i) —my) x — (fY®N +h.c.),

2
I'a_pody v
I's_body M2

X
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Parameter Estimation

e We can estimate
m3 2
U5 (x = ¢hv) ~ —= (yf) !

9673 \my ) 1028sec

=27~ 10735GeV T,

 small y and f but technically natural

 If N Is responsible for active neutrino mass
through type-l seesaw 4 ~ 107, /g—f\V/

then we shall have
y~1, f~10"% for my ~ 10 GeV

y ~ 1077, f ~ 107%° for my ~ PeV

Yong Tang(KIAS) IceCube Events and Decaying Dark Matter IPMU
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Neutrino Spectrum

Spectrum is given by ’ /A\

dN [ 1dD' dN, (E,) \
Eo0= [ i
where x = v, h, W, Z,Z', ¢

We calculate the differential decay width

1 dI' 9, 3

Tap, = B My, 0< By <my/2,

1 dI'

1 dI

fd—E¢ ~ 12E4 (my — Ey) /mi, 0< Eyp <my/2.

Yong Tang(KIAS) IceCube Events and Decaying Dark Matter

IPMU

32



Neutrino Spectrum <

e Spectrum is given by ’ /A\

X N

'

IN | dr' dN,, (E,)
_ — _ dEzm N
a5 ) / T dE. dE \

where x = v, h, W, Z, 7', ¢ Pythia, PPPCADM

* \We calculate the differential decay width

Massless limit M; < M,

1 dI’

[ dE,
1 dr
1 dr

raE, = 12E4 (my — Ey) /m3, 0 < Ey < my /2.
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~ 24E7 /m3, 0 < B, < my/2,
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Spectrum at production

P.Ko,YT, 1508.02500

 Decay channels
with neutrino are
most important for
high energy

|« Low energy part is
most contributed by
other states.

1« The are one order

of magnitude

100 100 105 10° 107 difference between
E,[GeV] high and low parts.

34

= xyovov  -= yoh/povy — Totdv
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Neutrino Flux at Earth

e Both Galactic and Extragalactic flux included,
e galactic

ddC 1 < pS(r') dN?

= I'; dr :

dby | p _g Am 0 My dby g g
NFW DM density profile . 1+7rs/7.
ps (r )—p@[ HH;})//%]

o extragalactic
dE, g —g 47me 7; H dFE, E,/:(l—l—z)E’
35
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Neutrino Flux at Earth

--- Gadactic ---- ExtraGalactic — Sum

)
2 1.00)
5 o050
@
>
I
% 0.10;
CEU>

10° 10° 106 107
E, [GeV]
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Astrophysical Flux

Astrophysical neutrinos are responsible for
the low energy spectrum

Two Cases:
i) Unbroken Power Law (UPL):

dJAst EI/ -
E? E) =
g, B =% <100TeV> |

ii) Broken Power Law (BPL):

dJas; E, \ E

2 S v v
EV — J - )
v ag, B =% <1OOTeV> eXp( EO>
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3-year spectrum

P.Ko,YT, 1508.02500

JPP =41 % 10_8GeV/cm2/s/sr and v; =0 JoPh =13 x 10_8GeV/cm2/s/sr and v, = 0.7

4 : 4
- BPL -- DM — Totd _ .« UPL -- DM — Totd
® my =~ 5.4 PeV w my ~ 5.4 PeV
C\ﬁ 3 Ty ™~ 2 X 10%8s NQ 3 Ty =2 X 10%%s
5 5
> >
O 2 Y
P ?
o o
= =
% % 1} | 1 -
(QVEPN L
O'------.- ------- ; .“ 1 T 1 L L I
10° 108 10/ 10
E,[GeV]
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4-year spectrum

P.Ko,YT, 1508.02500

A JEPL = 5.6 x 1078GeV /em® /s/st and 4, = 0 (yPL =2.1x% 10_8G6V/Cm2/S/SI‘ and 1 = 0.7
N - BPL - DM — Tot - UPL -- DM — Totd
n m, ~ 5.4 PeV m, ~ 5.4 PeV
S
Ll H 7 ~ 1.5 x 1025 7 ~ 2 x 10%s
-
O
~
%
0 2
i
o
= 3
~ "
% % 1 .
N )
o———— e D P S 0 S
10° 10° 10’ 10°

E,[GeV]
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[108GeV /cm?/s/sr]

, do
" dE,

E

Yong Tang(KIAS)

JUPL =91 % 1078GeV fem” fs/sr and 44 = 0.7

Heavier DM

5]

UPL

-—-- DM — Totd
my ~ 8 PeV

7 =~ 1.7 x 10%%s

|'ﬂ$'ﬁ—

, dd

10

E,[GeV]

IceCube Events and Decaying Dark Matter

[108GeV /cm?/s/sr]

Y dE,

E

P.Ko,YT, 1508.02500

JUPE =21 x 1078GeV /e’ /s/st and 7 = 0.7

~

AS)

UPL

-- DM — Totd
my ~ 10 PeV

7 =~ 1.5 x 10%%s




Direct Detection

e Direct detection constrains the DM-nucleon
scattering cross section

2 2

m

Z . 2 —39 2
JXer( ) sin“e x 10”7 "7cm~.

o Currently, the most stringent bound Is from
LUX limit -
1 —45 2 X
R T/ TeTS A

* which can be easily satisfied for TeV Z’ and
e < 0.1

Yong Tang(KIAS) IceCube Events and Decaying Dark Matter IPMU
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Other Indirect Signals

e Charged particles, like positrons, and gamma-
ray are also produced,

 For decaying PeV DM, lifetime ~ 10°28s is

St|” allowed ""’i'.:p Gdacic - EG - ICS — Sum |

= 107) T
@ " .
N 108 [ KASCADE
& k i
% 107 1)
glW g0 7 S
W

10—11

12 i i
10701 10 1000 105 107
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Discussion-|

 Model with discrete symmetry
X — —X
¢ — —¢

e Lagrangian

L =Ls\ + NidN — (;mNNcN—F yLHN + h.c.)
1 . _
+ 50.00"0 + X (i@ — my) x — (fx¢N + h.c.) = V(¢, H),

o Similar for IceCube but no signal for direct
detection
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Discussion-l|

 \We can generalize to a
wide class of models, )

|
|
» charge assignment '

P

|

I
A
I

H

(Qy,Qy, Qo) =(2,1,1). — p
e With (fx@y + gy @N;+h.c.)

e 4-body > 3-body > 2-body,
again due to symmetry br.

Yong Tang(KIAS) IceCube Events and Decaying Dark Matter

>

>
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Discussion-ll|

P. Ko, YT, 1410.7657(PLB)

e |fthe DM mass is small
DM-@/Z'+v-IF 1 +v

enough, its dominant .

decay channels are two- — Mpy=2.0TeV, I'=0.16x10"s™! Br=0.5 - AMS02
—- Mpy=3.0TeV, I'=0.20x1072%s~! Br=0.8 . PAMELA
body decays. e ’
y y ~ Mpy=3.5TeV, ['=0.24x10*%s™! Br=1,0 « FERMI
I 3-body - 1 m%( 0.20
Dypody  (4)2 v2, 5
« For TeV scale DM, it L
might explain the AMSO02
positron excess. 005
1 5 10 50 100 500 1000
Ei[GeV]
45
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Summary

* |ceCube has definitely observed astrophysical
neutrinos, with several PeV events.

 |Interesting explanations include dark matter
and astrophysics.

 PeV events could be due to heavy dark matter
decay with m, ~ 5 PeV, 7, ~ 10°%s

e \We propose a DM model based on U(1) gauge
symmetry and right-handed neutrino portal,
DM’s three-body-decay could be responsible for

the observed PeV events.
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Thanks for your attention.
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