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Neutrino Events at IceCube

ICeCube PRL113 101101

Full 988-day data

30TeV — 2 PeV

37 events

Muon Background
N+ =84+4.2

Atmospheric neutrino
N, = 66439

reject pure atm, 5.70

Declination (degrees)

Isotropy, equal flavor
global fit flux
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Neutrino Events at IceCube

Full 4-year data

~30TeV — 2 PeV

54 events

Muon Background
N, =126+5.1

v’
Atmospheric neutrino
arall +8.0
Nyip =905,

reject pure atm, 6.50
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Declination (degrees)
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Astrophysical Sources

e Supernova Remnants

|
3 Background Atmospheric Muon Flux

. . . 102 """ [ Bkg. Atmospheric Neutrinos (x/K)

* Active Galactic Nuclei

0 — Bkg.+Signal Best-Fit Astrophysical (best-fit slope %)
° G amma_Ray Burst § 101 ------------------------ .-“ El;?:Signal Best-Fit Astrophysical (fixed slope E%)

Usually assume : Sy
some specific emission & Tl
spectra and consider py ; LT
and pp interactions i 1
10 et
%

10° 10° 10°
Deposited EM-Equivalent Energy in Detector (TeV)
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Power law
lceCube 1507.03991

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

O, =0¢-
¢ 100 TeV 0= (6.773) 107 GeV s st em ™
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Spectral Fit

_ _ Claudio Kopper, ICRC2015
» Best fit spectral index

0 3. | | 'lceCube Preliminary
,y — 2.58 eg HESE—4yr
3.0 -
* Prefer softer spectrum
* Potential cut-off at 2.5/ .
about 2-5 PeV
2.0 -
challenge?
: 1.5 —
1 up-going muon-track event
with ~2.6 PeV deposited energy,
estimated neutrino energy ~6-10 PeV 1,? | | | | | |
8 2.0 22 24 26 2.8 3.0 3.2

Yastro
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Framework

 Mixed contributions

2 : - Bac'kgro'ur('i A'tm'os'p'hcleric Muon |'=qu |
10 [ B """" = Bkg. Atmospheric Neutrinos (7/K)
: Backgrourjd lUncertainties
= Atmosphefid Neutrinos (90% CL Charm Lingit)
" — Bkg.+Signal|Best-Fit Astrophysical (best-fiff slope E-2?) .
(>U~. . — - Bkg.+Signbl|Best-Fit Astrophysical (fixed sfope E~2) » Atm OSphel'IC
SRRV = = B R e : background
00 L = {
g o . . = - :
5 T _ » Astrophysical
o 1= A .= T T T
g 10 =1 source
GC) -4
>
W » Dark Matter
107 S T decay
2 3 4
10 10 10

Deposited EM-Equivalent Energy in Detector (TeV)
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DM Interpretations

* PeV dark matter
* |late time decay, lifetime 10727 — 10*28 s
* Non-thermal production

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

* It might be possible to explain the
“possible”, but not statistically significant,
gap between 0.5—1 PeV.
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Model Setup

P.Ko,YT, 1508.02500(PLB)

* Right-handed neutrino portal, N
* Dark sector with gauge symmetry

« Assume UX(l)and v — dark matter, ' =1
® — dark Higgs, Q' =1

X — dark phot
. Lagrange e PROTOR

| 1 _ — ~
L =Lsm + iNzﬁN — (§mNNCN+yLHN+h.C.>

1 1
_ ZXWXW —5 sin eXWFﬁy + DM(I)TD“(I) —V(®,H)

+ X (ZID —mx) X — (fX®N + 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

ul YOHTL + h.c.,
MmN

after spontaneous symmetry breaking,

1 0 Ve + O(x)
H — and ¢ — .
V2 ( vy + h(z) ) V2 ve < PeV

we have (common factor yf/2)

VU v 1

¢ H)_(V ¢ ——Yhv, —quu ——Yohv,
my my myN myn
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Mixing
 kinetic mixing leads to
(B¥, W XH) — (A*, ZH, Z'H)
* Ao ®TOHTH gives
(h,®) — (H1, Hz)

» 7" and Hy(or X and ¢) can decay into
standard model particle pairs.
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Decay Modes

VU v 1
? H)ZV ¢ ——Yhv, —ngy ——Yohv,
my my my MmN
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Decay Modes

VpV v v 1
C L Xy, —-xhy, —— xc@—xqﬁhv,
my my my my
T ) Goldstone boson
x — WTIT, Zv, hv with BR ~ 2 : 1 : 1)equivalence theorem

V¢

x — Z'v,¢ov with BR ~1:1 XON — \/§XN
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Decay Modes

1
“TH S, [% Yhy, —L xqﬁa — Yohv,
mnN

my my my

4 . Goldstone boson
Y — WHIt, Zv, hy with BR ~2:1:1 equivalence theorem

V¢

x — Z'v,¢ov with BR ~1:1 XON — \/§XN

(X%hv,gby with BR :v;:v% >
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Decay Modes

_ ?J¢ B Vg _ 1 _

Xv, —xhv, —xov,|—Xxohv,

my my my my

\_ _J
Goldstone boson

X — Wil:F, Zv,hv with BR ~2:1:1 equivalence theorem
e

x — Z'v,¢ov with BR ~1:1 XON — \/§XN

~\

VpUH

X — hv, ov with BR ~ vq% LUy

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

VAU V 1
¢ H)‘(V ¢ ——xhv, —ngu —Yohv,
TN ™M N m N TN

Goldstone boson

/X — W:tl:l:, ZV, hv with BR ~2:1 2\1 equivalence theorem
/ . _ (%0
X — £ v,ov with BR ~1:1 X‘DN%EXN

X — hv, ¢v with BR ~ v} : vy,

kx — Z//¢ + hV/ZV/W:':l:F Yy Three body decay

In principle, all decay channels need to be included, however

Yong Tang(KIAS) IceCube Events and Decaying Dark Matter CosPA2015 17



3-body decays dominate
I's (x — ¢hv) 1 mi

Y

Lo (x = hv,¢v) — 1672 v3 + vy
« 2-body decays only results from symmetry

breaking when my > m,

1 _ 1 _ .
L =Laon + 5N@’@N — <§mNNCN—|—yLHN—|—h.C.>

> 1

1 1
_ EXWXW —3 sin GXW/F#V + DMCDTD“(I) —V(®, H)

+x (i) —my) x — (fX®N +h.e.),

2
I'oboay v

N —

'3 pody M3
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Parameter Estimation

 \We can estimate
3 2
T3 (x = ¢hw) ~ 5~ (yf> ~

9673 \ muy 102%8sec
yf

mN

* small y and f but technically natural

 If Nis responsible for active neutrino mass
through type-l seesaw y ~ 105,/ &

PeV
then we shall have
y~ 1, f ~107% for my ~ 1014GeV

y ~ 107", f ~ 107%° for my ~ PeV

Yong Tang(KIAS) IceCube Events and Decaying Dark Matter CosPA2015 19
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Neutrino Spectrum e

« Spectrum is given by o /\

AN | dr' dN,, (E,) .
_ — _ dE:I}y N
JE F ) / [ dE, dE \

where x = v, h, W, Z, 7', ¢
* \We calculate the differential decay width

1 dI 2, 3

TagE, = 2By, 0< By <my /2,

1 dI

1 dI

f@ ~ 12FE4 (m,, — E@/mi, 0 < Eyp <my/2.
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Spectrum at production

P.Ko,YT, 1508.02500

= YOVV  -=- y-h/¢-v

— Total v

Yong Tang(KIAS)

Decay channels
with neutrino are
most important for
high energy

Low energy part is
most contributed by
other states.

The are one order
of magnitude
difference between

10° 10° 107
E,[GeV] high and low parts.
IceCube Events and Decaying Dark Matter CosPA2015 21



Neutrino Flux at Earth

» Both Galactic and Extragalactic flux included,
 galactic

ddC
dE,

1 oY (r!) dN?
— [, / dr Px () Y

E,=F

NFW DM density profile ., 14+ 1re/re
’OX( )_p®|: :|[1—|—7“//7°C]

» extragalactic

dE, | _p 47me : 1 dE,

)

E,=(1+2)FE
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Neutrino Flux at Earth

--- @Galactic ---- ExtraGalactic —  Sum

10 105 10 107
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 El/ -
E? E)) =
vag, B =P <1OOTeV> ’

ii) Broken Power Law (BPL):

dJAst El/ - EV
E? E,) = -
v ag, B = <1OOTeV> eXp( E0> ’
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[1078GeV /cm?/s/sr]

2 4O

3-year spectrum

P.Ko,YT, 1508.02500

JOPL = 4.1 x 10_8GeV/cm2/s/sr and v, =0 4 JoPE =13 x 10_8GeV/cm2/S/sr and 1, = 0.7

4 .
--- BPL -- DM — Total . - UPL -- DM — Total
my ~ 5.4 PeV E my ~ 5.4 PeV
30 Ty 2 2 X 10%%s NQ 3 Ty 2 2 X 10%8s
' &
L
%
O 2
5
~ A
g 1t
= 1
S
1 3
O : : ] 1 ey o O
10° 10° 10
E,[GeV] E,[GeV]
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4-year spectrum

JEPL = 5.6 x 1078GeV /em® /s /st and 41 = 0

N - BPL - DM — Totl
E ) my =~ 5.4 PeV
% b ~ 1.5 x 1028
(\1\ 3 — ) TX ~ 1.0 X S
&
2
%
O 2
o
—
PN
SR
c\Llu> \ f I
0------—._ --------- ~ o~ . 1 T [} . []
10° 10 10’
E,[GeV]

[1078GeV/cm?/s/sr]

L do
" dE,

E

P.Ko,YT, 1508.02500

4JEPL :.2.1 X 10_8GeY/cm2/s/sr a?d v =0.7

o

[?‘)

[N

--—- UPL -- DM — Total
m, ~ 5.4 PeV

Ty 2 2 X 10%%s

106 107
E,[GeV]
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Heavier DM

P.Ko,YT, 1508.02500

JOPL = 2 1x10” 8GeV/cm /s /st and v =07 4JUPL 2.1 x 10~ 8G€V/Cm [s/st and v = 0.7

4
- UPL --- DM — Total - UPL -- DM — Total
e my ~ 8 PeV ' my =~ 10 PeV
NE 7 = 1.7 x 1025 Nz 1l 7 = 1.5 x 1025
s =
) O
~ ~
2 3
px
7 7
S =
A
& |5 S 1
e W
i g
|'ﬁ 1 O 1

10

E,[GeV]
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Direct Detection

* Direct detection constrains the DM-nucleon
scattering cross section

2 2
m , _
Oy N ~ ( Z> sin® e x 107°%cm?.

» Currently, the most stringent bound is from
LUX limits

m
O'XN<1 X

100GeV’
* which can be easily satisfied for TeV Z’and

e < 0.1

Yong Tang(KIAS) IceCube Events and Decaying Dark Matter CosPA2015 28

0~ % cem? x




Other Indirect Signals

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

For decaying PeV DM, lifetime ~ 10*28s is
still allowed 10" g

||H""_ Galactic --- EG - ICS — Sum
— 107
2 "y
C\é 1078} T IIKASCADE .
S 3 !
10712 i
0.1 10 1000 10° 107

E,[GeV]
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Discussion

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

« Lagrangian

| 1 _ _ -
L =Lsm + 5N@'@N — (2mNNCN—|—yLHN—|—h.C.)

F 50,00"6 4 X (i —my) X — (fXON +he) — V(. H),

» Similar for lceCube but no signal for direct
detection
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Summary

 |lceCube 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

* We propose a DM model based on U(7) 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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