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Neutrino Events at IceCube
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Neutrino Events at IceCube

Claudio Kopper, ICRC2015
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Astrophysical Sources

e Supernova Remnants
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Power law

lceCube 1507.03991
* Assuming astrophysical flux arrives isotropically

and equal flavor g $=2.50+0.09
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Spectral Fit

_ _ Claudio Kopper, ICRC2015
» Best fit spectral index
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Framework

 Mixed contributions
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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 Uy (1)and x — dark matter,Q" =1
| — dark Higgs, Q' =1
X — dark photon

* Lagrange

1 . - 1 1 )
L =L+ éI\@WN — 5Mn M°N + yBHN + h.c.
1 W 1o " .
- Zé“”x —O/ésm X, F¥ + D, o D*® — V (D, H)
0
+¢ iD—m, #—(f#PN +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“,Wé‘,X“)! (AH,ZH ZH)
* 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

VU v v 1
C ©E X, —xhy, —— xc@—xqﬁhv,
mn mn mn mn
T : Goldstone boson
x — W=t 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
x — W™t Zv, hv 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

v v 1
v, —2xhv, —x¢v,|— xdhv,
my my my MmN

. J

~\

VpUH

4 _ Goldstone boson
x — W™t Zv, hv with BR ~2:1:1 equivalence theorem
V¢

x — Z'v,¢ov with BR ~1:1 XON — \/§XN

X — hv, ov with BR ~ vq% LUy

Q | Z!/" + hq':/f'/Z:/:,E/‘/I/'i l" ) Three body decay

Yong Tang(KIAS) IceCube Events and Decaying Dark Matter CosPA2015 16



Decay Modes

VAU v 1
¢ H)‘(V ¢ ——xhv, —ngu —Yohv,
MmN myn myN MmN

Goldstone boson

/X — WZI:ZZF, ZV, hv with BR ~2:1 } equivalence theorem
/ . _ (%0
X — £ v,ov with BR ~1:1 X@N%EXN

X — hv, ov with BR ~ vq% LU

Q I Z! /" + h7"-/(:/Z'7I'-r'L/VVi l" / Three body decay

In principle, all decay channels need to be included, however
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3-body decays dominate

l3(! = "h# 1 m
3( — i ) ~ _ X . > 1
L2 (0 = h#,"#) — 1682 v3 + V3
« 2-body decays only results from symmetry
breaking when my >m

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

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

+ X (zlﬁ — mX) X — (fX®PN + h.c.),
2
! 2—body ,
l 3 body M3
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Parameter Estimation

* We can estimate
3 2
3 (X = hv) ~ —X (yf> U

9673 \ muy 102%8sec
yf

mN

» small y and f but technically natural

 If N is responsible for active neutrino mass
through type-l seesaw y ~ 1075,/ -2

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

y ~ 107", f ~ 107%° for my ~ PeV
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Neutrino Spectrum <

« Spectrum is given by o /\

\

dN 1 dF dNV (EX ) AN ¢
(] — dE \
B &Y / T dE, dE X

where X = v,h,W,Z,Z’, ¢
* \We calculate the differential decay width

1 d! 1

D aE = 2B /mi, 0< Ey <mr /2,

1 d! 3

—— ~12E, (me — ER) /mi, 0< B, < me /2,
I dE},

1 d! 3

———— ~ 12F; (m — Ey) /m?, 0< By < m» /2.
I dEy
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Spectrum at production

P.Ko,YT, 1508.02500
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Yong Tang(KIAS)

IceCube Events and Decaying Dark Matter

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
high and low parts.
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Neutrino Flux at Earth

» Both Galactic and Extragalactic flux included,
 galactic
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» extragalactic
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Neutrino Flux at Earth

--- Galactic ---- ExtraGalactic — Sum

10° 10P 10P 10°
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 Ez/ x Eu
E? E)) = -
v ag, B = <1OOTeV> “P\TE )
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3-year spectrum

P.Ko,YT, 1508.02500
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IceCube Events and Decaying Dark Matter
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P.Ko,YT, 1508.02500
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[1073GeV /cm?/s/sr]

o Ao

Heavier DM

P.Ko,YT, 1508.02500
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Direct Detection

* Direct detection constrains the DM-nucleon

scattering cross section
' 2

sin?" x 10 3?cm?.

» Currently, the most stringent bound is from
LUX limits

M1
o v < 10 *°cm? | '

100GeV
» which can be easily satisfied for TeV ZCand

1 <0.1
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Other Indirect Signals

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

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

10 ®Bpge .- Galacic - EG - ICS — Sum
still allowed i
— 1077
E] e
C\IQ 10—8. !! KASCADE |
5 L N
% 107 B
L_JA
B8 1070~ ST
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10~12 i
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Discussion

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

« Lagrangian

| 1 _ _ -
L =Lsu + 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(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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