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neutrinos
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Questions for the extremely-high energy neutrinos
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cosmogenic v induced by the off-
source (<50Mpc) interactions of cosmic-
ray and CMB photons via GZK (Greisen-
Zatsepin-Kuzmin) mechanism

« How large is the highest energy of CRs
in the universe?
» Are the cutoff feature due to GZK
effect?

« How’s the UHE Universe beyond the
GZK sphere?
« What are the sources of EHECRs
above ankle?
 How are these EHECRSs produced?
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What the EHE neutrinos tells about the Universe
The highest energy emissions in the Universe

beyond GZK sphere !
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Information is valuable because it is
not accessible with the cosmic-rays
or gamma-rays!

. ——— GZK Sphere 50-100Mpc




What the EHE neutrinos tells about the Universe

not accessible otherwise
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« Location of the cosmic-ray
sources

« Cosmological evolution of the
cosmic-ray sources; intensity
reflects the contributions from
the sources in a high redshift
region

« Cosmic-ray spectra at
sources: the highest energy of
the cosmic-rays E_.., and
spectral slope

« Composition of the cosmic-
rays

max

Plus

« Particle physics beyond the
energies accelerators can
reach




Cosmological evolution of the cosmic-ray sources

Effects of different source evolutions

Star Formation Rate (SFR): a plateau
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Galactic to extragalactic transition of the cosmic-

ray spectra
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= = = = neutron decay

------------ interactions with IR/UV/Opt photons
interactions with CMB photons

Kotera et al (2009)

Two bumped structure

* PeV peakis from
Interaction with
IR/UV/Optical
photons

* EeV peakis
conventional ‘GZK
neutrinos from
Interaction with
CMB



However IceCube has a limited energy region sensitive to the cosmogenic

neutrinos, we are sensitive to cosmological evolution not the other parameters
IceCube’s view of the cosmogenic neutrinos
a robust estimator of the highest energy cosmic-ray source evolutions
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The Largest Neutrino Detector in the world:

The IceCube Detector

Array of 78 sparse
and 8 dense strings

5160
optical

sensors Amundsen-Scott
South Pole station




Detection Principle
Dark and transparent material

An array of
photomultiplier tubes



lceCube event topological signatures

@ H

With 59 strings 2009

V@ T
e

hadronic

shower

With 40 strings, 2008 Dec

high energy cosmic-ray indaeed—=
atmospheric muon bundle évent

el

Wi
RRLE H T

~100TeV -up-going muon
track event

Run 109682 Event 6298338

With 22 strings 2007

run 109652 Phys sRewe DI84, 072001 (2011)



The Energy-Brightness re
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* NPE is the number of photoelectron
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‘Brightness’ is the signature for UHE neutrinos

below ~PeV, upward- » ‘Very bright’ is an important condition
going tracks and

cascade-like topology
IS important

A brightness condition can select both type of events
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Waveform single pe level
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Number of events

lceCube EHE Event NPE Distributions
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Number of events

lceCube EHE Zenith Angle Distributions
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Extremely high energy neutrino search

above PeV Ve:v,:v,=6:1:2 at 1PeV, 3:4:2 at 10PeV, 2:5:3 at 100PeV
B 2.8sigma excess over 0.081%_ - events of default

atmospheric background

Phys. Rev. Lett. 111, 021103 (2013)
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trino Energy at the IceCube depth

Parent neutrino energies of these
events depend on the charged
current to neutral current interaction
probability

The probability is dependent on the
neutrino energy spectra at IceCube

The higher energy neutrinos, the
more contribution from neutral-
current interactions
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probability [arbitrary]

probability [arbitrary]

Neutrino energy on the Earth surface
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Are these 2 events cosmogenic in origin?

the Kolmogonov-Smirnov test implies that the estimated
energies (assuming GZK spectra on surface) can not be

explained by the cosmogenic neutrino models

* No The predicted E, cumulative
probability

“Standard” GZK | . “Low Energy Enhanced” GZK
GZK Ahlers’s Best fit / I GZK Kotera’s FR 11

p—value 1.3% |

0.5 — 0.5

cumulative probability
cumulative probability

Eli 8 10 12 Oy 1IOIIII12
Log(Energy [GeV]) Log(Energy [GeV])

The test tells that they are very (at 95%CL) different



Test Including energy PDF of the two events

Use the Kolmogorov-Smirnov statistics

p-value = e ——
j dI0GE e 0 Bert(10GE ) j dlogE ene o Erine(10GE eme) Pks(10gE exr, 10GE erie)

p-values are found to be 4~8x10-2 dependent on the models
* >90% CL the two events can not be explained by cosmogenic neutrinos

* Let us leave the question of “then what are they?” to dedicated follow
up analyses

* Here, we focus on the fact that we have not seen the cosmogneic
neutrinos flux so far with IceCube




Model independent quasi-differential upper limit
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* Including Energy PDF of the
two events
« PeV region upperlimits are
weaken by the 2 event
observation
« Higher energy region,
significantly improved from the
previous upperlimits getting
closer to cosmogenic neutrino
prediction fluxes
* |lceCube becoming more and
more sensitive to cosmogenic
fluxes above 100 PeV (108
GeV) and started to constrain
the highest energy comsic-ray
source evolutions

(Experimental points normalized
with the same condition when
needed)



Toward constraining on the highest energy
cosmic-ray sources

Note that when the flux for the two events are steeper than E?, the
probability the parent neutrinos to be larger the 100PeV is very small
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Event rates and p-values from the extremely
high energy neutrino search

Neutrino models Event rate above p-value of ~null
100PeV observation
2008, 2010, 2011 data above 100PeV

Yoshida and Teshima 2.0 0.14

m=4.0, z,,,,,=4.0

Kalashev et al (Phys. Rev. D 66, 063004) 3.1 0.045

m=5.0, z,,,,=2.0

Yoshida and Ishihara (Phys. Rev. D 85, 1.5 0.22

063002) m=5.0, z,,,,=2.0

Ahlers et al (best fit) 1.5 0.22

M=4.0, z,,,,=2.0

Ahlers et al (the maximal flux model) 3.1 0.044

Kotera et al GRB, z,,,,=8, alpha=2.4 0.48 0.66

Kotera et al SFR, z.,,,=8, alpha=2.5 0.46 0.67

Kotera et al FRII, z,,,,=8, alpha=2.3 2.9 0.052

Top-down SUSY 16 <0.0020

Top-down GUT BA.Q 0.021

l
We can more than double the rates in ~one year!



Constraint on the highest energy neutrino
fluxes and cosmic-ray sources

; p(M, Zygx) = ‘ 1+ 2)™(z < Zmay)

* Highly evaluating source
models of the highest energy
cosmic-ray protons can be

excluded

Y/ max

* Disfavoring a generic
expression of the evolution
parameter m larger than ~4

which includs radio loud

active galaxies (FRII)
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Candidate with the highly evolving source models

100.0 s \—
Disfavored as the main UHECR source
10.0F | o
7
Ly
!
1.0
unifarm
SFR1 (Hopkins & Beacorn 06)
coeeeeeneeee SFR2 (Yuksel 08)
0.1k ———— GRBI (Le & Dermer 07)
F —-—-—-— GRBZ2 (Le & Dermer 07)
——- FRII {(Wall et al. 03)
L 1 1
1 7 4 5]

I J
- ceCube’s

g // cosmogenic neutrino

11‘1‘5‘§ search will tell us

about these sources

1072 ! .//-’:, -
47

soon

107 g
pure proton, dip model \-\
unifarm Wi
SFR1 \
B S ¥ -
107" — - —— GRBI o
E e GRB2 [




Summary

* IceCube has searched for cosmogenic neutrinos in the data samples of
3 years of partial operation and 1 year of full operation

* Sensitivity reached to sources with realistically strong cosmological
evolutions

* Found two PeV events are not GZK origin

* World’s best upper limits and constraints on the evolution parameters of
the highest energy cosmic-ray sources obtained

* strongly evolving sources such as FRII type distribution disfavored

* |ceCube’s cosmogenic neutrino study will have more than doubled

sample to be analyzed with this year’s data taking
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lceCube Construction and Runs
«dCL 93‘(%“49.,,9 -201 )m

IC86 = full IceCube (2011~)
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Very stable full operation since May 2011
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Background Errors

convention
. al Atm. p,
= e duta Sou_rcgs v(%) prompt (%)
Statistical
e _+_+- e T error +7.3 +1.1
= & & e atmospheric DOM
@ w'e 000 e atmospheric v conventional efﬁciency +63_7, -30.8+21 _3’ -18.9
§ _ --------- atmospheric v prompt Ice property
o and detector
> 0B responses |-48.0 -29.8
i £ |
b (-: N & flux variation|[+24.0, -39.0|+30.0
i Cosmic-ray
104; T T composition |-61.0
E Hadronic
. T o - _ interaction [+13.5
1 - AN WA b PR nu yield from
4.5 5 Ss/ 6 6.5 7 75 |cosmic-ray
log /NPE |nycleon + 3.5
The largest uncertainty is on the +7.3(stat) |+1.1(stat)
prompt (charm) v model (a factor of 2 +69.5-92.5( 1+36.8-46.4(
in pQCD model, up to a factor of 5 a#EAxz+ 0@ SYS) sys)

from nonpQCD)




