Constraints on UHECR Sources
Wwith
O Years of the IceCube EHE Data

AYA ISHIHARA (CHIBA UNIVERSITY)
FOR THE ICECUBE COLLABORATION

Selected results from

Constraints on ultra-high-energy cosmic ray sources from a search for neutrinos
above 10 PeV with IceCube

* Phys. Rev. Lett. 117, 241101 (2016); Erratum/Phys. Rev. Lett. 119, 259902 (2017)

and

Differential limit on the extremely-high-energy cosmic neutrino flux in the presence of
astrophysical background from nine years of IceCube data
 Phys Rev D 98 062003 (2018) VLVNnT 2018 at Dubna




Cosmic-rays creates neutrinos ez

.air molecules

i\
AN

" 14 km height
m
i

10°

uon

proton
p+y— AT - n+7"

/
]
e+ !
e- fo
o
o

AN, . .

S, Atmospheric neutrinos e
— A"'b . , I
A 1
~ Y
»n 10° L neutrino
'S - 0 o
o Atmospheric "o PP, py Or mixed:
‘E 100 neutrinos < Source candidates incl. “IceCube neutrino flux”
O 9 AGN, GRB, our galaxy  : 10 TeV - PeV

©
%J . ~1/2\(§)@f CR energies
O Astrophysical O I
= 10 neutrinos ﬁ\
>D< “Astrophysical neutrinos”
™ - 5 UHECR source may produce
detectable fluxes above 10 PeV!
Cosmogenic
1025 neutrinos
interactions of cosmic-ray with CMB photons (IR, Optical...) ,
1040 ||nu|,|| ll“d |nmﬂ ||||“J |||"|‘ |“|||‘ ||“|d ||uu|,| |||||,|d |uuu‘ ial N
102 107 10* 10° 10" 10'" 10'% 10 10" 10" 10" 10'7 10 10" 10%

ENERGY [eV]



Cosmogenic Neutrinos

Induced by the off-source (<50Mpc) interactions of UHE cosmic-rays (>101°-5eV) and CMB
photons via GZK (Greisen-Zatsepin-Kuzmin) mechanism
=PeV-100EeV neutrinos
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Messenger from beyond GZK sphere

lceCube’s event rates = cosmic-ray source evolutions
and composition

Location of the UHE cosmic-ray sources
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High Energy Neutrino Detection Channels

v, CC only

= . . ~880TeV upward through-going
I muon track event
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" Phys. Rev. Lett. 115, 081102

Starting event inside detector
sensitive to all flavor CC/NC

Cascade-like &

NC and v, v, CC events \{b :
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PRL 113, 101101 (2014)
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Extremly-high Energy Neutrino Detection Channel

v, CC only

~880TeV upward through-going
muon track event

§FOF L% i phys. Rev. Lett. 115, 081102
shower :
\ EHE signals: All flavors

elongated cascades and highly stochastic tracks

Cascade-“ke £ 205 3¥50e+o0 Typs: MuMlnug
Zen: %52?5 deg 87. g
NTrack: 7

NC and v, v, CC events

3 .31 de
: 0/0 y i 0.90 :
NCasc: 2/2 showna ,.mi 20 742728.59
: W& = -8 =
33 . JR :
LR Bt 5 . - 3
$ - 3
. B = - . B
mE B
4 . ; -
s

2 EeV (MC)

él.‘ lo
0t

5:\5. 5 :.
% - & ~
- H §




lceCube 9 year EHE Sample

» Data from IC40-2008 to 1C86-2016 runs (9 years)
IC86 = full IceCube (2011/5~2017/5) |C79 (2010-2011) IC59 (2009-2010) IC40 (2008-2009)

IceCube-5841 intarstring (surface) distances
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e 22 strings results
ceCube Collaboration (Abbasi, R. ef &) Phys. Rev. D82 (2010) 072003 arXiv: 10081442

The first search for extremely-high energy cosmogenic neutrinos with the lceCube Neutrino Observatory -

« 40 strings results
Constraints on the Extremely-high Energy Cosmic Neutring Flux with the lceCube 2008-2009 Data - lceCube Collaboration (Abbasi, B. et &) Phys.Rev. D83 (2011) 092003, Ematum: Phys.Rev. D34

(2011 079902 arXiv:1103.4250 [astro-ph.CO)
79 strings and the first full IceCube results = Observation of the first PeV events
(Aartzen, M.G. ef al) Phys. Rev.Lett. 111 (2013)

First observation of PeV-energy neutrinos with lceCube - lceCube Collaboration
« 79 strings and the first full IceCube results = The first constraints on realistic cosmogenic neutrino models

Probing the origin of cosmic rays with extremely high energy neutrinos using the lceCube Observatory - IceCube Collaboration (Aartsen, M.G. et al)

LWHaallselnl,

Phys.Rev. D86 (2013) 112008 arXiv:1310.5477 [astro-ph.HE]
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Extremly-high Energy (EHE) Events

Signal: above 10 PeV

CR
m elongated cascades and highly stochastic tracks

Type: NuE

E(

Background:
Atmospheric muons
vertical down-going a large number of muons in a bundle

inclined down-going a few high energy muons

B o Atmospheric neutrinos

\% ‘l B~
up-goin

v, > PeV p-going

from pion and kaon decay: dominant below ~PeV

from charmed meson decay: above ~PeV, large uncertainty
v, <1PeV



EHE Event Selection

track-like <€ — cascade-like

Background
(Atm. p + Conv. Atm. v + Prompt Atm. v)

Cosmogenic

well
reconstructed -t
track events
(muon and
taus)

Background

< PeV cascades (prompt v)
+

mis-reconstructed muons

more than 100,000 photo
electrons per event

Signal

up-going <€ > down-going

Background
(Atm. p + Conv. Atm. v + Prompt Atm. v)




Neutrino events above PeV (=10%%eV) l

» two events observed in 9 year data of extremely-high event selection

ATEL #7856 A upward-going track with the highest energy deposit

- The Astronomer"s

2014 data

reconstructed energy deposits 2.6+0.3 PeV

Telegram
number of photo electrons 130,000pe

» Only 1 event observed in 7 year data
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particle shower event in December 2016
Reconstructed energy deposit 5.9+0.18 (stat) PeV
Number of photoelectrons 200,000pe (the brightest

to date)
Glashow resonance event cadidate



Binned Poisson LLH analysis

N
L(2) = 1—[ 1P0i550n(ni,ﬂi(/1)) (n; observation and p. expectation in iy, bin)
=

EX) a case of atmospheric background only hypothesis test

Ho: pi(4p = 0) = .U?G

Hl:.ui (Amax) — #?G + Amaxuicosmogenic ()\max maximizes Ll)

signal (pcosmogenicy Background (w,2°)

test statistic

L Amax
A

L(2o)

COS Ogpe 1z

log(reconstructed Energy / GeV
log(reconstructed Energy / GeV



Tests on the Observed Events

No. Hypothesis of observed event being of atmospheric origin rejected at 3.50.
Background only hypothesis test resulted a p-value of 0.024%

(1) Observation is inconsistent with (2) On the other hand, E2 power-law signal
cosmogenic hypothesis model is compatible

with p-value of 2.5% with p-value of 78.8%

(1)
Ho:ﬂi(lmax) = 'ulBG _|_/1rnax'uiCOSmOgenic
Hy (A7) = B 4 gmax power—law

(2)

Ho: (A7) = pfG 4 amaxypower=iaw
Hy : 1y (AT9%) = BG4 pmaxy COmogemic

» QObserved events are unlikely atmospheric background, nor cosmogenic neutrino event...
» Consistent with HE neutrinos from flux following power-law (e.g. previously observed IceCube flux)



Cosmogenic Model Constraints

7 year sample PRL(2016

<
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i Model Event rate p-value MRF
er livetime

Q
(0]

Kotera et al.
SFR

== Ahlers best-fit 3EeV

e Ahlers best-fit 10E€V Kotera et al 5 N
m— Kotera FRII FRII 4.7 5% .23

Kotera SFR Aloisio et al.
T T T SFR Son 3.2755% 0.80
E [GeV] Aloisio ef al.
g
Expect 3.6-4.8 events from SFR models Yoshida et al.
UHECR sources evolve more slowly than SFR m = 4.0, zpar = 4.0 707} 0.1+04%
Or heavier/mixed composition Ahlers et al. |
=>Constraints on proton component best fit, 1 EeV 2.8%00 13.4703%

Ahlers et al.
best fit, 3 EeV 3.2+ 1%
Ahlers et al.
best fit, 10 EeV 1.1155%
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Models to describe the origin of observed diffuse
gamma-ray as cosmogenic from observed UHECRs
constrained




Generic Constraints on Source Evolution

Evolution function of UHECR source parameterized as y(z)=(1+z)"forz< z,
An analytical relation between flux and m and z.,, : Yoshida and Al Phys.Rev.D 85 063002 (2012)

68% CL 90% CL exclusion

Assumptions

» only CMB is target
field (small IR/O
contribution in the
current energy
range)

» the photo-pion
production is single
pion from A-
resonance only

= Underestimates

SFR: Hopkins and Beacom 2006 flux below 100 PeV
FRII-A: Inoue and Totani 2009
FRII-B: Ajello et al 2012



Astrophysical neutrino model tests

v Astrophysical model test can tests heavy-/mixed-composition models

’ .
AGN and pulser models predicts hard spectra 7 year sample PRL(2016)

per livetime

memm \urase AGN s=2.3
Padovani all BLLac
Fang Pulsar SFR

0.62 (Ecr <62)

1.32 (£cr <4.0)

Fang et al.

SFR 5.5 BT R% 0.88
ang et al.

uniform

Padovani et al.

Yo = 0.8 37.875% <0.1% 0.12 (Y, <0.13)

Eer = 100 and s = 2.3, the CR energy generation rate EVUIESCECECTHI I\ ERECVADES O el e Norloloy
10' eV is comparable to the UHECR energy budget Fang et al: Phys. Rev. D 90, 103005 (2014)
Padvani et al MNRAS 452 1877 (2015)




Differential limits 9 year sample PRD(2018)

B Y\ ANITAT20TE)
80% C.L UL (this work) //f
'l

PR

| mm-———— 80% C.L. UL (leeCube PRL 2016)

_'."'_" ] .: -E.
WShugen2015)

» Differential limit is R PR 7
comparable to UHECR w 0F s
energy density at 1EeV st i )
(~2x108 GeV/cm?2sec sr) E i o
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Prospects to IceCube-Gen?2

» Stronger constraints on proton fraction of highest energy cosmic-rays

Fang and Murase Nature Phys (2018
Fermi EGE - Icacube (HESE &yr) All KASCADE

Formi EGE (non-blazar) [l lcecube (u, & y7) Light KASCADE Also:
== Toial associated y ray wm —all flavour A Auger r'E_‘ 105) ;
— Source associated y ray Murasa TA + TALE (Ex 0.91) AGN in the large scale cluster

. =mAICR model: consistent with Auger
4 == Madium'heavy CR .
A — Light CR composition, Kascade-

Grande light composition,

fermi EGB fluxes

...and IceCube neutrino flux

A factor of ~two better
sensitivity than the current
IceCube sensitivity allow us to
reach

10" 10¢° 10°




Summary

» Analyzed events with large energy deposits in 7 years and 9 years of
lceCube data

» Two observed events are consistent with lceCube astrophysical neutrino flux

» The binned LLH ratio analysis places constraints on cosmogenic models for
proton UHECR sources and astrophysical mixed composition models

» Disfavoring cosmological evolution stronger than the SFR if proton dominant
UHECRS

» Constraining AGN models as the dominant UHECR sources — independent
of their composition

» Neutrinos’ pointing capability is also important in this energy region! A few
events above 10 PeV — either cosmogenic or source - could be detected by
lceCube-Gen2



Backup



Systematical errors on quasi
differential upper-limits

Errors are energy dependent. Estimated by
taking the ratio between default upperlimit
and UL with the worst case error (worst
signal reduction and background, in
addition to NPE uncertainty)

Default

With Worst Case Error

These estimate include statistical
fluctuations

A

E20(E ) [GeV cm™? sec st

Below 400 PeV, uncertainty is about 30%
and 11% error

The threshold region (not shown in the
differential limit) has larger uncertainty
because of the uncertainty associated with
the absolute efficiency (incl. from detector
response and ice model)




The Estimation of maximam
systematic error

» Upperlimit is worsen when signal is reduced.

» Observed photo-electron charges (NPE) are shifted by -16.5%
(due to uncertainties in absolute DOM efficiency and ice model),
signal rate is decreased by -7%, while background is also reduced
by -43%.

» At the same time, background is increased by V162+302=34% in
the worst case, signal is additionally reduced by -9%, when
excluding the components included into the NPE shift.

» We then calculate the worst case upperlimit with -16.5% shifted
charge with worst case increased background error (+34%) and
worst case signal reduction (-9%)









Exposure and Background

Effective livetime: 2426 days

— 3 flavor sum
- glectronv -
= MUON V

fau v -
-==: Auger (2015)
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Expected background rates in 2426 days

atm. atm. v atm. v TOTAL
muon (mt, K) (heavy
(iron CR) meson)
0.021 0.022 0.021 0.064
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FIG. 13: Cumulative neutrino background from radio-loud
AGN in the blazar sequence model. The CR spectral index
s = 2.3, and the CR loading factor £ = 100 (thick) and 500
(thin). Note that the former value is motivated by the AGN-
UHECR hypothesis, where the CR energy injection rate is
normalized by the observed UHECR energy generation rate.
The atmospheric muon neutrino background is also shown
(dot-dashed).




Systematics in Event Rates

contribution cosmoge |atm.pu |conventional |prompt BG sum
nicv (%) |(%) atm v (%) atm v (%) | (%)
Energy scale -6, +13 -45, +22 -43, +8 -33, +9 -39, +13

ice model + detector responses -3 -14 -24 -16 -17

hadronic interactions (sibyll 2.1 and +4 na +2
ggsjet-11-03)

CR composition (pure p and Fe) -79 -26
CR flux measurements

prompt model (charm) na na

neutrino cross section na na

photonuclear interaction na na

LPM effect na na

SUM -97, +37 -58, +31

energy scale + ice + detector -48, +22 -49, +8

**energy scale + ice model is based on in-situ calibration data with artificial light source



