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On-source” v =VERY The Cosmic Neutrinos
from TeV to EeV

pp2> T2V

TP T2V

photopion production

“GZK” cosmogenic v

Are UHECRs correlated with

IceCube ~TeV neutrinos?

(see talk from joint working-group)
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DETECTING NEUTRINOS IN ICE

Auger
Cherenkov
water tank

Auger
Cherenkov
water tank

Auger
Cherenkov

water tank

Auger: 1500 water tanks (H=1.2m, ®=3.6 m)

Auger
Cherenkov
water tank

Auger
Cherenkov
water tank

Auger
Cherenkov
water tank

Auger /TA uses atmosphere as calorimeter
Sensitive to down-going and horizontal events

S

lceCube
® lgkm? ice Cherepkoy @

» 0 &icxior ® ® @
‘calorimeter’ (cascade)
‘tracker’ (tracks)

4 pi coverage of sensitivity



IceTop

.—"/ 81 Stations

324 optical sensors

lceCube Lab . - ICeCUbe neutrino
observatory

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

Amanda Il Array
(precursor to IceCube)

1450 m

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
2 324 m

)

2450 m
2820 m
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WHAT HAVE WE ACHIEVED SO FAR

v'The detector works well with ~99% uptime
v Astrophysical spectrum more than 8 sigma in two independent channels
v'Cross-section measurements at energies beyond accelerators

V...

v World’s best limits on cosmogenic neutrino flux

v'First hint of the Glashow resonance! (in this talk) new

v'First compelling evidence of correlation between a high-energy IceCube neutrino
with blazar TXS 0506+056 thanks to the realtime global network (in this talk)
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IceCube is an Air shower
efficient cosmic-ray
detector, too...

viu-dominated

4 vonly

Cosmic-ray summary see talk
from Karen Andeen North

Atmosphere
Muons detected per year: (exaggerated)
e atmospheric 7x10%0
- atmospheric v 2> p > 8x10* .
Air shower

e COSMIC v>u ~10(>60TeV) ¥

starting events) )
Astrophysical source



| HOW TO REJECT COSMIC-RAY BACKGROUND

Two ‘golden’ neutrino channels from IceCube

Starting events (outer Select up-going events
layer detector as veto) travelled through earth

e ——
2 e
v X v )

ngh Energy Starting Events — HESE (4pi) Diffuse numu sample (northern sky)



MOTIVATION TO DEVELOP NEW TECHNIQUES

A gift from nature — Glashow resonance at 6.3 PeV

o - V l/vl
2 B A B Neutrino DIS \/
| ) ] m . Mesons
1(]'3 _ Ve + € . \\;
| " ; OR T s
10'F E= M2, /(2m,) = 6.3 PeV ; C W | ' J

Glashow Resonance - .
Hadronic Cascade

o [pb]
o
]

A boost of cross-section by a factor of 300!

At ~68% in hadronic cascade channel

E [eV]



THERE ARE A LOT OF PHOTONS FROM PEV CASCADES, CAN
AFFORD PARTIALLY CONTAINED FOR RECONSTRUCTION
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- HOW TO REJECT
COSMIC-RAY
| BACKGROUND?

Interactioh: Interaction:
NuEBar -> NuEBar + EMinus o NUEBar -> Hadrons i
Primary W ° Primary - SlgnCII
Type : NuEBar Ll . Type : NuEBar MC
Energy: 6.39e+06GeV = 8 Q > Energy: 8.15e+06GeV
Cascade " 2 2. Muon
Type : EMinus ilie8 H 2 e Type : MuPlus
Energy: 1.07e+06GeV8 & ; ) Energy: 8.33e+01GeV
[ 1lle . ° Cascade ‘
S o8 : Type : Hadrons
' & Energy: 8.15e+06GeV
U 2 v
1 g ° * - & [ ]
odi" 4 : i |
Riid " $ o
g | } ' '3
L3 \ ; : A g .ii.
. r E 3.'
Signal i .00y
°* o
MC .
: 2 A, B, D from simple topology and by eye can already
'%:g‘ . distinguish they are background
C is more tricky and need to use timing informatign



USING TOPOLOGY AND TIMING TO REJECT BACKGROUND

If muonic origin, Cherenkov cone would register large-scale (usually couple of strings since muon unlikely to stop in the
detector) stochastic loss patterns on DOMs and light up DOMs earlier than if just approximate point-like cascade source

In total 11 observables to

background signal

describe topology and timing
3 .| were used to train BDT

e N
©




BDT TRAINING: EFFECTIVE AREA AT GLASHOW X2

PeV Energy Partially-contained Events: PEPE

| | I |
,||=3 HESEv,
8 ’ ‘ 10° | __
10° = CR mixed |[; F[C—1 PEPE v, . . j
o i s === nue >1PeV CE | EHE-PeV v, lceCube Preliminary
107 all nue — -
- - proton o 10’} Contained cascades
105 o 'nrznmu s - Partially-contained
I > - .
— nutau s - Through-going track
data 2015 | £ 10 F
L [
3
10
107} 10°
101 ....................... W 25 T
-------- (0] 2.0 —
0t - Y15}
‘ 3 ® on £ 00% o35 o025 o3° o0 _0d W lO0fF = = = = = = = = = = — L g - - - - - - -
A are® (e 2 qieo© Ba\\oo;ntd“‘mee& 7 050‘ 7 0&)‘ 7 0{_30‘ 7 0{30‘ 7 g1 7 ° @ 0.5
> 00 | | |
4.5 5.0 5.5 6.0 6.5 7.0

Event selection cuts log,,(E”/GeV)



UNBLINDING RESULTS dato

2
-
4 events >500 TeV in PEPE. Consistent with s
. . . -
expectations assuming lceCube diffuse spectrum c =
1:1 signal:bkg at 1 PeV but high purity at > 2 PeV .i =
6 T T T T T T T -
IceCube Work in Progress  cascades data ‘
5 - expected signal (ES* % =15 PeV,;y=-2.19, $=0.6) : “
v expected background (atmospheric nu + mu) ¢
;4 rrrrrrrrrrrrrrrrrr e e S s o O N
< i i 3 - Combined
3L ~ HESE+PEPE
7)) : : : : !
c 1 ' 2012-2016
2 O AR eereeeneenenees S T
> !
Ll
g . - —_

4.6 years (2012-2016) of data. One event is
at Glashow binl!

It is brighter than all IceCube PeV events even
15

58 60 6.2 64 66 6.8 7.0 7.2

logl0(cascade energy proxy E, . [GeV])

ec

*Ernie and Bert were in 2011 data and not included in the plot only partially-contained



expected events in 4.6 yrs per bin

CC/GR

THE NEW 6 PEV EVENT

The reconstructed energy is in the region where we

expect Glashow resonance over CC/NC

=
o
-
i

=
[]
.J_-
|

]ﬂ*ﬁ

1 IceCube Preliminary

| E=21% no cut off

1 NC
] CC
1 Glashow resonance

Bulk systematics
included

10”@

10-1 3

6 7 8
deposit energy [PeV]

The BDT score of the event is 0.65, which is much higher
than the cut threshold 0.5

The topology is consistent with expectation of a ~6 PeV
cascade

“lateral distribution function”

105 E | I I I

NPE per DOM
(=]
o
|

100 200 300 400
distance from vertex [m]



Depth [m]

AN INTERESTING FEATURE SEEN IN TIME DELAY

—150

—200

—250 -

—300

—220 1

—400 -

~450 -

—500 -

IceCube Preliminary

— Predicted
® Str.67
Str. 59
Str. 58
Str. 66
Str. 74
Str. 50
Str. 49
Str. 73

13.50 13.75 14.00 14.25 14.50 14.75 15.00 15.25

thom [us]

Dots are dataq, lines are simulations of
EM cascades of ~6 PeV.

For an ideal cascade the leading edge
of bright strings should be determined
from the distance from vertex to the
DOM position. i.e., what MC shows.

However, in data, we saw a sharp
structure on the brightest string 67,
which is typically observed when muons
passing as a signature of photons from
Cherenkov cone.

Do we expect to see muons in cascades?



EARLY MUONS FROM HADRONIC CASCADES

Double-pulse structure in waveforms: evidence of pulses from early muons!

Muonic signal EM signal In o hadronic sh
n a hadronic shower
T OMKey(67,54,0) / , e
o 10 muons travel in ¢ ahead of photons in ¢/n
o
5 1ot
g Y¢ Interaction Vertex
5 1071 O Latest cascade light emission
S 13500 13600 13700 13800 13900 14000
Time [ns]
7 OMKey(67,55,0)
< 10°
E m
£ 10°
S~~~
(V)
© 107!
& 13500 13600 13700 13800 13900 14000
Time [ns]
— OMKey(67,56,0
7 108 y( )
w
o,
c 1ot
0
°
910_1
S 13500 13600 13700 13800 13900 14000 14100
(V)

Time [ns] Same physics principles as seen in young airshowers
18



/| | IceCube Preliminary
—150 -
—200 -
—250
—300 A
N —— Predicted

—350 | " @ Str.67

e Str.59

i « Str.58

—400 . Str.66

. Str.74

_450 T ° Str. 50

. Str.49

—500 Str. 73

13.50 13.75 14.00 14.25 14.50 14.75 15.00 15.25
thow [us]

Resimulation shows good data-MC agreement on time-delays

if assuming hadronic cascades with leading muon ~40 GeV
19



Azimuth [deg]

MUONS SHARE SAME ORIGINS WITH EM COMPONENT

The direction of the event is independently reconstructed using
muonic component and EM component. They agree very welll

10

I
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I
=
o

l
=
Ul
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w
o

(o))
o

lceCube
Preliminary

65

o5 O

Bulk ice sysfematics included

70 D
Zenith [deg]

-@- Early-Muon Fit

-@- Cascade Fit

80

85

What are the energies of
muons”?

Can the muons come from
cosmic-ray bundles?

Do we expect to see these
muons from Glashow
resonance”?

Do we expect to see these
muons from charged current
interactions?

20



WHAT HAPPENS IF COSMIC-RAY MUON BACKGROUND

The key is the maximum muon energy accompanying the EM cascade

60 GeV muon can still describe data for the first-hit

100 TeV muon is highly stochastic. We would have . . . .
strings. However, since it is unlikely to stop after

seen early muon signals on multiple strings across a

100 m it would cause more strings seen early muons
large area of detector such as 59, 66 and 50 9 ’

such as on string 66

—
=150 1 7 ~ —150 -
—200 - —200 -
~250 - —250 -
~300 - —300 -
ppc N —— Predicted
~350 4 ® data-67 —350 - . ® Str.67
data-59 Str. 59
_ ] » data-58 —400 - Str. 58
400 R Str. 66
data-74 _ | Str. 74
—450 - i 450 Str. 50
data-49 Str. 49
-500 - d:t:-73 —500 - Str. 73
1350  13.75 14.00 1425 14.50 14.75 15.00  15.25 13.50 13.75 14.00 14.25 14.50 14.75 15.00 15.25
thow [1s] tirst [us]

6 PeV EM cascade + 100 TeV muon 6 PeV EM cascade + 60 GeV mdons



Average Range [m]

LEADING MUON ENERGY

Reconstructileading muon energyiin the cascade

10°
Muon range

104
108
102

1 70 m,
10

~100 GeV

109 :

100 10! 102 103 104 109 100 107 108 109

Energy [GeV]

| 2
10° i ==+ E Max. Likelihood: 24.1 GeV
107! i
! Bulk ice systematics
Lo J i included
i
103 |
1
l
a i lceCube
L5 i Preliminary
l
1
10-6 1
10! 102 10° 10° 10°
Energy [GeV]
10 GeV 100 GeV 1 TeV 10 TeV 100TeV
~3% ~20% ~Qe-3 ~5e-5 ~2e-6

72



PROBABILITY OF BEING A COSMIC-RAY?

How likely is it for a muon to deposit ~6 PeV and then be left with ~10 — 150 GeV?

Einitial p/inal S
l’l’ I’l' Ll E‘u’initial — 1.45 PeV
—  Ep'mtial = 415 PeV
—  Ep'"ta = 9.55 PeV
107 ;
70~,50 2z Example after
Cey E propagating 20 m
\ Y } g_ 1075 | r
10-20m
100 GeV
From preliminary simulations of CR muon events with 107° | 5
catastrophic energy losses, taking into account the limit on the _ l

outgoing muon energy, we find that the expected number of — - ——t —
Ll . ] 1 l 1
such events is ~1e-7, which corresponds to an exclusion of the £l [GeV] k
. . . . . ‘u, 1na e
CR muon hypothesis at ~5 sigma. Full statistical analysis to come




y [m]

DO WE EXPECT TO SEE EARLY MUONS IN lce 8

GLASHOW RESONANCE? - YES!

Pythia simulation for W- decay, final state particles (including charm and rare mesons) propagate to corsika-in-ice

Example muon 2d LDF in ice

1.50

- 1.25

o o

'\: o

(O] (@]
logE[GeV]

o
Ul
o

0.25

0.00

=
o

o
(o)

o
I

O
N

cumulative probability
o
(@)

o
o

shower!

6.3 PeV W™ decay seen inice

4 Pythia8 + QGS)et01

Data

l

isthere

1 leading pion
leading muon
o 1 2 3 4 5

logl0(energy [GeV])

24




Relative posterior density A.U.

| WHAT ABOUT EARLY MUONS IN NUE CHARGED CURRENT?

PEPE event selection, -2.19 spectrum, direct-fit posterior

1077 4
1078
1077
m-l“—;
lD—ll _

10712 4

1 3 NC partially-contained

3 GR partially-contained

[ CC partially-contained IceCube Preliminary

Inelasticity most

energy deposits
in EM

2 4 6 8 10
Hadronic energy [PeV]

Probability per bin

1.2

1.0 1

ot
o0
1

~
[
1

<
e
1

0.2 1

= data likelihood

[—1 Glashow resonance
[ CC nu (6.3 PeV) + proton

underflow: 45.8%

overflow: 0.09%

CC leading
muon energy
much lower

IceCube Preliminary

underflow: 1.61%

overflow: 0.26%

-
L
......
------------

1 2 3 4
Leading muon energy log(E GeV)

p(rece|CC) x p(mu_max|recE CC) / p(recE|GR) x p(mu_max|recE GR) ~ 3% [not a p-value]
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Relative posterior density [arbitrary unit]

©
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THE MOST PROBABLE NEUTRINO ENERGY

How consistent is the newly observed event with lceCube 10

. . ) IceCube Pr‘eliminary | . :‘Ezzs[t)i:irential
diffuse flux? — it depends on the nu/nubar ratio! nuebar:nue=1:1 < The new ovent
- 107}
Assume best fit diffuse-numu, 1:1 = nuebar:nue il
= 10° L _
le—8 g ]
"; : I
|CECUbe Preliminary R 10 b e A
10-10 ‘5 Iﬁ ‘7
10 10 10
Neutrino Energy [GeV]
a//////// 10° : . -
IceCube Preliminary ° v BestRit
nuebar:nue=0:1 o7 1ESE Differential
+0. 5
! 6.351533 PeV o L
I s 1
| 2 10 T—
I S -
I £
I o
l W o100
3 4 5 6 7 8 9 10
Neutrino primary energy [PeV]
10-10

10° 10° 107
Neutrino Energy [GeV]



LIKELIHOOD SCAN ON NUE/NUEBAR RATIQ  roisontc=1imocen

Assume diffuse numu fits

2.5 LY

=  hest fit no cut-off

single power law 1 sigma
* Assume diffuse numu glep g

2.19 spectrum (ICRC 20 best fit with cut-off
- Py
201
o) == pv, 1 damped
* Even with a fixed 2.19 15| PP

= = neutron decay
spectrum one cannot

-2ALLH

distinguish pp/pY
1.0 lceCube Preliminary

However, this is the first

time we could calculate

nu/nubar thanks to the 0.5

Glashow candidate =>

inspiration for Gen2!

0.0

[a—
.
=/

0.0 0.2 0.4 0.6 0.8
nue / (nue+nuebar) 2



T oo R Coon R oo A A Coon R
—— |ceCube diffuse numu (ICRC 2017)
—— IceCube EHE cosmogenic nu (2018) \
Auger cosmogenic nu (2017)
Anita cosmogenic nu (2018) v
10—7 | YV  Auger cosmic-rays (ICRC 2015) \ |
. lceCube HESE nu (ICRC 2017) \Y

v'—li_' ) T the new event
@
o The
I
E . global
& . high-
o8l | energy
N B °
Ly - picture

lceCube Preliminary \V/

All flavours

nuebar:nue=1:1

- \
] gl Ll gl Ll il R
10° 10° 107 10° 10° 10% 10"
Energy [GeV] "

Link to EHE 2018 paper



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.062003

THE FUTURE: GEN2

In-ice upgrade:

* ~ 10,000 more optical sensors

* 5 — 10 km? instrumented volume

* ~ 120 strings
Wish-list:

* sensors with directionality and more effective areg
* smaller holes to reduce drilling cost
* a surface array for veto cosmic-ray background

Challenges:
* -45°C, 10,000 psi, logistics

29



E? x ® [GeVs~lsrlem™

1077
10~

10~7

10~

10-10 |

105 |

GEN2 WILL ALLOW PRECISE SPECTRUM
MEASUREMENT FOR 1-100 PEV

§ Dlﬁ‘use ~ {Ferml LAT)
¢ Cosmic rays (Auger)
@ Cosmic rays (TA)

lceCube (ApJ 2015)
B Gen2 (15 years)

[ | | | | | | | |
10" 10! 102 10° 104 10° 109 107 10®

E [GeV]

| | | i
107 1010 1pll

E? x @ [GeVs~lsr ! em™?

| | | | | | | | | | |
- & Diffuse ~ (Fermi LAT) lceCube (Apd 2015)

10 3 ¢ Cosmic rays (Auger) & Gen2 (15 years)

@ Cosmic rays (TA)
1070 L
10~7 \

E =

- % o,

.~l~l-|

108 [ t !if
1079 L '
10-10 |

[ | | | | L | - | | | | i

10° 10* 10% 10* 10 10° 10° 107 10® 10° 10%° 10

E [GeV]
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PART 2:THE COMPILING EVIDENCE OF | JiR9 ™
NU-GAMMA CORRELATION | & &,




Neutrinos as smoking-gun for hadronic sources

PY — (p,n)@

BT

_.QY/A

Y-ray observations

But el 9 e'YZ (Bremsstrahlung)
e’y 9 e’y (inverse Compton)

could produce y-ray

\
Cosmic Ray

observations

— e VYV

Neutrino observations

The smoking gun



lceCube real-time stream

V|_1L,’*
veto-based all neutrino flavor sensitive
HESE
/ ey |
U
: : . high chance of real cosmic neutrino signals
High cosmic n purity samples.
Launched in 2016! starting events

u
\ “ EHE (Extremely High Energies)
- | v ——
H

all neutrino flavor sensitive

high chance of real cosmic neutrino signals
IC170922 was in this channel .
good angular resolutions

signal flux highly uncertain 33



IC170922
2017/09/22

EHE alert stream

Alert sent in 43 seconds

original GCN Notice Fri 22 Sep 17 20:55:13 UT

6.6° refined best-fit direction IC170922A

4 o i == |C170922A 50% - area: 0.15 square degrees
: ‘. oy m— |C170922A 90% - area: 0.97 square degrees
IcCECUBE 6.2°
c
170922A 2 e
< 5.8 5
e TTrEer o B =
side view sl : { 5 TXS 0506056
20 ~ )
: Q
; 5.4°
tiiik ;g 5.0 PKS 0502+04§
e
e ae— | 4
AN ¥ e Cze 2o %@
& @;o,7s;.‘§‘~ | & - : v 4.6°
9/ 4 A LY ~ . 78.4° 78.0° 77.6° 77.2° 76.8° 2 76.4°
3 ‘ top view n w126 Right Ascension

-l
(@)

N w N (@)} » ~ (0] (o]
Fermi-LAT Counts/Pixel

o -



http: / /www.ppl.phys.chiba-u.jp /~lulu /170922 /170922.qif

S B Pt S Y EAC Lt

The movie is a simulation for photon ray-tracing inside of ice for a 290 TeV numu (best-fit
vertex and direction from 170922)

35


http://www.ppl.phys.chiba-u.jp/~lulu/170922/170922.gif

3 FGL sources

36



) w I

flux(>1 GeV) [ph/cm?/s]

‘TIME COINCIDENCE" : LIGHT CURVE OF TXS 0506056

EHE event

x 108 1

| | | |

I
= = EHE alert 1C-170922 Fermi-LAT detection of increased gamma-ray activity of I
+ insi -
N "I‘H_I" TXS 05064056 TXS 0506+056, located |nS|dfe the IceCube-170922A L
error region. ‘ I
ATel #10791; Yasuyuki T. Tanaka (Hiroshima Universify), Sara Buson (NASA/GSFC), Daniel r |
Kocevski (NASA/MSFC) on behalf of the Fermi-LAT collaboration
B on 28 Sep 2017; 10:10 UT

Credential Certification: David J. Thompson (David J. Thompson(@nasa.gov) !

I

i 1
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P-VALUE CALCULATION

Testing nu->gamma correlations

Is there a spatial-timing correlation between the EHE alert
event with Fermi flare?

HO: No spatial or time correlation between IceCube EHE alert
event with Fermi 3FGL+3FHL catalogue

Use Fermi light curves collected from the past 9 years
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| How often do we see a 3FGL source in P-VALUE

the error window of EHE event
CALCULATION
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How often do we see a 3FGL source in
| the error window of EHE event P'VALUE

CALCULATION

1S £5patial ) £ﬂux ) Aeff(g)

N

r op(t)
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Hypo 1: v detection scales to Hypo 2: v detection scales
variations in y flux of the source, linearly to 7y energy flux.
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How often do we see a 3FGL source in P-VALUE

the error window of EHE event CAI-CUI-ATI ON

* Both hypotheses return

1S £5patial y £ﬁux ' Aeff(ﬁ) pre-trial p-value: 4.1c

/ 10 public alerts + 41
archival events post-

trial p-value: 3.00

Scales with variations s
of v flux of the source Y o
http://science.science
Or mag.org/content /ea

rly/2018/07 /11 /sci
ence.aat1378

Scales with y energy
flux, the brightness of

the source —
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http://science.sciencemag.org/content/early/2018/07/11/science.aat1378
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THE MULTI-MESSENGER OBSERVATION OF 0506+056

This is the start of multi-messenger era for ‘Astrovmy’.
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ATS

- Box-shaped Analysis
Nevutrino flare in 2015
- - T z T V/‘-\‘—r‘l —'F»l‘-’d. T - T T
2009 2010 2012 2015 2016 2017

9.5 years time-
integrated
spectra fit for

TXS 0506+056

42


http://science.sciencemag.org/content/early/2018/07/11/science.aat2890

BETTER SENSORS FOR FUTURE GEN2

Larger effective area + better reconstruction (segmented sensors)

D-Egg

lceCube DOM
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GEN2 POINT SOURCE SENSITIVITY

IC170922
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CONCLUSIONS

1. First hint of Glashow resonance (preliminary):

o Cosmic-ray muon hypothesis significantly incompatible with
observed event (rejection at ~5 sigma)

o Probability ratio of nue CC: Glashow ~3%

O First time measurement of astrophysical flux at ~6 PeV. Result
is consistent with 1:1 nuebar:nue ratio

Direction and timing of the
event will be public soon!

2. First compelling evidence of high-energy nu with EM
counterparts in a wide range of wavelengths from BL Lac (TXS

0506+56)

Future Gen2 would allow precise PeV+ diffuse measurements and improve point source sensitivity significantly s



HADRONIC GLASHOW IN
AUGMENTED REALITY

Visualise IceCube and ray-tracing for ice hadronic

shower via Microsoft HoloLens




