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Detecting eV neutrinos

» Interaction cross-
sections are very
small

» Benchmark
astrophysical flux:
O(10°) per km? per
year above 100
TeV

» Need km?S-scale
detectors!
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Detecting neutrinos

Cherenkov
/ cone
Deep- .
iInelastic
scattering
Vu o=

-
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Neutrnno event signatures

Charged-current v Neutral-current / ve Charged-current v«

(data) (data) (simulation)

Up-going track Isolated energy “Double-bang”
deposition (cascade)
with no track

Factor of ~2 energy resolution 15% deposited energy resolution (none observed yet: T
< 1 degree angular resolution 10 degree angular resolution (above 100 TeV) decay length is 50 m/PeV)
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Sackground: penetrating muons

Early I B S - Late 1%i_mgle—muon energy distribution at 41 deg zenith

0.16 xd®/dlogl0(E/GeV) [1/(m? sr s)]
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Solating neutrino events: two strategies

Up-going tracks

Air shower

Air shower

Astrophysical source

e Farth stops penetrating muons
¢ Effective volume larger than detector
e Sensitive to vy only

e Sensitive to half the sky

I CECUBE
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lceCube | p-dominated

Atmosphere
(exaggerated)

Active veto

U VetO Vp o

, >
B

M
¢ \/eto detects penetrating muons
¢ ffective volume smaller than detector

e Sensitive to all flavors

e Sensitive to the entire sky
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Sclence with lceCube

Low energy neutrinos
® Neutrino oscillations
® [ndirect dark matter searches
Penetrating muons
® Cosmic ray composition
® CR anisotropy
® High-energy interaction models
High energy neutrinos
® Clusters of neutrino arrival directions (steady point sources)
® Neutrinos associated with transients (e.g. gamma-ray bursts)
)

(/' ® Diffuse excess over atmospherlc neutrino background
\@ Air shower physics (e.g. charmed-meson production
® Ultra-high-energy “GZK” neutrinos from proton interactions
with the CMB

(and much more...)
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Neutrnno spectra at zarth

_ 10—4 o Atmospheric pion/kaon
— A % (conventional) component:
N\ O 2. » Steeply falling spectrum (1
-5 | ¢A % power steeper than primary
10 E % - cosmic rays)
- 5. % » Strongly dominated by v,
- @)

» Peaked at the horizon

Atmospheric charmed meson
(prompt) component:
» Spectrum follows primary
benchmark COSMIC rays
astrophys. ) Equal parts v, and ve

....... » Isotropic
» Not vet conclusively observed
Vi, Ve \
10_9 — ‘ Astrophysical component:
» Spectrum harder than primary
102 103 10* 10° 10% 107  cosmic rays
» Equal parts vy, Ve, Vr

E 1 [GGV] » Isotropic”?
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Aside: Tux UNits
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nnnnnnnnnnnnnnnnnnnnnnnnnn

(GeVZem=2stgrt)

ES dN/dE
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scale var + Mgharm vVar + PDF var s
this work, power-law CR

ERS 2008 (dipole model)

TIG 1998 ©
BERSS 2015

Prompt results from lceCube
are quoted in units of ERS,
adjusted to Gaisser 2012

(variant 1) CR composition

_ J

104 10° 106 107

Eiapy (GeV)
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—vidence for Nign-energy astropnysical Nneutrinos

» Selected high-energy
starting events in lceCube

H Veto

Deposited energy

Vi .’

[ Background Atmospheric Muon Flux

“ 102 e """" 3 Bkg. Atmospheric Neutrinos (#/K)
s ' Background Uncertainties
= Atmospheric Neutrinos (90% CL Charm Limit)
wn —— Bkg.+Signal Best-Fit Astrophysical (best-fit slope E~2%) |
“ %\ : -« Bkg.+Signal Best-Fit Astrophysical (fixed slope E?) 1
: O 101 .............. S e®¢ Data
H I~ o
< - 2
( M
x -:' -, .' ‘
S 100 8= T I L —
» 3 cascades over 2 -
()
" >
1 PeVin 4 years -
of data
10° 10° 10°
} >5 7 O evidence Deposited EM-Equivalent Energy in Detector (TeV)

for astrophysica| lceCube ICRC 2015 (PoS(ICRC2015)1081)
Nneutrinos
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Atmospherc neutrino seli-veto
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101 1 t hvsical Some neutrinos
> F astropilysical v are absorbed
ﬁ in the Earth
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sin(d) = — cos(f) at the South Pole
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The zenith
distributions of
high-energy
astrophysical and
atmospheric
Nneutrinos are
fundamentally
different.

Schonert, Resconi, Schulz,
Phys. Rev. D, 79:043009 (2009)

Gaisser, Jero, Karle, van Santen,

Phys. Rev. D, 90:023009 (2014)



—vidence for Nign-energy astropnysical Nneutrinos

» Down-going Arrival direction

atmospheric Southern Sky (downgoing) Northern Sky (upgoing)
neutrinos are vetoed
Oy accompanying
muons, astrophysical
neutrinos are Not

EE Background Atmospheric Muon Flux
102 R R RRRIIITTEERR B Bkg. Atmospheric Neutrinos (7/K)
: Background Uncertainties
— Atmospheric Neutrinos (90% CL Charm Limit)

—— Bkg.+Signal Best-Fit Astrophysical (best-fit slope E-2°%) ||
- Bkg.+Signal Best-Fit Astrophysical (fixed slope E?)

®e Data Some neutrinos

3 ‘ ‘ 1 absorbed in the Earth
E I é" ___iTi_ . \ :

[ 1. -

» Model-independent
evidence of
astrophysical origin

o

Events per 1347 Days with deposited E > 60 TeV

—-1.0 —-0.5 0.0 0.5 1.0
sin(Declination)

lceCube ICRC 2015 (PoS(ICRC2015)1081)
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VWhat about the northerm sky and v/
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The high-energy starting event sample is dominated by cascades from the southern sky.

3 years from 6-year dataset

}‘:X]). data
B Astrophysical v + v
Bl Conv. atmospheric v + v
B Prompt atmospheric v + v

10° 10°

]

10

Muon Energy Proxy / GeV

1()° 10° 10)' 10%
lceCube 2016
(arXiv:
1607.08006)

~ ( T | Combined v + v
. * = W “x, Astrophysical
. % 2 107 . &t flux dominates
: ) - : = _-i 1 / at high energies
. =~ —_ ——
. = 1078 . e %éi 1 I
[ o | I
| L 4 _-—
| 3 - -
. i 107 4 | = .
. Air shower _ oyl
. 1C2012-2014 T
-
. 10~ 10 , , -
n
.
]

Excess over atmospheric backgrounds: 5.6 o

Prompt atmospheric normalization: < 1.06 ERS (90% CL)
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http://arxiv.org/abs/1607.08006
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Limit on prompt atmospnerc Neutrnnos

; —r
10° 10 10° 106 107
E,/GeV lceCube 2016 (arXiv:1607.08006)
Greyed-out energy region improves prompt limit by less than 10%
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http://arxiv.org/abs/1607.08006

15

Viihere would prompt neutrinos appear /

Events observed in 6 years

10° - ' N\ ' ' L 0.50
1 0 0 0 1 1 1 2 3 F
0 1 1 1 2 3 5 6 [ 0.45
= s ' 0.40
< 10 T [ 0
g 0.35 | S /K atmospheric
D> 8 +
> I R astrophysical
A 10 125 188 239 282 352 484 695 = 683 095 S 108 E2)
gﬁ 539 765 933 1121 1319 1670 2314 | 2027 ' % - J
D) -
ks 929211 2982 3455 4012 4574 5520 7031 0.20 = orompt
= .
s 103 7257 9205 10096 11334 12726 14743 17843 - 0.15 &b < atmospheric
n
5 11526 13418 14161 15824 17882 20444 . 0.10 (ERS)
8772 10020 11462 13436 9501 L 0.05 |
' Astrophysical
, |2200 2241 2431 2960 3635 4204 5188 3895 A fixed
10* +——————1— 0.00

-1.0 -08 —-06 —-04 -0.2 0.0
cos(zenith) IceCube 2016 (arXiv:1607.08006)
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http://arxiv.org/abs/1607.08006

Viihere would prompt neutrinos appear /
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Simulated data

Nuisance parameters fixed

logl0(muon energy proxy)

Simulated data

A0 08 —06 —04 —02 00 A0 -08 -06 -04 02 00

cos(Zenith)

8 . 0.05
Nuisance parameters free 0.04
7t 0.03
6l 0.02
0.01
5| 10.00
—-0.01
4 ~0.02
N —-0.03
—-0.04
-0.05

cos(Zenith)

—2ALLH

Courtesy S. Schoénen

1. Prompt signal washed out by astrophysical background uncertainty
2. No net excess observed in prompt region
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Correlation to astropnysical flux parameters
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ohape uncertainty
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Spectral shape varies from model to model.

10° 100
E, | GeV  IceCube 2016 (arXiv:1607.08006)
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4 Prompt A
atmospheric
neutrinos only

observable up to
~70 TeV (below the

9 knee) )

~

Normalization
uncertainty is
dominant .

Upper limit is a
factor 2-3 above
modern models .



http://arxiv.org/abs/1607.08006
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—flect on astropnysical flux measurement
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lceCube 2016 @ rompt / ERS  IceCube 2016
(arXiv:1607.08006) (arXiv:1607.08006)

1. Analysis as published leaves prompt component free
2. Fixing prompt normalization to modern calculation shifts
astrophysical flux parameters slightly
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Cenetrating muons

Hardening at
Prompt neutrino flux has a ~PeV energies

muon counterpart 102 \
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(=l

<)

> 10 .

= i
—— Conventional .
- Prompt
e Much larger event rate 1072 ol

10° 10* 10> 10° 10’ 10°
Surface energy [GeV]

¢ No astrophysical background

Vertical muon spectrum
(MCEg+SIBYLL 2.3)
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\easuring the muon spectrum )

Observables: leading muon energy, zenith angle

<Peak energy loss < leading muon>

% Run 118204, Event 73579575 / ——— 70m Cutoff
b ] 105% e ~——— 100m Cutoff
E s L : : = 150m Cutoff
¢ : g 10 3 Individual DOMs (200m)
; s O S o : ; ;
5 = 0 lceCube 2016 (P. Berghaus)
; 2016) 1-27
: 1 :
% : [ i'::g 102 oo B s et g e i-.-
: g 10 B e - < B
Wity T
: e A P VRN RO I I = o N
; - E ;{EEIE ! 2000 2200 2400 2600 2300 3000 3200
{ hg Slant Depth [m]
<I\/Iedian energy loss < bundle multiplicity>
~1 PeV muon (surface energy) Energy loss profile
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http://dx.doi.org/10.1016/j.astropartphys.2016.01.006

Horizontal/vertical ratio
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3.9
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Zenith distribution flattens as prompt component takes over

Ratio of horizontal/vertical flux is
iIndependent of input cosmic ray flux
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Observed ratio

rhorvert: Measure of zenith distribution peakedness
1 = all conventional, < 1 = prompt component

10 LR L R L L E
=
9 = s 14
g 3 {1 <
S 7 . 12
2 6 |
lav}
£ S ] :
s 4 —
@)
I-Gf 3 | = Conventional only 7] 0.8
2 | = Conventional + prompt <
1 el 0.6
1.0 S
0.8 | 04
2 0.6 _ [| = | Conventional
< 04} 0.2
0.2 | (| 4 |241 ERS
0.0 . . llll“l . . llll“l . . llll“l . S _I | | | | | | | | | | |
103 104 10° 109 107 4 46 4.8 5

Surface muon energy |GeV

lceCube 2016 (P. Berghaus) Astropart.Phys. 78 (2016) 1-27

Zenith distribution at high energies is flatter than expected for conventional only
Caution: bundle zenith distribution not perfectly understood at low energies
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http://dx.doi.org/10.1016/j.astropartphys.2016.01.006

Prompt background from lignt unflavored mesons

103 :HIII 1 IIIIIII 1 IIIIIII 1 IIIIIII 1 IIIIIII 1 IIIIIII 1 IIIIIII T TTTTH
, | - tota —_— K _
- - total conv.
% 10" | - = total prompt
O 10° a other prompt
5 = — — other conv.
n 1 F
5 - -
: 10~ — —
S S E . :
& 107 = ! Prompt muon | _ - J E
O 94 [ | andneutrino | S~ =
3 —_ | fluxes are not = s NN, S
4 5 ' ! _
10° k- _ directly related! ~ o - =
- ~ -
10'6 _IIIII L IIIIIII L IIIIIII L IIIIIII L IIIIIII\I\I IIIIIII L L1l 1

10° 10° 10* 10° 10° 10’ 10° 10°
E,[GeV]  Fedynitch et al. arXiv:1503.00544v2
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https://arxiv.org/abs/1503.00544v2

[he tuture: background-free atmospheric Neutrinos
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Use accompanying muon to tag neutrino as atmospheric!

Vi, ' Ve [High er?ergyJ
neutrino
Low-energy muon

from another
shower branch Neutrinos from charm accompanied

by < 1 TeV muon: ~1/year in
lceCube (extremely preliminary)

(Simulétibn) | —

L. Wille, K. Jero (UW-Madison)
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Conclusions
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Prompt atmospheric neutrinos are not yet observable
due to uncertainties in the astrophysical background.

Penetrating muon spectrum appears consistent with a
large prompt component,
but suffers from modeling difficulties. Its relationship to the
neutrino spectrum remains unclear.

More and different theory inputs are needed.
Constraints can’t be applied across detection channels if
we ignore correlations between shower components.

- pICECUBE Jakob van Santen - Prompt atmospheric leptons in lceCube
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3D Ikelihood contour
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a SOUTH POLE NEUTRIND DBSERVATORY
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—ffect on cut-off
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10%10 (El(jut —off / GGV)

% SOUTH POLE NEUTRING OBSERVATORY
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http://arxiv.org/abs/1607.08006

eV neutrinos from cosmic rays
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p+y =7 +p

(or p)
Ly +9+Dp TeV gamima rays (also from leptonic processes)
g
+ -
—T AN Cosmic rays?
+ :
L p' Hyy, +n = g
4 - i AAXA N
TeV neutrinos
Neutrinos from cosmic ray interactions within
® The atmosphere "k N\
® Cosmic Microwave Background F R e
® Gamma-Ray Bursts (acceleration sites) e
® Active Galactic Nuclei (acceleration sites) "~ = s L
U W I h
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Vetoing down-going atmaospneric Nneutrnnos

AtmOSpheriC muons and Primary cosmic ray
neutrinos are produced In
the same Processes.

Sufficiently vertical/high-
energy atmospheric
neutrinos come with
accompanying muons!

Passing fraction

Neutrino energy [GeV]

1.5 km of ice

A Schdnert, Resconi, Schulz,
Phys. Rev. D, 79:043009

Gaisser, Jero, Karle, van Santen,
Phys. Rev. D, 90:023009
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ceCune's overburaden

| Vertical depth
f — 1450 m
— 1950 m
= 2450 m

—_
-
\V]

~10 km at 80 degrees

Overburden [km)]
2
|

109
0O 10 20 30 40 50 60 70 80 90

Zenith angle [deg]

108 Median energy at depth
- — 100 GeV — 2 TeV
. 10 4+ — 500 Gev ~ — 10 Tev
~10 TeV to survive 106
10°

10 km with 1 TeV

Surface energy [GeV]

102 1 i 1 1 1 1 I B i
10° 10!
Overburden [km]
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—vidence for Nign-energy astropnysical Nneutrinos

» Use outer layer of
PMTs as an active
veto to select
neutrino events

» 30 events with more

than 6000 PE (~30
TeV deposited

energy) observed in 3

years of data

» 15 events expected

from atmospheric
backgrounds

ICECUBE
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[
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10°

Charge Threshold

T Bkag.
E= Bkag.
Bkg.

e®¢ Data

----- — Atmospheric Neutrinos (90% CL Charm Limit) ]
—— Signal+Bkg. Best-Fit Astrophysical E-* Spectrum |1
— All Events (Trigger Level)

Atmospheric Muon Flux (Tagged Data)
Atmospheric Neutrinos (7/K)
Uncertainties (All Atm. Neutrinos)

10*

Total Collected PMT Charge (Photoelectrons)
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VWhnat about extremely nigh energies’?
CR protons > 50 EeV interact with the CMB, producing neutrinos:

p‘|‘7CMB—>A—>n‘|‘7T+—>VM

“GZK” neutrinos would be more energetic than any atmospheric
neutrino or muon — simple selection for largest possible

acceptance
Penetrating muons Atmospheric neutrinos GZK neutrinos
7.5C 10 7.5¢ 10 7.5 10
C Atm. u (IC86) . Atm. v (IC86) Cosmogenic v (IC86)
U 1 7 = ol 1
65 6.5 )
" 10°
= 6F =6
R - = 10
Zc 5.5F Zc 5.5
EDH s EDH s 10°
4.5 4.5 10
4 - - 10° 4 - = 10°
. 'i,.::: iy Phys. Rev. D 88:112008
3.5 10°¢ 3.5 ) .0 10° 3.5 5o e cmcoccm oo MEE g6
-1 -0.8-0.6-04-02 0 02 04 0.6 08 1 -1 -0.8-0.6-04-02 0 02 04 06 08 1 -1 -0.8-0.6-04-02 0 02 04 0.6 08 1
cos 0 cos 9 cos 0
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Constrants on G/ZK neutrino Tluxes

» GZK-focused
analysis found first 2
> PeV neutrino

events near threshold 10°
» Upper limits do not 7 g
yet exclude current ~;
models, but are i
coming close 2 10°
E>
o 10°
=
10"
10"

DDDDDDDDDDDDDDDDDDDDDDDDDDDD

90% all-flavor upper limit

| | | | | | | | |
ANITA-I1(2010)

RICE(2012)

PAO(2012) v, limit x3
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Results: angular distribution
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2 - -
2 107 o IceCube preliminary
= = Eaep > 1 TeV
Dominated by conventional 2 o
' ' Vo) —
atmospheric neutrinos — peaked =
at the horizon 2
o 109
£
—1.0 —0.5 0.0 0.5 1.0
= Egep > 25 TeV
. : o) 1 dep
increasing < 10 § -
energy 2 100
threshold 2
g 107!
£
—1.0 —0.5 0.0 0.5 1.0
. . é’ 10! : Egep > 100 TeV
Dominated by astrophysical © i
neutrinos — isotropic (but some % 100 : + LT 1T ) o
up-going neutrinos are absorbed P -
in the Earth) G
e
| , —1.0 —0.5 0.0 0.5 1.0
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/entn distrioutions at lceCube

cos t
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cos 0
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—arly NiNts of a Nign-energy excess
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events

Northern hemisphere v, events in
59-string configuration (2009-2010)

[T T 171 T 11 | T 11 | T 11 | T 11 | T 11 | T 11 | T 1T T T_]
10° o, a1, v, (HKKM2007) —
- —  conv. atms. v, (HKKM2007 + best fit nuisance)
- ———— astrophysical v, E* (best fit) .
Y et T astrophysical v, E? (90%CL upper limit) -
1 03 _ prompt v, (90"):CL upper limit) -
N Preliminary -
10°E IE
10 E
T " E
10 =T B - I-'_E
_L T ‘: oo bvvv v by v v v b b __q—LJ;L;
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
log1 O(dE/ereCO [GeV/m])
1.8 0 excess over
atmospheric expectations
Phys.Rev.D 89 (2014) 062007
ICECUBE
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events per bin [T. =367.1d]

High-energy cascade events in 40-
string configuration (2008-2009)

®m am. W 4.2-10°GeVsicm?sriE? (vp, =1:1:1)
8 am. v, +v, (conventional) - data
B amm. v, +v, +v; (prompt) o= atm. p extrapolation
@ atm. p + atm. v
i
10° | preliminary ' high energy
stat. errors only . signal region ]
4 ]
10" ¢ —)L '
]
10° < -
]
5 ~ N ]
>, (]
1 L ]
10 v —_’_‘\ ']
10° o
10" e |
102 . . ! — J
3.0 3.5 40 4.5 5.0 5.5 6.0

log 10(Ercco/GeV)
2.4 0 excess over
atmospheric expectations

arXiv:1312.0104
(submitted to Phys.Rev.D)



Constraints on neutrnos from GRBS

[ceCube Preliminary

— —— — " ————— ——— ———— 7 100
: : : ] 10~ f[—— Ahlers et al. E
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C EEY
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e - | | 450
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: : — 1 > i f 440
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' : : = 1 J 6%070 /
130
Fireball models re o P— |
R S A SN = 1) e i 1,
4 5 6 7 8 104 10° 10° 107
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GRB analysis with 4 years of IceCube data (publication in prep)
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\odel-independent GRB constraints

24 ——— —
90% Upper limit 1 04

22 90% Sensitivity -------- )
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= =
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S 4 0.15 o
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4

5 4 0.05

i Nature 484 (2012)
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Constraints on fluxes rom individual sources
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Flux per source

% SOUTH POLE NEUTRING OBSERVATORY

closest continuous source in FoV

Ahlers & Halzen, arXiv:1406.2160

Tiive = S yr8, ‘SZ =24, fsky =0.5

10~/

10°° 1073 10~4
¢ [Mpc 2]

Source density
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—Relationsnip to extragalactic diffuse gamma rays
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Interpret with care:

: Fermi data points are

extra-galactic only

108

10_5 P L BN B S S S I
\ Fermi 2010 +— + -
Fermi 2012 ——
-6
- 10 -
| -
n
— { Atm. v,
n -
v 10 ’ E
&
O N
= - IceCube 2013
Q -8 - ceCube |
LD 10 — {—\\ =
=, \ \\\
= i \\\ I
N XN
LLJ 10-9 i 3-year > 60 TeV starting X
g events (lceCube 2014 PRL) 3
Murase, Ahlers, Lacki
] Phys.Rev.D 88 (2013) 121301 7
10‘10 1 1 || 1 1 || 1 1 || 1 1 || 1 1 || 1 1 || 1 1 || 1 L1
10° 108 100 10° 10* 10° 10° 10/
E [GeV]
ICECUBE
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Correlations with astrophysical Index

O N B D

Test statistic: —2A In L

Prompt normalization

1.8 2.0 2.2 2.4 2.6 2.8 3.0

Powerlaw index
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—Nergy spectrum with charm upper lIimit

B 1.01 X atmospheric n/K v
BN + 1.47 X penetrating p
— (4 90% upper limit atmospheric charm v)

5 o4 5 —2.49
S + 2. (100 TeV)
x10" 18 Gev—lem—2sr— 151

IceCube Preliminary
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T double-pang reconstruction
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Simulated 1 PeV CC vy interaction: T decays after 50 m

'Energy loss reconstruction

Differential Energy Reconstruction of Contained Tau in 1C-86

% § 350 - Molnte Carlo TruthI ---- | Total True Enlergy Loss: 598 ITeV 7]
R Reconstructed Total Reconstructed Energy Loss: 626 TeV
;@ [ZZ™h =
. 250 I -
S | |
=
; 200 ~
£
: X 150 | -
Resolution depends strongly on i
Interaction geometry. 100 |- -
50 | —
No T events observedtodate. | | |  }p--- |
0 1 : |
0 20 40 60 80 100
pistance (M j ' |nst. 9:PO3009 (2014)
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ascade reconstruction: nypothesis and data
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Cascade reconstruction: likelihood fit

H Z T Hypothesis 2

@)
o

Hypothesis 1
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Time [microseconds]
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(Cascade reconstruction: energy
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Starting tracks

[ 13Ewar-eades [ 13Ewnr-eader
atTime: 201012 248 54 me 2011
AdTime  2010.12 JARS AdTime 2011
oD © 117080 11788

SebrumD - O SebrumD - O
((((((((( vertiD : 26050
SebévestiD - € SabéventiD - €
; SubEventSare nudlspie ] ) SubEventSarean  auispl
! i
| |
.
|
: \§
| ; "N : “
- L B
? o8 s ? :
- . : :
i - » : : Y .
] »
' .. 4 .
”»
» ..
. .
" ’ .
! . ® g
4 ] -
s & o
*
.

~ 18 TeV deposited ~ 100 TeV deposited



Deposited-energy resolution for showers in lceCubg
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