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Cosmic rays and neutrinos
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The lceCube Neutrino Observatory

Neutrinos interact
Inside or near the
detector

Secondary particles
produce Cherenkov
light

Cherenkov photons are
detected by optical
Sensors in clear ice
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South Pole station
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Events

The Earth as a background shield
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Neutrino event signatures

\)e+N%e+X

\)H+Neu+>< vV +N=v + X

R R

track ~ cascade
450 TeV muon 1 PeV electron

(simulation) (simulation)

Feb 12, 2013 Anne Schukraft - RWTH Aachen

\)T-I-N%T-I-X

: S IE S
. . X o . .
. oo .. . .
: ¢
. e
. ;;
. ::.:
- . o
- .,-:
. ":I
. -
: aes
L
H -1
- 4.8
h a“
- -
H -
.. :_.l
. . L
; i.22
: .
-]
4
L]
-

SLoARTARYREINASASTRIF AL LA

@ RIS A FEFEFSER A
srrsr s s BEBERREIMEFA i bm ey »

"double bang"
(or lollipop)
50 PeV tau

(simulation)



Our “standard candle”: the moon

Cosmic rays are blocked by the moon Track reconstruction:

Collect information from
photon arrival times
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lceCube observes a deficit of atmospheric background muons -
from the direction of the moon
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The IceCube physics program

Diffuse/ |

PRELIMINARY
' 7 ’_E(éllri;ninary \\ N \\\ ?
atmospheric e

Search for an extragalactic
neutrino signal

Point source GZK neutrinos

Search for point-like sources V
— galactic (e.g. SNR)
— extragalactic (e.g. AGN) Prompt atms. neutrinos
| ‘a | o o__.0
Transient sources | v, \ @fmvaf,”\“mf’;epag;\t@,\ﬁmo
VARV ’ "

— GRB, flaring objects

| Neutrino oscillations
Optical follow-up programs

Cosmic ray physics

Dark Matter 'NAT\\ i Ly

Exotic particles
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What Is a diffuse search?

Looking into all directions at the
oy same time.




Why diffuse?

Point source search Diffuse search
L.E “n(L, z)
(.bdlffuse EL Z ///(,bsmgle E‘L ) ————=dzdLd{}
Sunae (BIL, 2) = o S s \ &L
More promising for More promising for
« rare bright sources (e.g. GRB) e abundant extragalactic
e transient sources sources (e.g. AGN)

e galactic sources

An extragalactic neutrino flux could be detected even if the individual
source flux is below the detection threshold!

Feb 12, 2013 Anne Schukraft - RWTH Aachen 12



What Is the background? Cosmic ray

cosmic ray ®
Dominating at

> 100 TeV
Dominating at
< 100 TeV J
/ D+/—’ DO,
|_| |<+/ DS+/—' /\C+/
Conventional KO
atmospheric
neutrinos ]_[+’/¢ atmospheric
O neutrinos
Ve ) Vi .' U Astrophysical v 7 ®
1:2:0 o \) ! T, e VoV
~ 20 v 1:1:1
__ E-37
E ® v~ 1/20% v,
e o
V ® _
\)e v v IJ. ® ® H ~ E2.7
e V
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Outline

Results from four completely independent diffuse searches

« Different event signature
« Different data taking period
o Different detector geometry

ca0 1C794+1C86

d extremely
CaSaCades high-energy

casacades

May 2009
- May 2010 April 2008
- May 2009

June 2010
- May 2012
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separated u
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- May 2010
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The IC59 V. analysis
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Selection of track-like neutrino induced muons

21943 events in a lifetime of 348 days

Background contamination with atms. i < 0.2%
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The signature of a diffuse astrophysical flux
What we expect in the IC59 data sample:

~ 20 000 conv. atms. \)u
(Honda et al.)

~ 70 prompt neutrinos
(Enberg et al))

< 40 astrophysical v,
(Waxman-Bahcall)

Energy distribution

Zenith angle distribution

4(2 E T T | T T | T T I T 1T I L | T 1T | T T E 4(2 :I TTT I TTTT I TTTT I TTTT I TTTT | TTTT | TTTT | TTTT | TTTT | TTT |:
o 10°L e conventional atms. v, (HKKM2007) _| & 1600~ —
> = E S L _
o E prompt atms. v, (Enberg et al.) 3 (0] - 1
,;_ s astrophysical v, (10°* E?) —;, 1400 — 7
= . 12001 .
_ . 1000~
1 e .
o . 6001 -
§ E _ e CONVeNtional atms. v, (HKKM2007)
= E 400~ 200 * prompt atms. v, (Enberg et al.) ]
i L = B s 500 * astrophysicalv, (10®* E?)
10°E E 2001~ "
: I | | | | | | | 11 1 1 | | | Ll Ll LI T - : :I [ | 1111 | 1111 | 1111 | 1111 | 1111 | 111 | 1111 | 1111 | [ I_
2 3 4 5 6 7 8 9 -1 -09 -0.8 -0.7 -0.6 -0.5 -04 -03 -0.2 -0.1 O
log10(E, [GeV]) cos(8,)

~ 30 u background

: . (including absorption in the Earth and detector acceptance)
(<0.2% contamination!)
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The analysis methoo

Astrophysical

0

» 0 [
2-15-1-050 05 1 15 2 25 3

log(dE/dx ___ [GeV/m])

- 2-dim global fit

€OS(6ec0)

Prompt

0.0045
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0.0035
0.003
0.0025
0.002
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0.001
0.0005

-1 2 0
2-15-1-050 05 1 15 2 25 3

log(dE/dx _ [GeV/m])

(sensitive to the shapes of distributions!)

determines the systematic uncertainties

%
%
fit nuisance parameters
%
%
Feb 12, 2013
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COS(6ec0)

Conventional

195 -1-050 05 1 15 2 25 3

log(dE/dx __ [GeV/m])

Taking full advantage of energy and zenith angle information

Fit for nuisance parameters and signal parameters at the same time

The high statistical power of conventional atmospheric neutrinos

0.008

0.007

0.006

0.005

0.004

1=0.003

0.002

0.001

0

Systematic uncertainties are parameterized and taken into account as free
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(m’zsr'1 s GeV' '5}

E2%dN/dE

Exa fif p | €. uncertainties in the atmospheric background predictions

All particle spectrum

Nucleon spectrum

All nucleon ——

F‘olygﬂnaiu --------

Used in the calculation of
prompt atmospheric fluxes
(Enberg et al., Martin et
al., Bugaev et al.)

PR | L i 1 | 1 I.I' |

108 107 108 10°
En (GeVinucleon)

10* 10°

1D4 E 1 | | | | | I | 104 I. i
¥
Used in the extrapolation of
conventional atmospheric fluxes
P (Honda et al., Barr et al.: < 10 TeV)
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Gaisser; Astropart. Phys. 35 (2012) 801

Atmospheric neutrino background predictions are not based on the most
accurate cosmic ray flux parameterizations.
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The "neutrino-knee”

E 10'6§I T T 1 1T 11 | 1T T 1 | I T T 1 | T T 1 | T 11 E

u:i a conv. atms. v, (HKKM2007) .

— 1 [}5 i ——— conv. atms. v, (HKKM2007) w H3a CR model —

‘E E prompt atms. v, (Enberg et al.) E
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4 4 ? A 3 § ]
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energy Nucleon primary Flux Neutrino yield 1 - — B
energy (From model per nucleon = 5

Fits to CR data) (From simulation) E - 3

107 E

. o - 2 —f
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a_tmospher]c background prediction at 4f of Honda et :
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104 Extrapolation/ 1 _

— increases the chances for a recalculation ' "LI
discovery of astrophysical neutrinos 10K - i

[ = _|:

10-6_ L 11 | I I | | I | | I | | l'! J f

2 3 4 5 6 7 8

log10(E, [GeV

[ —)
L—

Feb 12, 2013 Anne Schukraft - RWTH Aachen 19



events

Results

10*

10

Preliminary

Best fit

IC59 data
conv. atms. v, (HKKM2007)

e CONV. atms. v, (HKKM2007 + best fit nuisance)

Astrophysical v,

0.3*10°FE~

GeVicm=?stsrt

(within errors consistent with 0)

_I.

astrophysical v, E* (best fit)

Best fit

Prompt V.

0

(within errors
consistent with
prompt models)

1E '“-[' T =
107 & —I_rr‘ —I_I_I_I_l_l_'_'"'—'-h} —=
E | | 1 | | 1 | | | | | | 1 | 1 | | 1 1 I | | | | 1 1 H 1 1 E
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
log10(dE/dx__ [GeV/m])
Presented @ NEUTRINO2012 reco
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Experimental constraints on astrophysical models
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log10(E, [GeV])

Anne Schukraft - RWTH Aachen

90%CL upper limit

sensitivity

Factor 1.5 above the
Waxman-Bahcall
upper bound
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Experimental

Intrinsic charm model
(Bugaev et al.)

ruled out at 90%CL. -

pQCD prompt atms.
neutrino flux predictions
are not yet in reach.

Limits are ~ factor 5
above model predictions

Feb 12, 2013

E27 dd/dE, [GeV ' em2 s sr]

Range of 90%CL upper limits

(Shape of the limit is slightly model dependent)

constraints on prompt models
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— e prompt atms. v, (Enberg et al.) m
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mm— wem prompt atms. v, (Martin et al. - GBW)
— = = = = prompt atms. v, (Martin et al. - KMS) ]
N miimin prompt atms. v,, (Martin et al. - MRST)
— ~
90%CL limits 1IC59
100 [ e R —
e N T ]
- ~ o 4
‘a7
5
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o [ ]
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(models shown here as published without knee correction)
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Search for cascade events in 1C40

B | N
2849 0 1278 2555
>earch for N Low elnerrgyrs;\mr;le
e« contained
* spherical N\ P 1% _ )
cascade-like g High energy
neutrino events ° o 1 00 sample -
2 11
—-0.5 . 0.5 .
100% data atm.
-1.0 3.I5 4.|0 4.|5 5.|0 5.I5 G.IO 6.|5 7.0 -1.0 3.I5 4.|0 4.|5 5.|0 5.I5 G.IO 6.I5 7.0
05
3
3 00
5
m [ ||I ‘
-0.5
atm. v E2 v
-1.0 3.5 40 45 50 55 6.0 65 7.0 -1.0 3.5 40 45 50 55 6.0 65 7.0
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0.00 6.53 13.06 0.00 0.14 0.28
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The cascade energy spectrum

2. 40 excess over atmospheric
vV + W background (conv. + prompt (enberg et al.))

W atm. p A atm. g + atm. v

@ atm. ve +vy (conventional) m 42.10°GeVsicm?sriE? (v, =1:1:1) What are the HE

B atm. ve +vy, +v; (prompt) e data events?

B I I I I

- preliminary low or high - 5

10%E stat. errors only energy sample - Conven_UonaI atms:

— - Unlikely
T -
— _
N~ i -
S il ] Prompt?
PR : Not very likely
= - . Enberg et al. Prediction
c i i would have to be
% 10° E increased by > factor 10
g f
[% i ) Astrophysical?
c
210" : Maybe
o - . (consistent with the

B muon channel and

- present limits)

107
3.0 3.5 4.0 4.5 5.0 55 6.0
log10(Ereco/ GEV)
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Searching for extremely high-energy events

The analysis strategy:

A Atms.

> BG

)

o
EHE neutrinos GZK
are blocked by signal
the Earth
— ook up!

Energy

Remove background with an
energy cut

Cosmic rays interacting

with CMB. Total atms. background

P+ V> A >0+

N+ U +v- .

Energy threshold:
6* 10 eV

cosO
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lceCube's first PeV events
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2 ]O eXCess over atmospheric
\N h at a re th ey? v+ background (conv. + prompt (Enberg et al.))

4
10 ? —&— data
Expected event numbers: B fg‘;g;zg:i‘:;“m
_ E --------- atmospheric v conventional
Conv. Atmospherlc vV + > atmospheric v prompt
— O 05 107 —— GZK v Yoshida et al.
: - GZK v Ahlers et al.
Z 10 —— GZK v Kotera et al. A ]
Steep energy spectrum = E —— E(v +v,+v)=3.6x107[GeV sr”’ cm? 7]
— unlikely 2 i i .
< 1e == — preliminary
VN S N : —t——]
- 2 10'g L
Prompt atmospheric v = —
— O]_ (Enberg et al.) 2 10—2:_
= | 1 f—
=
10_32_ auan
10—4 = e
Astrophysica|? 10—5_1 : ! IR M O P s i TR ENNEN NI (N RN B
4.5 5 5.5 6 6.5 7 7.5
Maybe
Expectation depends on Energy logm NPE

normalization, slope and
cutoff energy

>
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Laterally separated muons in IC59

lceCube as a cosmic ray detector:

Select events with

Dist = 400.4 m
U+ W bundle AP = 3.5°

and measure the distance At = -20 ns
(= distance from shower core)

/ 4 height

d o pTHC
T n~
E, cos(0)
Transverse
momentum
Sensitive to

« CR composition
e Interaction models

Feb 12, 2013 Anne Schukraft - RWTH Aachen 28



Probing the transition from soft to hard interactions

34,754 laterally separated muons found in one

year of IC59 data taking

Different energies and zenith angles relate to

different pT.

P < ~ 2 GeV i

1 (for pions)

. Soft interactions
1 described by an
. exponential

> ~ 2 GeV

I
(for pions) |
|

(pQCD) describedl

|

|

I Hard interactions
| by a power law I

Feb 12, 2013

Numbé

rin 335 day

prHc

dr =
! E,, cos(0)

-l
=
[

10%

10°

104

[ I\IIIIII|

.

(at sea level, excludes

detector efficiencies) Fit Parameters
A: 2513 £ 0.94
B: -0.05 + 0.01
C:9.44 +1.40

n: -17.56 £ 5.15

\
\

IlceCube Collaboration; Phys. Rev. D ."-._
I 87, O1200|5; arXiv:1208.|2979, 2013 | S |
] ] | | ] | ] ] ] ] ] | | L "% ] ] ] ] ]
150 200 250 300 350
Separation between Bundle and LS Muon [m]
Anne Schukraft - RWTH Aachen
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Comparison to different interaction model MC

Simulations here:
e Sibyll: no charm

* QGSJET: only lightest charm particles, negligible flux
« DPMJET: all charm particles, predominately from hard mini-jets

CR composition: Hoerandel polygonato

0 -
F — Data
T i —— Data Off Time
§1° 3 -~ Sibyll
c F ---- DPMJET
—_— o QGSJET
210%
£ S
) =
z —
102
i i M‘l’ | h==
10 RS : ! [ i
: i T' '
1 I - § ::
EI 1_1 I 11 1 I 1 L I:l iglél L IEI;EEIEI L I llllllll I L L) I A L
100 200 300 400 500 600 700 800 900 1000

Separation between Bundle and LS Muon [m]

6000

4]
(=
(=]
o

Number in 335 days
S
[ =]
o

3000

2000

1000

—— Data

——— Data Off-Time (x10)
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Studies showed that the data/MC agreement improves for
e an increase in kaon contribution

e an INncrease in charm contribution

 a change in CR composition towards lighter primaries
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« We have a completed and well performing detector with a broad physics
program

« We have recent results and many on-going searches for diffuse neutrino
fluxes in complementary channels

« We found some interesting high-energy events in diffuse searches this
summer - are we getting closer to the discovery of astrophysical
neutrinos?

« We are now reaching sensitivity to prompt neutrinos in the order of
prompt neutrino flux predictions

Feb 12, 2013 Anne Schukraft - RWTH Aachen 31



Outlook

What can we expect from What else can we do?

?
the muon channel  Full (= larger) detector

Y'I—:' 10-3: T T 1T | T 17T | T 11 | 1T 171 | 1T 171 T 11 : % mor—e StatlSthS
v L S i : - increases energy range
E LN T ' ]
3 |
o « Add cascade channel
I Sy e ] — |ess conv. atmospheric
s F background for v
] S yrs IC59 exposure - precise energy
measurement for
10°E R s "I CEE contained events
— P ‘
N 10 yrs IC59 exposure
R E
- preliminary 10 yrs IC59 exposure
ol | | | | | (With true energy and arrival direction)
-Io- | L 11 1 I T | I I | . T N TR S T N

4 4.5 5 5.5 6 6.5 7
log10(E, [GeV])
Includes systematic uncertainties

| | Caveat:
Prompt models rmght be In In the presence of an astrophysical

reach for future analyses! diffuse neutrino flux, prompt

becomes much more challenging...
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conv. atms. v, (HKKMO7)

prompt atms.v , (Enberg et al.)

prompt atms. v (Bugaev et al. - RQPM)
prompt atms.v  (Martin et al. - GBW)
prompt atms.v  (Martin et al. - KMS)
prompt atms. v, (Martin et al. - MRST)
IC39 v, 90%CL limit on Enberg et al. + H3a
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How to find more Muppets

Exploring the Northern & Southern
sky in the energy range between
|C40 cascade / 1C59 numu and EHE

Atms. BG

. | Astrophysical GZK signal
Look for starting tracks in the
detector

>

| Energy
—  these must be neutrinos! lceCube /

Efficient veto
for atmospheric muons

Very dirty ice layer
— needs some
special treatment

Sensitive to cascade-
and track-like events

If the observed
overfluctuations are a signal,
this type of analysis will be

able to proof it! u

Stay tuned,..

Feb 12, 2013 Anne Schukraft - RWTH Aachen




Angular reconstruchon
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Fortracks
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For cascades:

Challenglng because of spheﬂcal shape'
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Prompt atmospheric neutrinos

E27 d®/dE, [GeV'” cm2 s sr1]
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Phys.Rev.D78:043005,2008
Phys. Rev. D58:054001, 1998

107

Martin et al.: Acta Phys.Polon.B34:3273-3304,2003

Enberg et al.:
Bugaev et al.:
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— prompt atms. v, (Enberg et al.) -
E ............. prompt atms. v, (Bugaev et al. - RQPM) E
i = = . prompt atms. v, (Martin et al. - GBW) i
ELLLLLLLL prompt atms. v, (Martin et al. - KMS) T
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log10(E, [GeV])

Ingredients:

Gluon

 Primary cosmic ray
nucleon flux

/ small x

« Differential cross section
for gg = ccbar, ggbar - ccbar

e Nucleonic and charm
attenuation and interaction
lengths in the atmosphere

« Charm semi-leptonic decay
spectra

Predict 50 - 300 prompt events in the
data sample of 22 000 events

Shape very similar!

Anne Schukraft - RWTH Aachen
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The diffuse neutrino energy spectrum
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