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Analysis principle

Energy distribution Zenith angle distribution
of simulated neutrinos in the IceCube detector.
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Outline

A small selection of interesting topics:

"Coincident
events

Zenith angle
distribution
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/

A
\
———==
B
/
Vs

| Atmospheric

neutrino
fluxes



Background rejection

lceCube zenith angle distribution at trigger level
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atmospheric & 100 ——— IceCubedata =
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c = Coincident air showers =

Only northern % 103§— Conventional atm. neutrinos (Honda 2006)

hemisphere 102 e Astrophysical neutrinos (1C40 limit)
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Misreconstructed =
air showers in g
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-Neutrino event selection ——

IC.S-Q.'ﬂlter level Event numbers at neutrino level
S L — for the burnsample (= 10% of lifetime)

Search for total 2662 2444 16 12

spatial and time clusters
in hit pattern

N

(not final)

Diffuse/atmospheric samples are
high purity samples

1 cluster > 1 cluster
— muon background contamination < 1%
i i — excellent for systematic studies
Define series Define another
of cuts series of cuts



Hit clusters at neutrino level

12000

11500

# events

11000

10500

10000

9500
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8000

- 1 cluster > 1 cluster -

IJIIIJJ|I[I|IIJIllIIl|JIl|III|JII.lJI




Hit clusters at neutrino level

12000

11500

# events

11000

10500

10000

9500

9000

8500

8000

simula

tion

IJIIIJJ|I[I|

[

Ll ]

- > 1 cluster = 0.92 .
- | 1 cluster  _ .
- | > 71cluster gy oo 7
- 1 cluster > 1 cluster .

.IIl|JIl|III|JII.lJI
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“Clustered -event categories”

Look at the > 1 cluster events in the burnsample with the event viewer

Studied 157 events oy eye

(out of 2000 burnsample events)

Dust layer Pac—Man Neutrino + muon

5% of total
burnsample

These events are not In
our simulation, yet! 11



LA BE L BT NN )
L

L u....-_-ﬁuq‘....-..ru.-..nﬂ..ulu_...__-.u.-_.._ =
LI I ‘o oaa R
" 9 By
1

LACTE I Y

LR R R EE N T

Downgoing muon \

L N

i
LA L 5 d
1

R N

n

AR
N MM
NN N NNNK
(()) NN NN NN
NN N NN
4= LN
| ol f...__.._.._f,.
™ a ) ) I
‘ N _/ff by [
NN NN NN
SR o
e f!f.f./f.f.ff..__._.._ gn
LN NS cC.=
./_ A b _..._._.._J —_ ¢
| EERCRRCRAINY (@)
/../ // xf N =
® i £
k.,
(D) ../f ff N M ©
N PR, o c
~ LRSS
t rff. ./J_ zz _,_z » om @
LI B
t J.l-.fa-i.f-.z-:“fﬂ”.z..” .._u_-.._-..-....u__-....-_-_u_-_u.-.._..-.-..-n__-. ke
. PP
m d _.I.u.!..nf....f.v.ﬁ r.r;.ﬂ_r_.._ e T R T R NI LA
™4 L
n ) X i A o
O ...._“_I-..Pur.._z_...J.:F., n{rn e N LR LR R R R I Sl
=
[~ I . - o [ Lesws
e r J...-Jr - ._....-.-..r_n.,”rn....r”_.p-..._. .._-.._..._-.........-.-."f-.....”h._-_.— .-n .........-.n.”n..-.-..tﬂ.ri._r._in u.- .-._1 # 3 = & & ¥ 2 &3
£I E i A O e i S W . Qe rmEE TR FP ot mm kbR s ww 2 mu e -
[ = fu 41 LI . . - AR EEE]
T TR 2 s T I L
d .T..._rr_“r“...“ ......_..Hr“. T T I BRI B g A AL
- B v o R
(@ AEEEEEa 1CIALE R LR T L R L R
o ) Totasb e ot R ey asae e w i ai e ety PR e fas s mrm o s s o n o 8
Bme AN e T Y R Y IR
c = 44 DVVEHR PRI SR SO EIFRE WA ICIICEY S IO
T dr v annmEwF @ IR TR R RN feeterem e e w B = . s s
— O Falsl b EEHL A AVRETES LRV AYREERS DR .
1 == FECCEERIC r e rasnmramnns A FE FEEEE R R R oEoE A ERE
e wlam] & &+ kS b i e el 4B e B s ale ol B sl s B e S B orEe e sl v s B B ¥ B B F & # B
o= — O | L L L aes il LI e
Q" TR itk R R TR LR A N L,
- [
(@) e T e T
o & TR T RN N F KA SIS T 1 £ SRR AL
a .-..l..-..-. L1+
|t "
O > O AT I
S = N 5 r.h..l] .II“.-.. * % 4 ® % & B ¥F ¥ & & & F F F = B = F & F ¥ & F ® & F & ¥ & F @ -
|1 -
O = b AT AR s 5 1 s on s pinns AT S T E LTI
r-.r. 44413 _.._..__.._‘ I A T A R A L) CRL R N
" - P T [T
< c S| LHT g
L= \...-.. L] .
=T -1 -
A_ O |1
b w4 4 el AL AIANS A L ey IIla-
@» BB anibaniteqidili SR DA s b e
L~ k=] |1 5
L] +1
L 4 LA L4
e | ..v._\._...._... .| Pt ia e Feniah s N .. .
podgy aiief RIS R PR EEAT X bl S
1| L1 A
\\\_.. ..__\__1_l \.“\w..._ £ L N R N E R e = a
-..._\‘....-.”Lt\”....k_t. L R I e T A P
" t\\.. y \.w D T S et aannnsnsa
.|“\ 44 “ AP EEE A e EEE Aoy
.__\n\-\\ n\_un L
LR ]
h 4 - k_\ - e AL I E N T O T L T R,
iy bl AL EF RS
L/ P LEF R
AN
() g
o=

10N

e .
—

lat

simu

Those events
are not yet




Hit clusters at neutrino level |l
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Zenith distribution-in 1C40

Events

10

Diffuse analysis Atmospheric analysis

S SO S S SO YN 4. W

: " Rwr L e 2 i
A A S AT T s s LR e
o

. Data : 12877 Events

Atm Yy Honda 2006: 13466 Events

----------- Mis-reconstructed Atm. Muons : 4 Events

Events per bin

B — Simulation ]
Sean Grullon 200 Wart S Huglsfitz T lgDate g

e e e i 2 0906 08 07 06 05 04 03 02 01 0

cos(Zenith) Cos(®,)

Publication accepted by PRD. Phys. Rev. D83. 012001, 2011
arXiv:1104.5187v4 arXiv:1010.3980v?2

T
L
=

Both samples show:.
— Underfluctuation between 110° < 6 < 140°

— Qverfluctuation at the horizon
14



Zenith distribution-in 1C59

FPoint source analysis Atmospheric analysis
Data: 1.44e-03 Hz Tot. corsika: 6.70e-05 Hz 7} —
Cginc. corsika: 3.67e-05 Hz Atm. numu: 0.0015 Hz (27.8 %) ‘E 160 [~ overﬂuctuation
_ o E“numu: 58.4 % 8 -
N F . . - -
T0.16— Juanan Aguilar, Mike Baker 1oL under
5, 14% 120/ fluctuation
o TH =
B o Outdated ool Q@P
5 o4 80—
0.08— ‘ :_
0.06 g E
O ++_+_ [
F + 40—
0.04— 4 . -| Qutdated
0.02— A . 201
T ‘ | l' - |, Tim Ruhe, Nathalie Milke
= ! i } P e Lo Ll L1 FE 70U N 3 S0 T T T T 1 T T T T T T O T 1
a0 100 110 120 130 140 150 160 170 180 0 90 100 110 120 130 140 150 160 170 18?
Orec MPEFit_Zenith
L T | TTTT | T T TT ‘ TTTT | TTTT | T T TT ‘ TTTT | TTTT ‘ T T 1T /r'v: g : \
r — ®l.05— 1
o - Diffuse analysis (ﬁ £ Contained event sapiple
- e o s + 7 -
1000: numu atmospheric SPICE1 phomn ics, 4175 —Tt L’ .7 1__ O u t d a t e d
O e B _|_—'.—\ 7 C
800 - SO T e R += o 0.95
I ' . o B B
BO0 5 g & N - | —|—
- e o+t ) ] 0.9
LENS T T S N C |
400_ o B C | —|—
j‘ a 0.85 ++ +
200 ™ T B, B | } L
- Outdated - = Andreas GroB
_I L1 | ety | i | | s | L1l [ [ L1l L1l -a-l-o-+ '1 '0-9 0-8 '0-5 '0-4 0 3 0 2 0 1 0
-1 09 -08 -07 -06 -05 -04 -03 -0.2 -0. 1 cos(zenith)
cos(GMPE)

Same (significant!) features in IC59 15



Improvements in neutrino simulation

Updated
ice geometry |-

\
.
]
.
.
|
.
.
s
\
v
s
.

/
1 bE
Range = ¢ log(=> +1) [m.w.e]
b=025le-3/1.2~0.209e-3
a=0212/1.2~0.177

MuRange Option o
xe¥ 0
6\/6(\;?@( °
° NuGen old NuGen new
<@ “
o )

-~ 4

0.76g/cm3

 200M

h

M

0.93g/cm3

Old Weight vs New Weight

® Old Weight
TotalColumnLepth < ICECUBE
I I I W= (ot Conlass )
( ColumnDepth)
Cerp(—Otot *
ProtonMass
Updated

® New Weight

weighting equations

TotalColumnDepth

W = (1— exp(—0itot -

ProtonMass
(more accurate at Norm - cap(—any . ColumnDepth,
high energies) — ProtonMass
TotalColumnDepth X
Norm =1 //0 eap(=tot - ProtonMass

/ (1 /) TotalColumnDepth)

16

Kotoyo Hoshina
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Updated zenith distribution

Old New

'!"' ""/""—’: o e e e s o L s s s sy e s e
- - Y : L+
1200 corsika unweigl , SPICE1 pho 04 1200; | ]
: e umu hot: _I_ : = ———— data 359 days, HE tail blind T
- numu atmospheric SPICE1 photonics, 4175 L :
1000 e + [ .
N S L s 1000 espheric SICET o L
800, . e i *-"3" + I \\4 800 [ __+__
L Lt . - N LA
600 - '/ = T [ +_I_'_ L | —+ -+
B _ + ] 600 —4- gt
B ( + N ) - B ' -+
_-:--_I_ {H___F +++ / — :
400 N 400+
- N
200 . 200 -
_||||"|"||-a-l-o-|\||\|\||||||\||\|\|||-I-+ Oy L Ll L Ll Ll L T |
1 09 08 07 06 -05 -04 03 -02 -01 0 0799 -08 -07 06 05 04 -03 202 201 0
COS(BMPE) COS(e)

No significant structures after
neutrino simulation update.

Our lesson.

Small changes to the simulation software can have a
huge impact on high level distributions



Ice
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lce model uncertainties?
T‘ O 00000 Data/MC ratio Center of Gravity
Z T T T 1

- depth distribution

-
(=2}

%L II :

data/(nu + corsika)
i -9

| ‘ “-_-
b -ﬁim;l Ll 1 N

0.8

Center of Gravity
- depth distribution
T T T T T T ‘ T T T

800: L — | :
- H‘ data 359 days, HE tail blind ] ‘
700 : 4{ J[ corsika weighted sum —: [
L L numu atmospheric SPICE1 photonics, 6062 -
600/ it .
- | - bottom top
500 ﬁ N Lo L1 L1 Lo
- ] 200 0 200 400 600
400F by 1 | ] COGZ [m]
S | 114 :
3001 uthy TH"T“ ft = :
200k I il "t - Depth dependent disagreements
- T it - are indications for
100} bottd Z- ; - ice model uncertainties
" bottom i top-
800 a0 200 0 200 400 600

COGZ [m] 19



lce in our simulation chain

Flasher measurements to

Photon propagation L

determine optical ice properties

[
NS

R

bu

“/ VS 4

Two individual approaches for
deriving the optical ice properties

122 m

Photonics

ppC

02

A

Relative optical

module efficiency

(simulation scaling
- tabulated factor)

probabilities

- direct photon
tracking

scatterlng and absorptlon

NN 1315

0 200 400 600 800 1000

delay time [ns]
Fit to single
photoelectron time
distributions of flasher
pairs (Kurt Woschnagg)

va:_i;é- »
E ‘%%’_ Monte Carlo £ 10
3 R g
| s
| «,_\_A “-‘—“-—‘_ e [Te] 1
"y e 2
- :
) o
O
i : ks
[ d=60m,0=90° - 310-2
- o
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- % N
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IJ\‘\\I‘II\'I\I‘\IJV_A

0

[T L L
1000 2000 3000 4000
time from the flasher event [ ns |

5000

Global fit to charge
over time distributions
(Dmitry Chirkin)

SPICE MIE
I ER Y 1 (. W Su———
()R— AW
003 |\ A /
_ [ I ! |

14

00 1600 1800 2000 2200 2400
b,(400 nm) [m™" ] vs. depth [m ]
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Ice related uncertaintie

hoton propagation

Flasher_ measui‘eme_nts to _
determine optical ice properties

AN
o
o

oo
N
N
N\

elative optical
odule efficiency

I Photonics (simulation scaling
- tabulated factor)
probabilities

Two indivi irect photon
derivi ptical ice properties tracking
= "
N;_;E‘ _E—f— Monte Car\/ -_é»]o I
NS S - scattering and absorption
T e 1 F SPICE MIE
T, n - @ p 0.2 b e B S
%10 - | . | 7
[ a=60m =00 10| O 10
2,=10.20,3040,50m - s | : : 14
[ .=20m R, 0 = e MR | 51317 ()R,-{-: 7\ i 20
ST TIC TSI TAr Y. 0 1000 2000 3000 4000 5000 , N s ; 25
0 200 400 600 800 1000 time from the flasher event [ ns | 0.03 | . / . | 33
delay time [HS] 002 b _ A e ;.‘-.‘." 450
Fit to single Global fit to charge | | AViRl
distributions of flasher (Dmitry Chirkin) 1400 1600 1800 2000 2200 2400

b,(400 nm) [m™" ] vs. depth [m ]

pairs (Kurt Woschnagg)



Flasher tests

A full circle test:. compare measured and
simulated flasher timing distributions for

Readout

Readout

Readout

String 70 String 63

Sarah Bouckoms

different ice models

‘ Flashing String 63 DOM 27 facing String 70 DOM 27 holeice 1e10 photons SHIFTED ice model i | Erior data e
Mezan 8241
2 — data £
= i — AHA D a t a 15185
H H — Splce —
7] —
ﬁ =5 AHA
: # s
: SPICE1 =
2 0.04 m

+++++ﬁ% SPICE Mie E

_Ih||||\|I\II|I\II|I\II|I\II‘II\
—H-

0.03 Spice MIE
Entrias 28714
Mean az0
-|¢ mneaa D
0.02 ﬁ-ﬁ# + Lfutosis 43768 003253 |
st
= + o
0.01 + Frat iﬁlﬁ
+
+__1
u v_l'—_l'-—l L 1 L | L L L L ‘ L L L 1 | L 1 L L | L L L L | L L L L
500 600 700 800 900 1000 1100 1200

time [in nanoseconds]

Chi Squared shifted plot - String 63 facing across to String 70 |

AHA
SPICE1
SPICE Mie

40

35

30

Chi Squared Shifted

25

20

15

>
n__,.-.-vf
>

10

5

II\IlIII\l\III
L

(=]
>
|
]
]
. |
.
E
»
¥
b

L 50 L 1 1 1 60 L
DOM number

o
—
o
N
=3
w
o
s
=3

ﬁ
(@]
©

. 'y yof v
e :
Spewemem g %y e 8., DOttom

SPICE Mie
describes data
best

— only if varaible
time shift (~ 100ns)
allowed!

Calculate x? for
timing distributions in
dependence of depth

SPICE Mie
shows best
agreement over
all depths
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Muon time residuals
Time residual distribution

Measured arrival 000000 (all_depths. averaged) ]

time: t 10-1§_ ........ L .................................................... Data
Expected arrival - e AHA ppc
time: t, $02 S SPICE1 ppc
Time residual. F

t =t —t 10°E
res 0 E
10"‘§
Time residual distributions for hits between —10ns and 10ns 10'5;
., 360mto380m | = 120m to 140m d
4500; E —+—
4000/ - 40001 +_
3500; + :.:_._ i . -
E - - 3000/~ + +++ : : - - :
-3 = =_ 2000]- + ey 1.6 . The ratio of SPICE Mie |
1500 = S, 5 - == o | is flat in the most
1000; - - 1000— - ’ ~
o = | tres[ns] . .~ tres[ns]*?
s | =100m to -80m o ~280m to -260m L[
TZZE; -|_'_+j: D us t I ayer 25002— .
1600; +:|: 2000 ‘+ o+ 11kt
1400 + r - —
1200 + j:+ 1500~ :::_'_
1000 N +i g == ==
ook - et = e 08f
w = tresfns] .- tres[ns] |
-10 -5 0 5 10 -10 -5 0 5 10 0-6 |

No ice model fits data perfectly




High Ievel impacts :

........................... ‘ ||}|1|i||||ﬂ
I e i ? ________________________________________________ Photon .
I e O E 1 1 - Relative
I T gy 8 | lce model  propagation oy gsficiency

Tail slopes:

. shift’

maXImum Data —-3.4
T SPICE1 photonics, DOM 0.9  —3.7
10-2 e T = SPICE Mie ppc DOM 0.9 —3.3
"""""""" SP'CEM'ephOtO“'CSDOM1 ! —3.8
| | T nchange é
41 Head S|opeS: e —— t aII .......... S Iopes ........... _
| Data 5.1 | |
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SPICE Mie ppc DOM 0.9 5.6
SPICE Mie photonlcs DOM 1.1 5.4 :I
hééghgl%gpees B”Pd”elgh
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How to implement

“Discrete approach ’

Rel. DOM eff.

>

Q
Q{J\O
o)

&
oY

%

cd

>

scattering

Simulate a whole grid of datasets
with varied parameters

Repeat analysis for every dataset

Choose e.g. the most conservative
limit as default

this in analysis

1072

“ Fitting approach”

data IC59

J_l SPICE1 photonics DOM eff 0.9, 6062
El" SPICE Mie ppc DOM eff 0.9, 6087

Lb[[ ' SPICE Mie photonics DOM eff 1.1, 6062
- ™S ' ™\~ 1 1
i Rel DO I\—::‘:LI#-F ﬁ
- Mol uUJvVI-—CTH
- =

=5 .

U

1
log10(dEdX)

1 1 1 1 1 1 1 1 1 1
-1 -0.5 0

Parametrize the influence on pdfs

L =L (Ng,N,,N.) —L (Ng, Np, Ne, €)

Constrain the uncertainty

1 (6—60)2
e 2 Ae
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neutrinos/year

-t
(=
4]

Atmospheric neutrino fluxes

Simulated neutrino energy distribution

10*

10?

10

10"

E [ I | I | I [ [ [ I | I | I | [ [ [ | | | I | [ | [ [ I | | | [ [ [ E
- Conventlonal ]
é_ ............................ Most|yusedHonda2006§
- --""'--..,___astréphysicéal .
E | | ] | | | | | | I ] | ] | | | | | | | | | | 1 | | | | | | | | | | E
2 3 4 5 6 7 8

log1 O(Etrue[GeV])

The fluxes at our
energies are only
extrapolated from lower
energy measurements
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How reliable are these
predictions<
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Seasonal variations
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Seasonal variations = zenith dep.

: : Sin fit
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Less statistics but phase looks shifted




Pions and Kaons

Atmospheric neutrino weighting
@ y (cos(6), E, type) = ( @ (cos(8), E, type) + CD K(cos(e), E, type))

T

3 3 L

© Lo

3 Pions -

B m— Kaons -
_IIII|IIII|IIII|IIII|IIII|I l-llllll ;III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
1 2 3 4 5 6 7 8 -1 9 -08 -0.7 -06 -05 -04 -03 -0.2 -01 0
log10(E,,. [GeV]) c0S(0,,c)

The flux expectations Bartol/Honda are extrapolated from
measurements at energies < 1 TeV. 29



The Kaon/Pion ratio

— N\ OMiNal QDK/CDN
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Varying the Kaon/Pion ratio has
an impact in particular on the
zenith angle distribution.
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Another good candidate to be implemented as a free

systematic fit parameter in the likelihood function!
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The neutrino knhee

The IC40 diffuse energy spectrum
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_A knee in cosmic_ rays is. not included 1026
in our atmospheric neutrino MC, yet.
102°
A cosmic ray knee makes us more 102

sensitive to an astrophysical flux.
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(spectrum steepening at fixed energy)
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Impact on diffuse analysis

Strategy:

Recalculate the nucleon flux
from the Honda neutrino flux

Build ratios between Honda
nucleon flux and different
cosmic ray flux
parameterizations

Reweight the“ Honda neutripo
flux with a =~ knee factor

Change in sensitivity
compared to no—knee
Honda2006

Bindig et al. (18%)
Gaisser et. al. (14%)
Hoerandel et al. (15%)

Significant impact!

Cumulative event distribution
(e.g. Hoerandel model)

@ — —— Astrophysical
oF0° s = Atmospheric Honda
o F — Atmospheric Honda + Hoerandel
A prompt
z | _ _
1025_ ...... -. ......................... -. ........................................................................ _E
10 E_ ............................................................. =
- — .
L ......... ‘ ............... .................... ~
- Christopher Wiebusch -
1u-1 1 | 1 1 1 1 | 1 1 1 | | 1 1 1 I_l_l L L I

4 4.5 5 5.5 6
Iugm(Etm 1GeV)

Another “discrete’ nuisance parameter
— repeat the likelihood analysis for
different knee models
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summary

lceCube is becoming more and more sensitive
— not only to neutrino signals, but also to
systematic-effectsl

Different sources for uncertainties:
Detector, software, simulation, theory

Those systematics can be identified and taken into
account in analysis

Working hard to have systematics under control
for our first neutrino discovery!



