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IceCube Lab

......

IceTop

81 Stations

S0m 324 optical sensor

IceCube Array
86 strings including 8 DeepCore strings
/ 5160 optical sensors
/

1450 m

DeepCore

8 strings-spacing optimized for lower energies
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2820 m
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TYPE OF EVENTS

Muon tracks Showers

CCv,+18% CCv, NC+CCv,+82% CC v,

qood angular resolution Poor angular resolution

Backgrounds: atmospheric muons and neutrinos
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+26 EVENTS ABOVE 30 TEV

M. G. Aartsen et al. [lceCube Collaboration], Science 342: 1242856, 2013

From May 2010 to May 2012:

7 tracks + 21 showers
[FIC between 30 TeV and 2 PeV (deposited energy)
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7 tracks : 21 showers

What is the compatibility of that event ratio

with ditferent neutrino flavor ratios

(assuming isotropg of the sources)?
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flavor ratios at source:
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SHOWERS IN ICECUBE

Neutral Current events : all flavors

deposited energy = hadronic shower energy

NC
Vo D, m (e, ENE ) yf >

time of observation:

V
662 days attenuation/regeneration ;
y=1-¢ /E,

factor
€ y = shower energy

effective
detector mass

Yoin = Enin / €,
Ymax = m'n{l’Emax /Ev} l

neutrino flux
(taken as power-law) DIS NC

IFIC differential cross section
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SHOWERS IN ICECUBE

Charged Current events : V,

deposited energy = hadronic shower energy +
electromagnetic shower energy =
neutrino energy

(B)

o0 1 de
N TN, jEmm dEM S (E,)An, (E,)0(E, )| d , 0(E,, - E,)

max
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SHOWERS IN ICECUBE
Charged Current events : vV,

deposited energy = hadronic shower energy + hadronic
shower (from tau decay) energy
dot‘ (E. ,
) dy— GLdB
0 dy

NhaC-ind o S j; dE,MS (E,)An, (E,)o(E

[l S had By + (1= YIRS e+ 151 - 2)

spectrum of the daughter neutrino in hadronic tau decays
deposited energy = hadronic shower energy +

electromagnetic shower (from tau decay) energy

s —em 7 I dG\C//;C (EV’y)
Nviz,cc =T N JE | dEvM‘iC (Ev)Atth (Ev)¢(Ev)j0 dy % X

J @ O(E,(y+(1=3)2) = Eyyy )O(Epyy — E,(y+ (1= y)2))
IFIC Sergio Pa spectrum of the electron in tau decays
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CONTAINED TRACKS IN ICECUBE

Contained Charged Current events : v,

deposited energy* = hadronic shower energy

do'“ (E,,
E.) J dy “( 2

N, =T-N,| dEM(E,)An,

Contained Charged Current events : v,

deposited energy* = hadronic shower energy

2 ac B,
N" =T NG jE dE,MS (E,)An, (E,)o(E,)| ™ dy o, (E,.))

X Br(t — u)
Jhte dy

IF I C * the deposited energy by the muon in the detector is neglected
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* the deposited energy by the muon in the detector is neglected:

underestimation of the number tracks

Probability density [arb. units]
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M. G. Aartsen et al. [lceCube Collaboration], JINST 9:P03009, 2014
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EFFECTIVE MASSES

~400 Mton effective target mass
Rejection of

[
o
w

atmospheric muons

\‘.

veto region ] 90 meters

fiducial volume : : v, CC
’ ' v, CC
2 CIC
All Flavors NC

\25 meters

] 80 meters

fiducial volume

10°
Side F Neutrino Energy [TeV]

« 10 meters

High dust concentration
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ATTENUATION/REGENERATION FACTORS

v
T

Y
e

— — Only absorption

attenuation, redistribution due to NC
and regeneration due to tau decays

V. A. Naumov and L. Ferroljies Astrol:)art. Phgs. sk e 5SS
= lyer, M. H. Reno and |. Sarcevic, Phgs. Rev. D61:05500%, 2000
IF IC S. Rakshit and E. Reya, Phgs. Rev. D74:105006, 2006
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ATMOSPHERIC NEUTRINO BACKGROUND

we use them to compute the proportion of tracks and showers
but the number of background events is fixeo
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STATISTICAL ANALYSIS

fotmaonent) (PN bu BByt (PN 4 P8

L({ai,ea}’Na‘Nﬂ”’Nsh):e N, | Ng,!

b, = atmospheric muon background = 6

b, = atmospheric neutrino background = 4.6 (p=0:51)

N, = number of observed tracks = 7

N, = number of observed showers = 21
We maximize £ with respect to N and define the test statistic:

(o }):_2111( £, ({as N, N,)
i,
\ﬁp({“i’@}max N”,Nsh))

p({ero}) = 2 P(N N[ ) (N N, e, }) £,({eo}N,.N,,)
VA(N,.N, Hocl.,@ )>A(N, =7.N,, =21[{o; 0 })
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7 tracks : 21 showers

What is the c:oml:)ati ) itg ot that event ratio with ai

neutrino flavor ratios (assuming isotropg of the sources)?

B Background Atmospheric Muon Flux

Bkg. Atmespheric Neutrinos (=/K)

Background Stat. and Syst. Uncertainties

—  Atmospheric Neutrinos (Benchmark Charm Flux)
- Atmospheric Neutrinos (90% CL Charm Limit)
- Signal+Bkg. Best-Fit Astrophysical £* Spectrum

eee Data qood ﬁt for a E_z S'PCOtY(/Lm
Z )

|

Events per 662 Days

7

Deposited EM-Equivalent Energy in Detector (TeV)

M. G. Aartsen et al. [lceCube Co”aboration], Science 342: 1242856, 2013

For(1:1:1)and E™ : ~ 20% tracks and ~ 80% showers
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NO BACKGROUND?

OK for (1:2:0)
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Color code for E*
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NO BACKGROUND?

Flavor ratios with

averaged oscillations

%CL exclusion

Color code for E*
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BUT THERE IS BACKGROUND...

observed => 7 tracks : 21 showers
background => 8.3 tracks : 2.3 showers
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BUT THERE IS BACKGROUND...

observed => 7 tracks : 21 showers
background => 8.3 tracks : 2.3 showers
astrophysical =
observed - background
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BUT THERE IS BACKGROUND...

observed => 7 tracks : 21 showers
background => 8.3 tracks : 2.3 showers
astrophysical =
observed - background

astrophysical tracks=7-8.3=0 |
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2-YEAR RESULTS

(1:2:0) OK at 10
Best-fit: (1:0:0) »

For E°
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O. Mena, SPR and A. C. Vincent, arXiv:1404.0017v2
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2-YEAR RESULTS

For E°

(1:1:1) disfavored at ~20% CL
Best—ﬁt: (1:0:0) 0

A 0.9

Flavor ratios with
averaged oscillations

%CL exclusion

0.5 0.6 07 08 0.9
aej@

O. Mena, SPR and A. C. Vincent, arXiv:1404.0017v2
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PRELIMINARY 3-YEAR DATA

2-year data: May 2010 - May 2012
Observed: 7 tracks + 21 showers

Estimated background : 4.6, atm.V +6 +3.4atm. U
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I F I C Deposited EM-Equivalent Energy in Detector (TeV)
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PRELIMINARY 3-YEAR DATA

2-year data: May 2010 - May 2012
Observed: 7 tracks + 21 showers

+3.7

Estimated background : 4.6™, atm.V + 6 + 3.4 atm. U

3-year data: May 2010 - May 2013
Observed: 9 tracks + 28 showers

Estimated background : 6.6% atm. V + 8.4z 4.2 atm.
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PRELIMINARY 3-YEAR DATA

2-year data: May 2010 - May 2012
Observed: 7 tracks + 21 showers

Estimated background : 4.6, atm.V +6 +3.4atm. U

3-year data: May 2010 - May 2013
Observed: 9 tracks + 28 showers

Estimated background : 6.6% atm. V + 8.4z 4.2 atm.
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THE 2 PEV NEUTRINO

Big Bird
(or Caponata, Paco Pico, Poupas Amarelo,
T Montoya, Bibo, Garibaldo, Neef Jan,
o Minik Kus, Da Niao, Velika Ptica, Store
it Pip, Wielki Ptak, Kippi ben Kippod...)
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2-YEAR RESULTS
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(1:1:1) disfavored at #9% cL
est—ﬁt: (1:0:0)

OENlena  SER: and A. C. Vincent, arXiv:1404.0017v2
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3-YEAR RESULTS
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(1:1:1) disfavored at 91% CL
est—ﬁt: (1:0:0)

OENlena  SER: and A. C. Vincent, arXiv:1404.0017v2
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3-YEAR RESULTS

Flavor ratios with averaged oscillations
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(1:1:1) disfavored at 91% cL |(1:2:0) disfavored at 64% CL
Best-fit: (1:0:0) Best-fit: (1:0:0)

OENlena  SER: and A. C. Vincent, arXiv:1404.0017v2
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3-YEAR RESULTS

Flavor ratios with averaged oscillations
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(1:1:1) disfavored at 91% cL |(1:2:0) disfavored at #6% CL
Best-fit: (1:0:0) Best-fit: (1:0:0)

OENlena  SER: and A. C. Vincent, arXiv:1404.0017v2
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TIME EXTRAPOLATION FOR (2:1:1)

N\ Adding atmospheric neutrinos from -
charm decays changes Little the result ]

S 6 7
Exposure |years]

Residuals x2 [%]
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CONCLUSIONS

@ No flavor combination at sources assuming averageo
oscillations provides the best—fit:

the 3-year data follow the same trend of the 2-year data
%) Bes’c—ﬁt Ls (1:0:0) at Earth

—> Nown-standard phgsics (neutrino decay, CPT violation,
psewdo-Dirac neutrinos)?

—> Has the atmospheric background been overestimateol?

=> Have some tracks been misidentified as showers?

Otherwise, where are the missing tracks?
[FIC
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WAITING FOR THE FIRST
PEV TRACK EVENT

faster thaw lightning, stronger thaw steel, smarter than a speeding bullet.
oh, Look, dowwn L the Lee!
It’s a background event

It’s a signal event
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WAITING FOR THE FIRST
PEV TRACK EVENT

_..faster thaw Lightning, stronger thaw steel, smarter than a speeding bullet.
oh, Look, dowwn L the Lee!
It’s a background event
It’s a signal event
ey,

Grover

(or Coco, Gualter, Archibaldo, Grobi, Arquibaldo, Gunnar,
Acikgoz, Florek, Antar, Kruvi, Kajkoal, Bohous...)
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