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WHAT | WILL TALK ABOUT ...
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Neutrino astronomy:

® Cosmianessengers

@ Oneof the coreprograms searchfor a highenergyu excess
® Experimentalapproachto pinpointastrophysicaheutrinos
® Why couldastringtheorist be interested?

@ QOutlook,newdetectorsandconclusions

® Main Goalsdetector, challengesparticlesourcesand methods

Main studies: origin, composition, interactionsf cosmicra y s
uphysics, dark matter

Real Goal: find somethingunexpected
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EXPLORING THE SKY WITH PARTIGLES
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X sensitivitydeterminedby energyrange, effectiveareaX

m

FermiLAT
Satellitebased Hubble 1 e
Neutrino telescope IceCube 10°-1012 5 m?
Cherenkoutelescopearray CTA 108-101° 106 m?

Cosmiair showerarray AUGER 101%8-10°0 3x10 m?

L R similar effectivearea for a seriouscomparison
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angularcoverage
obstruction by matter
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2<0.01~ 40 Mpc

! ’

150° B

U‘s see the whole universe
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INDIGATIONS FOR HADRONIG AGGELERATION .

Gamma telescopes:
@ graysgeneratedin p® decayg67.5MeV eachin rest system
@ minimal energyin boostedsystem

F [ FERMColl, Science 339, 6121, 807 (2012
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Cosmic ray arrays:
@ Regqular/turbulentmagneticfieldsdisturb CRdirectionfor E < O(5&eV\)




TRUE GOAL OF NEUTRINO TELESGOPES

Measure fluxes of

© PRISMA

cosmic ray

@ atmospheriaonuons (250million per day) and

@ atmospheric neutrinos (> 200 per day)

at higher energies & with better statistics than
previous experiments ,

Any deviations from what is expected is new

air shower

@ neutrino physics or
@ newastrophysics

///| muonsandneutrinos

/// | from air showers

€utrino tq|
escopes are discovery eXper;j
fimentg|




IGEGUBE OBSERVATORY

>100 GeV

IceCube only
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IceCube w/ DeepCore

>few 10 GeV
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5160sensorson 86strings

- 1 kn? sensitivevolume
- higherdensityDeepCore

~98%0f all sensorswvorking

~99%datatakingefficiency
deywfihe year

low energyextensioi Xfull datataking startedMay 2011 n
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~60 kW power to electronics

90 GB/day filtered out and sent on satellite

2 winterovers

summer population (around 5-7 pop Dec - Jan)



THE ICECUBE DIGITAL OPTICAL MODULE

Penetrator HV Divider @ OnboardHV,330 MHz digitizers
W LED @ Lowpower: 3.75 W
, asher ]
o  Board @ Low noise: ~ 54biz
Mainboard F W
W ! Mu-metal
grid
Delay - : n
Board [ 2
Digitized Waveform
PMT s RTV U\\ (ns)
) gel ‘
Gl Pressure H g C; 250 40 SED SECI 100 1 IZO

Coarsdattice of DOMs to maximizesize - little redundance n



THE GRUX OF NATURAL MEDIA AND BEAMS

@ no flightsto site during Australwinter

® gpecialinfrastructure/ expertsneededfor drilling

@ detectorfrozenin,c a e repaired

@ tilted dust layers causing variable scattering and absorption
@ Uncertainty in atmospheric neutrino fluxes (charm!)

Muon

*

/ DOM (PMT)

oneexamplefor illustrationX

Uu‘s from
15 N LO
charm

ncl. saturati

10°x E° d, [GeV?ecm 2 s sr‘1|

log, E [GeV]

Enberg PhysRev. D 78, 043005 (ZOOn



.. IHE GRUX OF NATURAL MEDIA

dustlayersin the icewith slighttilt alongline of prevailingwind
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http://icecube.berkeley.edu/~bay/dustmap/7way.eps

CHERENKOV PHOTONS FROM MUON




CHERENKOV PHOTONS FROM ELEGTRON (GASGADE)
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COARSE DETEGTOR T0 MAXIMIZE VOLUME
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EXPEGTED NEUTRINO FLUXES

m Frejusv
O Frejus bf:

AMANDA v,
o unfolding
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_STANDARD“ NEUTRINO DETECTION
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SHiFT OF VIEW

Whynot try to fight againstmuonbackgroundandlook upwards?

Schonert GaissgrResconiSchulz, Phys.Rev.D79:043009,2009

Advantage:
@ Suppress atmospheric neutrino background !!
@ Noabsorptionin Earth atveryhigh Pe\j energies

How can one study upgoing events?

@ Use cascades rather than muons
@ Studyveryhighenergies...

@ Vetomuonseither on surfaceor in outer detector layers

CR shower

o0 - mn

neutrino / muon pair m




SEARGH FOR GASGADES

Cascades: synonymfor n,, n, or neutral currentinteractions

Advantages: little directbackgroundrom atmosphericnuons

order of magnitudelessbackgroundrom atmosphericneutrinos

better neutrino energyresolution(10-15 %)
more signalevents(expectn,:n:n, =1:1:1)

Disadvantages: almostsphericalshower directionresolution O(1015°) at high E

detectionvolume<instrumentedvolume %

Challengingnalysisparticularlyat low energiesrequires é
sophisticated time consumindikelihoodreconstruction

— only unscatteredphotonscarrydirectioninformation e
— dependsstronglyonice properties
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DIREGTIONALITY OF SHOWERS

Distance to source (vertical) [m]
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WHAT WOULD BE A GONVINGING ANALYSIS?

Try simplecut experimentasedanalysisX

@ Onlystudyveryhighenergies(> 4000photo-electrong
® Onlyusewell reconstructablecontainedevents

® Vetoatmospherionsandu‘ s

® Calculatdbackgroundg$rom data S

@ Likealways blindanalysis

420Mton fiducialmass(~1/3)

all flavor 4p sensitivity> 50TeV
for containedevents

Highenergycontainedevent

Vetolayer. no first hits allowed
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SIGNAL EXTRAGTION BY VETO GRITERION
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background reduction by veto:

Factorl0* atmospherianuons
(~ B> spectrumafter veto)

Data

factor~ 510 atmospheriau® s

.....
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COLLEGTED SPEGTRUM OF PHOTOELEGTRONS

_______________________________________________ @ IcECUBE
Charge Threshuld
-Bk AL h I'-'1 FI [T d Data) '
" o Bkg mmigéﬂi u::t':m;:{*r;?ge . - Nowv. 22, 2013:
Bkq. Uncertainties (All Atrm. Neutrinos) f .-'I.I VO| 342 Nno. 6161
, .| =—  Atmospheric Neutrinos (30% CL Charm Limit)
: —  Signal+Bky. Best-Fit Astrophysical £ Spectrum
[ | = AllEvents (Trigger Level) ;
' = = BREAKTHROUGH
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Q :
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g 10 | R
2.1 2 .
¢ -l 1.l | PhysRevlett 113, 101101, 2014
1 = 1 SRevLett. , ,
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1 LN 3 years (soon 4) of data:
. ., | |1l 36events
107 ’ it mbackground.4° 4.3
7 +5.9
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ENERGY IN DETEGTOR
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HIGHEST ENERGY EVENTS

Big Bird: 2.0%0-26 , PeV




TRAGK-LIKE EVENTS

red: earlyhits; green: late hits

declination: -0.4° declination: 40.3°
deposited energy: 71TeV deposited energy: 253TeV

from above from below

76 %showers
75%downgoingfrom South(69 %expected
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00000
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@ IcECuB




RATIO OF CASCADE T0 TRACK-LIKE EVENTS

From 36 clean 8events with muontopology
events seen: 28 events showerlike topology
500
R S O - ey B -
E —
8 300 A g T
Effective )
Mass M ”
eff > — ..cc
o — vy, CC
- — . CC
Il — All Flavors NC
10 10° 10° 10*

Neutrino Ener TeV

Jforngin,in,=1:1:1- astrophysicaflux 81 %showerlike m



ANGULAR DISTRIBUTION OF EVENTS

S G [Southern Sky [downguing)] {Nm‘thern Sky {upguing}]

(.
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T " ' lceCube Preliminary( "5 300 TEV‘E
- i - : ! i
o LT
Q 0
QL1 L —— I e e I R -
o ' I
O
hd|
-
L e S SO I S . -
i 1
[ | . %7 ///%VA/// 777 1 ]
—1.U —U.5 U.U U.b 1.0

sin(Declination)

I Background Atmospheric Muon Flux Background Stat. and Syst, Uncertainties
I Bkg. Atmospheric Neutrinos (/K) = Atmospheric Neutrinos (90% CL Charm Limit)

—— Fit B2 signal+ background 4 Data m
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FLUX & SIGNIFIGANGE DETERMINATION

@ IcECuB

Profilelikelinoodfit above60 TeV(< latmospheriamtrack expected:
componentdreefloating, Gaussiamenaltyfor mbackground

@ BEF (E)erfiavor= (0.95° 0.3)° 10° GeVem# st srt
@ Best fitspectralindex -2.3 ° 0.3
@ Null hypothesis of no astrophysical flux rejected by 5.7 S

B
=

ees Unfolded Spectrum (best-fit, no charm)
Unfolded Spectrum (IC59 charm 90% C.L.)

W
i

| . 5_ 5 hint that spectrumis
NN __________________________________ __________________________________ __________________________________ _ mfter than E_2
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SKYPLOT OF 36 EVENTS

X |t s@a?chedor galacticplaneclusterandtime clusteringX

ICECUBE PRELIMINARY

© 431

+29

S|gn|f|oaﬂtclust
ell re@OnStructo

Ny

Equatorial

0 TS=2log(L/LO) 11.2917

angled crosses are neutrino-induced muons
vertical crosses cascades




CHARGED CURRENT n_ N - . X

‘Conventional atmospheric s

Prompt atmospheric. s Highern backgroundhan with
I .
I of praditione i cascadesndstartingtracks

Sum of predictions
Experimentaldata e

b u t°muonabguldr
resolutionfor E > 16GeV

CVYENILs
—
=
—

'Atmospherioonly hypothesis
disfavoredat 3.9 sigma

IceCube Preliminary

10° 10* 10° 108
Muon Energy Proxy (GeV)

@ Fluxcloseto that measuredwith startingevents
@ Supports 1:1:flavorratio expectedfrom oscillations m




THROUGH-GOING MUDNS

db

[1/GeVisrisicm?]
3
s

theory example

IceCube preliminary

. unfolded spectrum
1D-Ef.'

1C79 unfolding

% lceCube - HESE {Science '13)

—====- Fedynitch et. al.+Enbearg et. al.

- Sum

Clearly
astrophysicdl




CAN WE IDENTIFY SOURGES ? .




NO POINT SOURGES YET (4 YEARS)

Northern Sky (§>—-5°)
+ 0 + o+ *5(,('!5“:" a 3
x_o% i at M oLe e ..3‘ 1 x IC40 events
o palle TS ': Y41 o IC59 events
............. i pn i ek i Y
% A L ek txeta .a| *+ IC79events
+ : IC86 events

© PRISMA




UPPER FLUX LIMITS FOR POINT SOURCES

4 p acceptancdin Southerrskylimited to highenergies
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i : — lceCube, Sensitivity (90% C.L.) 1 6\0
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Sensitivitycanbe improvedby stackingsourcecandidates
or studyingflaring objectsaswell asshorttime phenomena...




NEXT STEPS WITH ASTROPHYSIGAL NEUTRINOS

X manyimprovementonthe way: lower energythresholdby better vetosor
usingcascadesincreaseeffectiveareaat highenergies highenergymuonsX

@ Detailedunderstandingpf flux and flavor ratios
# spectralindex spectralcut-off?
® pporpgproduction... 1 flavarratio?

@ |dentify u,

@ SearcHor anisotropies point sourcesdeterminesourceclasses

»Magnifiying glass”
Glashow resonance :

u,+e- Wea- u +e,qq

We are looking at so-far

untested energies!




WHAT I HAVENT TALKED ABOUT ...

Neutrino observatories offer quite a range of topics:

@ excellentcosmicray (IceTop+lceCubeletector|[PhyskRevD 88, 042004
@ higheststatisticsdetectorfor closesupernovae[A&A 5352011)A109

@ very competitive for determining Q,;, Dm?,; [arXiv:1309.7008]
@ wo r lbastsensitivitiesfor

o spindependentWIMPcrosssections Phys.Rev.Lettl10 2013)]

0 monopolesEPJC 747]
o Topdownscenariosfundamentakests
0 ...

: T
ne example: neutrino oscillation
0




EXAMPLE: NEUTRINO-OSGILLATIONS

X basedon 3yearsof data with full detector.

| (10 %eV?)
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90% CL contours

|

]

IceCube Preliminary

| | L

0.30 0.35 0.40 0.45 0.50 055 0.60 0.65 0.70
sin” (0,)

More datato comd




WHAT MAY A STRING PHYSICIST BE INTERESTED? £

Untestedenergyregimewith neutrinosX  3-forddetectorfor rare phenomenaX @

@ SearcHor new, rareparticles(e.g.magnetic monopoles)

@ Many publicationssuggestingop-down scenarios/ fundamentaltests e.g

« Decayingboosted selfinteracting or superheavydark matter

« [1405.73701303.73201308.1105,1312.0797410 8 . 54 7 1 _
e Superluminalneutrinos[ 1306. 6095 |, 1404. 7025
e Lorentzinvariancetests/CPT1 2 1 1. 7129 | 1303. 5¢
 Quantumspacetimgl 303 . 1826 ..]

« Neutrinomassmechanisni 1408. 3799 ..]
« Probinglarge extra dimension$1409.3502

Butnote: we are dealingwith natural, probably
complexastrophysicasources$ n
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S. Stecker & S. Scully, arXiv:1404.70:

Existencef highenergyneutrinoslimits on superluminalelocity:.

d,-d.< 5.2 x 161

£ -2 -1 -
GeVoem “ 5 0 sr

Pairproductionthresholdof 10 PeV
requiredfor consistencywith IceCube

Log E2 dN,/dE,| 10

P SR TP T IR I TP AP TN TP T PR
-10 -05 00 0.5 1.0 1.5 2.0
Log Energy [PeV]

Reasorfor cut-off couldbe vacuumpair emission(astrophysicsnore likely ...)

almost done: 2 slides on future options ...




Letter of Intent for PINGU: arXiv:1401.2046

Main goal: determineneutrino masshierarchy
with atmosphericneutrinos

NMH significance [o]

8 : ; ; |
IH true, Multichannel : :
M — 1stOctant
- 2nd Octant
PRELIMINARY
l |
00 : y 6 8

PINGU livetime [yrs]

10

PRiSMA
00000
00000
Tooee
(11171 /

mooeee

u eigenstatemass

L i normal

hierarchy

u; U

Us

iInverted
hierarchy

Uj U

n



ICECUBE EXTENSION AND SURFACE VETO

High energy extensions 0(100) strings | He tayout for < ~183.30 m, ¥=120 + (17 downwind, 1 edge, 1 hazard)
. in lceCube (X,Y) coordinates

O(10TeV) t hréshol d
- larger stringspacing
- Up to 10 times larger area

~ 1000 veto tanks (>100km?) |~ s
@ ,backgroundreepointing =~ " | /
for > 10TeVin Southerrsky B /

@ cosmicray physics....
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SUMMARY AND OUTLOOK

@ Full IceCube data taking from May 2011
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@ Many future options S
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LARGE GOSMIG RAY SOUTHERN SKY VETO

X cosmicray vetodemonstratedwith IceTopn limited angularange

@ Southernskyisinteresting — more galacticsources...

@ ~ 1000vetotanks(> 100 km)
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@ cosmicray physics....
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LETS DO INCLUSIVE (“DIFFUSE“) SEARCHES

Atmospheric neutrinos COSmlc ay Astrophys.

Cosmic ray @ neutrinos
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METHODS TO IMPROVE SENSITIVITY

Limitation: backgroundeventsX @

@ Non-stationary sources using external information (gainfactor~5)
Gamma Rabpursts(satelliteg, Cherenkouelescopes xray ...

@ Stacking of sources
(gainfactor< ~10)

@ Improve angular resolution
(now~0.# @ 10TeVforu,)

... of course, more data
always help ..
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. REQUIRED EVENTS FOR DISCOVERY

X 2 dzaExample y

A - GRBs

S 0.1-100 s
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C CANNIHILATION IN SUN

© PRISMA

X worldsmostsensitivaneasureof spindependentcp crosssection

0.05 < Q,h’ <0.20

MSSM model scan
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ANALYTIC CALCULATION OF VETO
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