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the cosmic ray spectrum

J. Beatty and S. Westerhoff, Ann. Rev. Nucl. Par. Sci. 59 (2009)
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them from?
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alm of neutrino telescopes: neutrino astronomy

Cygnus A

"cosmic accelerators:
Active Galactic Nuclei,
Gama-ray.Bursts,
Supernovae remnants,
micro Quasars

e s L " (point-source searches)

Hi-res JPG file download - Resolution SO00x37S0 px - wwww . psdgraphics.com



particle production in cosmic accelerators

- shock accelerahon hadrons/nucle|
- [[IVErSEICOMPION:SYs = ¥ = faas s L =g &0 &, g
-Synchrotron radiation, bremmstrahlung YS o 255 N

: -pamcle decays ys, Vs Cygnus A

‘cosmic accelerators:
Active Galactic'Nuclei,
Gama-ray Bursts,

- Supernovae remnants,
micro Quasars’

" (paint-source searches)

cosmlc rays should
“be accompanled by .
cosmic neutrinos

Hi-resz JPG file dowenload - Resolution SO00x3750 px - sy psdgraphics.com



to put things in perspective

- Astroparticle physics studies the cosmos through these ‘signatures’:
hadrons (p/nuclei), leptons (e*,e’), photons and neutrinos:

« protons are charged — deflected by intergalactic magnetic fields

(only very high energy CR's, E>1018 eV, useful for astronomy: they can point)
* ¥'s easily absorbed by intervening matter

* v's extremely difficult to detect (only weak interaction)

Detectors:
p/nuclel, e's:  Air shower arrays (surface), satellites (space)
v's, e's: Cherenkov telescopes (surface), satellites (space)

v'S: neutrino ‘telescopes’ (underground/underwater)



physics with neutrino telescopes

~ cosmic accelerators

AGN, GRBs, uQSrs, SN remnants
(point-source searches)

Supernovae

diffuse neutrino flux
(all-sky searches)

COSMIC rays

-

particle physics:
neutrino properties
fundamental laws...




reminder: neutrino Xsection with matter

a (yp — Vp) [nb)

103 &

10

10

compare: y+p Xsection

R. Ghandi et a/, Astropart. Phys. 5,81 (1996); J. A. Formaggio, G. P. Zeller, Rev. Mod. Phys. 84, 1307, 2012
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neutrino detection principle

hadronic
shower

Detect Cherenkov light of interaction products

charged current

W fracks > 100m @ E> 100 GeV

Ve
Xo
Xy
Xih 7
e’ :electromagnetic shower
neutral Current T+ hadronic shower
X

Ve vy /




neutrino detection principle

-

— >

Array of optical modules in a transparent
medium to detect the light emitted by
relativistic secondaries produced in charged-
current v-nucleon interactions

Need ns timing resolution

Need HUGE volumes (tiny Xsects & fluxes)




Penetrator HV Divider
s ;

/ LED
Flasher
Board
DOM 4
Mainboard

Glass Pressure Housing

- PMT: HaMAMATSU, 10"
- DIGITIZERS:
ATWD: 3 cHANNELS. SAMPLING 300MHz,
cAPTURE 400 ns
FADC: sampLING 40 MHz, cAPTURE 6.4 uS
DynAMIC RANGE 500pPE/ 15 NSEC,
25000 pe/6.4 us
- FLASHER BOARD:
12 controllable LEDs at 0° or 45°

*DARrk Noise RATE ~ 500 Hz
*LocAL COINCIDENCE RATE ~ 15 Hz
*DEADTIME < 1%

* TIMING RESOLUTION < 2-3 NS

* PowEer consumpPTION: 3\W/

CLock sTABILITY: 107°~ 0.1 nsec / sec
SYNCHRONIZED TO GPS TIME EVERY =5 SEC

AT 2 NS PRECISION

the lceCube neutrino telescope

lceTop: Air shower detector
80 stations/2 tanks each
threshold ~ 300 TeV

IceCube-86 (78+8) interstring (surface) distances

Inlce array:
80 Strings

60 Optical Modules
17 m between Modu

125 m between Strings
v threshold <100 GeV

1450 m

2450 m

DeepCore array:

6 additional strings
60 Optical
7/10 m betwegn Modules
72 m between Strings

v threshold ~10 GeV







«~ine arilling

' ' String 49 Dril/Ream/Deployment Profile
" i | 500 ' Y - -
[ h
Depth of drill head (m) Depth of Bottom DOM (m)
500 DOM installation:
— ~Brmin/DICM
E
i .
s 1000 String drop
I
O
1500 Drop speed:
18 mimin
2000 | : a
|
Final depth (preal)
2500 , , \D« 2451.0 m
o 10 20 30 40 441 5O B0 0
.-"_. y .:‘ Jan 27, 7:05 am Jam 28, 11:23 am
At 3 Time (in hrs)

AMANDA drilling (1950m) 90 hrs deployment: 18 hrs

= !
SMW x 30 hrs = 0.56 TJ! IceCube drilling (2450m) 40 hrs, deployment: 10 hours




the place

iceCube’s footprint

— : IceCube Lab (ICL)

L e U x
WM - Drill camp

Skiway

~60 kW power to electronics

90 GB/day filtered out and sent on satellite

2 winterovers

summer population (around 5-7 pop Dec - Jan)
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seven years of construction

1C79
1C59 N 20102011

2009-2010 - -, -

I
® & o o je e o e
IC1 ® & & o e e e o
2005-2006 ® ® & e -

ICo ® @® e e 2007-2008
£ 2006-2007

Data taking since 2005 - completed in 2010
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know thy medium

We do not fill our detector with a well known and calibrated Cherenkov radiator
(as accelerator experiments do)

We fill the ice with our detector - Need characterization of an unknown medium

Deep ice at South Pole is extremely clear, Aqpion =100 m, but presents dust layers of
decreased transparency

/

IceCube
Holei(year)

| 50 (06-07)
66 (05-06)

40,000 yr 9 90,000 yr

21 (04-05)

Optical Signal

2(07-08)
10 (08-09)
2 (08-09)
14(10-17)

L I L L L I L L L L L I L L L
1400 1600 1800 2000 2200 2400
Depth[meters]

This presents a challenge for photon collection at some depths




example of track reconstruction in lceCube
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Figure 13: A 10-TeV muon track in IceCube.

Figure 14: A 6-PeV muon track in IceCube.



v oscillations
MSW effect

atmospheric n flux

dark matter

neutrino telescopes are multipurpose...

astrophysical ne
(point sources/

1 GeV 1 2

1 TeV

-
> 1 pev log (E/GeV)



dark matter

MSW effect

atmospheric n flux

neutrino telescopes are multipurpose...

astrophysical neutri
(point sources/di

1 GeV 1 2

4 5 1 PeV

-
log (E/GeV)

... multi-flavour detectors



neutrino telescopes are multipurpose...

dark matter

astrophysical neutri

(point sources/diff
atmospheric n flux
\ \ \ \ \

1 GeVv 1 2 1 TeV 4 5

-
1 pev log (E/GeV)

... multi-flavour detectors

neutrino event signatures in lceCube:
tracks:
v, + N->un+ X

angular resolution ~ 1°
can measure de/dX only

(data)

Time [ms]




neutrino telescopes are multipurpose...

dark matter

astrophysical neutri

(point sources/diff
atmospheric n flux
\ | | | \ >

1 GeVv 1 2 1 TeV 4 5 1 PeV log (E/GeV)

... multi-flavour detectors

neutrino event signatures in lceCube:
tracks: cascades:
\)“_|_N_>u_|_x Ve+N—>e+X

angular resolution ~ 1°
can measure de/dX only

angular resolution = 10°
(data) energy resolution ~ 15%

(data)

Time [ms]




dark matter

MSW effect

atmospheric n flux
|

neutrino telescopes are multipurpose...

astrophysical neutri
(point sources/diff

tracks:

| | \ ..»
1 GeV 1 2 1 TeV 4 5 1 PeV log (E/GeV)
... multi-flavour detectors
neutrino event signatures in lceCube:
cascades: Tau neutrino, CC

v, +N->p+ X

angular resolution ~ 1°
can measure de/dX only

(data)

Time [ms]

Ve+N—>e+X

angular resolution = 10°
energy resolution ~ 15%

(data)

\)T+N—>1:—|—X

(Ssimulation)

“double bang”

T production T decay



aim of neutrino telescopes

backgrounds

Measure fluxes of

atmospheric muons cosmic ray
aiNer

‘upgoing”
atmospheric
neutrinos

atmospheric neutrinos

at higher energies and better statistics

than previous experiments

Any deviations from known physics is
new neutrino physics

atmospheric muons

new particle physics air shower i§
|\ 4 and neutrinos

new astrophysics

cosmic ray

@ IceCube: downgoing = Southern Hemisphere
upgoing - Northern Hemisphere



dealing with backgrounas

103g

107
= Cosmic ray
muons

10 %
1o5§

10%F

relative nb of events

3 Atmospheric
10 2 neutrinos
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= cos(0)

below the horizon
(upgoing tracks)

Earth has filtered

all cosmic ray products
except neutrinos

Toidentity v's:

a) use Earth as afilter, ie, look for
upgoing tracks, cos(6)<0




dealing with backgrounas

10 8y
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T 107k
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> E Cosmic ray
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(e} E
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e Earth has filtered High energetic muons
5 all cosmic ray products can penetrate kmin
|————| eXCGDT neutrinos water orice

Toidentity v's:

a) use Earth as afilter, ie, look for
- upgoing tracks, cos(6)<0

2 b) define “starting tracks” in the
N\ detector. Use any angle




dealing with backgrounas
/ full sky sensitivity \

. . 8
using lceCube outer strings as a veto: 107
Require no causally connected hits in outer *q% 107
. o f
string(s) layer(s) & 109
a i
. 5
--> access to southern hemisphere sources, o0
galactic center and all-year Sun visibility g 10%
= 3 - Atmospheric
10 !' neutrinos S
102; ~
et ST " e

P B 2 " PEFErS ErErEr | P Y P | . 1
R it i -1 -08-06-04-02 0 02 04 06 0. 1
SRS cos(0)

below the horizon

, above the horizon
(upgoing tracks)

(downgoing tracks)

Earth has filtered High energetic muons
all cosmic ray products can penetrate kmin
except neutrinos water orice

Toidentity v's:

a) use Earth as afilter, ie, look for
upgoing tracks, cos(6)<0

b) define “starting tracks” in the
detector. Use any angle




CR+N —->7x's+ X
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the cosmic ray flux and neutrino production physics

the irreducible background: atmospheric neutrinos

expected flavour ratio:
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107 2 ®,, AMANDA v,
E % 2, o unfoldin? ‘
C y [ forward folding
107 o “ IceCube v,
= @ unfoldin? .
= M forward folding
107
| 2 lceCube/DeepCore v,
10 =F
E D!'o
107 m’ot v i
= w v .q
= e :TT
IO_SEL 1 [ | I 1 1 L 1 | 1 | 1 1 | | 1 | | l 1 1 1 1 I 1 1
0 1 2 3 5.
log, , (E, [GeV])
measurements agree with predictions based on

2



E2 @, [GeV cm™ s sr|

—
o
¢n

— — _

& 9o o

o I$) A

| |||||||| | |||||||| | ||||||‘

—
o
I

beyond atmospheric neutrinos: cosmic signals in neutrino telescopes

Atmospheric

Produced in cosmic-ray air showers

[ 1SuperK v,

m Frejusv,
O Frejus v,
AMANDA v,

o unfoldin?
3 forward folding

/ lceCube v,

Fy 5

b /. unToIdm? )
\ 210 forward folding

= ._’_

&eg_nm\g\ y bursts T
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~

1 0 1 2 3 4 S 6 7

our beam /

8 9 10 11
log (E [GeV])
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beyond atmospheric neutrinos: cosmic signals in neutrino telescopes

Atmospheric Astrophysical
Produced in cosmic-ray air showers Galactic and extra-Galactic sources
107
- = _—C1Super-Kv,
10 ; m Frejusv,
— O [Frejus »
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= o unfolding [
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beyond atmospheric neutrinos: cosmic signals in neutrino telescopes

Atmospheric

Produced in cosmic-ray air showers

Astrophysical

Galactic and extra-Galactic sources
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searches for a diffuse neutrino flux

Even if individual sources not strong enough, contribution from
all sources within the Hubble radius can be detectable

— diffuse flux

Expect hard spectrum 2.0 - 2.4 (production as shock acceleration)

advantage over point-source search: can detect weaker fluxes

but: higher background

Atmospheric v, i

Signature:

excess of high energy neutrinos over irreducible Harder Spectrum v (£7)

background of atmospheric neutrinos



hints from a high-energy diffuse vy search with 1C-59

Search for a diffuse flux of astrophysical muon neutrinos with the IceCube 59-string configuration.

( Phys. Rev. D 89, 062007 (2014) )

high-energy excess of 1.80 compared to the background
scenario of a pure conventional atmospheric model.
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- —e— experimental data -
— conv. atms. v (HKKMS07 + H3a) — l
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— astrophysical v (best fit) -
- 5 |l ememem=m=- astrophysical v (909%C.L. upper limit) —
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IceCube 59
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IceCube 59
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IceCube 59

T EEE L R

e e oEE

IR

Emoww m o mF R =R R
PR RO i

L e e e N N L L ]
LR RERCE S L N LR BL LA BLEL BN ]

mwoaonod o ow ow o B RS e el Bl & el a8 o et e b e Bl ek

L R L SR R R e R e e R R R PR S S ]

LR R B R N I N R I RS Y :.
Fe s omoaowoas o

T T

il B e I 1 .

@ R E R A kR BB BB WOE B oD N B B B BB BF B E ®oEmoE B oW F R

wly g, R F W
% 88 BB BB

R

T L T

......-..-.l

8 omoa

Fvent 10091078 [Ons, 12000ns]

114505

Run



TR
N A
AR mE

-string Data

IceCube 59

TR L N
AE mE e

IR

D Tt L P R A TR TR O L A T

L L R B R R R R L R LR R R L

L
R T "

s i i B R S I T R T R R R e T Y Ty A

R R [

s I O B B R P

WAaPRE v e omow

"

Fvent 10091078 [Ons, 13000ns]

114305

Run



-string Data

IceCube 59

PR T R R

R L N ]
ae em R R R

T

Emomw m om e R
PRI RO

EER ) FPE R N
Br R B EEF W

D R B Tl PP AL

ol =E & TR

o meE gy gl el e N N
BB B R R R W Emenmede B bW

e L

R ia
LI R L Y

s I O B B R P

e e b, o et

LR bl L L BN L I R O L e ]

_.......1..-.;.,........_....-,_._....._..-.r.l_..........l..-._.li

L B R L

- -
s
"o ow
s s
LI
s
o wow
L

WAaPRE v e o= ow

Fvent 10091078 [Ons, 14000ns]

114305

Run



IceCube 59-string Data

H1t Modules: 610
Zenith: 91.2°
| A Azimuth: 274.1°
Long track, many hits = excellent pointing Angular unc.: 0.2°
Neutrino interaction before detector: Muon Energy: 83 TeV
1 energy (light) measured is lower bound | Neutrino Energy: > 100 TeV

Run 114305 Event 10091078 [Ons, 14000ns] Color = hittimes © > @



hints from a diffuse cascade search with |C-40

Search for neutrino-induced particle showers with lceCube-40

(Phys. Rev. D 89, 102001 (2014))

high-energy excess of 2.70 compared to the background scenario of a
pure conventional atmospheric model.

atm. p N (3.6+1.2)-10%GeVsicm2sriE?
O atm. ve +v, (conventional) -+ data .
l atm. ve +v, +v; (prompt) <= atm. p extrapolation
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imitto a E2 all-flavor flux:  7.46 x10°® E™2 GelVVecm= st sr! (between 25 TeV and 5 PeV)



search for UHE neutrinos: first observation of PeV neutrino events

search for high energy (>1PeV neutrinos): little expected background — simplifies the analysis
Analysis based on a few cuts on deposited charge and event reconstruction quality

2 eventsin 672.7 days between May 2010- May 2012,
0.08 events expected from atm pw + atm v (including charm)

significance (over background-only hypothesis): 2.8c
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search for UHE neutrinos: first observation of PeV neutrino events

search for high energy (>1PeV neutrinos): little expected background — simplifies the analysis
Analysis based on a few cuts on deposited charge and event reconstruction quality

2 eventsin 672.7 days between May 2010- May 2012,
0.08 events expected from atm pw + atm v (including charm)

significance (over background-only hypothesis): 2.8c
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search for UHE neutrinos: first observation of PeV neutrino events

ihere
What do we expect? Backgrounds
showers: only charge current v, gives a track penetrating cosmic-ray muons which
all other flavours and interactions sneak through the veto and
produce a shower at the vertex atmospheric neutrinos

(reduced since we are looking at
very high energies)

mostly on the Southern sky
Earth absorbs high energy neutrinos



High=energy contained vertex search

Take advantage of completed, i.e.

big, detector to define a veto:

- top 5 layers of modules (=90 m)
- bottom layer of modules (=10 m)

- outer layer of strings

|

- reject tracks entering the
detector from outside
(atmospheric u's)

diffuse high energy neutrino search: the lceCube discovery

lceTop surface array

s s Y s Y s s

1.45 km
<1450 m
veto region I 90 meters
/
/
|
fiducial volume j P
«-2085m
I 80 meters
«-2165m
fiducial volume
x 10 meters «<-2450m

Inlce detector

Requirements: All-sky

Challenge:

Atmospheric v and U
background

Strategy:

Look for starting events in
the detector

- these must be neutrinos!!!



diffuse high energy neutrino search: the lceCube discovery

High=energy contained vertex search: strategy

- Explicitly aim at high energies: cut on Npe> 6000

10°
- 400 Mton effective fiducial volume

- Sensitive to all flavors above 60 TeV

- Estimate atmospheric muon background from data

Effective Target Mass [Mton]

reject incomming muons when there is early
charge deposited in the veto region

o] S i S —— |

v, CC
v, cc
v, CC
All Flavors NC

.estimate remaining background by "inverted"
early-charge cut:
|) require signal in outer veto layer,
1) see efficiency of next layer to detect muon

- Atmospheric neutrino background low at PeV energies, ~0.1 events/year

- Use Icelop information to reject events, even if starting
(atmospheric v's from an air shower)

10° 10°
Neutrino Energy [TeV]

10*



diffuse high energy neutrino search: the lceCube discovery

High=energy contained vertex search: results

36 events in three years of data,
998 days between 2010 and 2013

(they contain the first two PeV events) 80 - ' FL S " Showers T
60 L Tracks r=2x—4 |

ot . ‘

8 tracks
28 cascades

Declination (degrees)
o
|
4
.
@H
|

20 1+ -
estimated background: 40 f -
-60 |- %% f* % f* % _
e
6.6 9 | . atmospheric neutrinos 80 N -
10° 10°

. Deposited EM-Equivalent Energy in Detector (TeV
8.4 + 42 atmospheric muons P q gy (TeV)

significance (over background-only hypothesis): 5.76



diffuse high energy neutrino search: the lceCube discovery

High=energy contained vertex search: some examples

deposited energy 129 TeV deposited energy 2004 TeV deposited energy 31 TeV
Dec, RA: -92,7°,103.2° Dec, RA: -55.8°, 208.4° Dec, RA: 20.7°,167.3°



Distance to source (vertical) [m]

observation of PeV events: sanity checks

v
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diffuse high energy neutrino search: the lceCube discovery

High=energy contained vertex search: charge distribution

Charge Threshold

. . I Bkg. Atmospheric Muon Flux (T aggled Data)
F|t5 V\/eH tO the atmOSphel’IC muon 7|3 Bkg. Atmospheric Neutrinos (x/K)
background predicted at low energies e spheric Neutrinos (9% CL Charen Limit)
(tOta| Charge be|OW 6000 pe) — Signal+Bkg, Best-Fit Astrophysical E-? Spectrum

| == All Events (Trigger Level)
..II- Data
2 10*
a
Hatched region represents expected o 10°
background fom conventional and T 10
prompt atmospheric neutrino flux &
£ 10"
S 0 Byn S SR Ee SR
Harder than expected spectrum at high 107 %
energies 102
—
10” 77
10° 10°

Total Collected PMT Charge (Photoelectrons)

bestfittoa E2flux: 0.95+0.3108E2 Gel/cm? s sr!



diffuse high energy neutrino search: the lceCube discovery

High=energy contained vertex search: distribution in detector

Events uniformly distributed in location
and direction over the detector volume

Background from sneaking

atmospheric muons will cluster on
detector boundaries. No such effect

observed

Z(m)

Z(m)

600

IceCube Preliminary 1086 Cernasy
i : Tracks ——=
400 |- ‘ ‘ ' :
N .
~ ~
Vo :
200 |- /‘ -
IR s ~
o+ ‘ : -
200 | ‘ '
i SN SRR i
— ~
SEUREE / ‘
-400 = e
T N
-600 1 1 1 1 1
-600 -400 -200 0 200 400 600
Y (m)
600 ; I ' IC86 Geomet
IceCube Preliminary Contadey >
Tracks ——=
400 - e
— ~
N /
200 [ & o
— H
P —: S N\
o / ‘ '
=
-200 |-
~
-400 - P .
| ™
-
-600 1 1 1 1
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diffuse high energy neutrino search: the IceCube discovery

High=energy contained vertex search: angular distribution

[Southern Sky (downgoing)] [Northern Sky (upgoing)]
compatible with isotropic flux Lo2 [ > O TeV ,,,,, AR b
Background Stat. and Syst. Uncertainties
—— Atmospheric Neutrinos (90% CL Charm Limit)
—— Signal+Bkg. Best-Fit Astrophysical E 2 Spectrum
eee Data
§ 10t T """""""" V """"""""""""""""""""""""""""""""""""""""""""
[e 0]
[o0]
o) —
: 1 :
Earth absorption noticeable for 2 10 z e
. (8] 7
events coming from the northern e
hemisphere .
107
-1.0 —-0.5 0.0 0.5 1.0

sin(Declination)



diffuse high energy neutrino search: the lceCube discovery

High=energy contained vertex search: angular distribution

[Southern Sky (downgoing)] [Northern Sky (upgoing)]
compatible with isotropic flux L2 L[ = 90 Tey | e e wmeariooe oy
; Background Stat. and Syst. Uncertainties
—  Atmospheric Neutrinos (90% CL Charm Limit)
—— Signal+Bkg. Best-Fit Astrophysical E 2 Spectrum
esee Data
§ 10% po """"""""""""""""""""" """"""""""""""""""" R
P 1 i i
m -
(=] ——
g ‘ —t I____|::::|'
Earth absorption noticeable for g00p R [ e e 6 =T
. >
events coming from the northern -
hemisphere 10t br— U S | %
‘ %

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



diffuse high energy neutrino search: the lceCube discovery

High=energy contained vertex search: angular distribution

compatible with isotropic flux

Earth absorption noticeable for
events coming from the northern
hemisphere

[Southern Sky (downgoing)]

[Northern Sky (upgoing)]

5 | E(i(jp = 300 TeV = Background Atmospheric Muon Flux
10° F 1B Bkg. Atmospheric Neutrinos (/K)
Background Stat. and Syst. Uncertainties
= Atmospheric Neutrinos (90% CL Charm Limit)
—— Signal+Bkg. Best-Fit Astrophysical £ % Spectrum
eee Data
wn :
= 10!
A 10
0 :
0 :
(@) :
- : 1
(o)) :
Q. :
n oL | .T. PR B | E: I T T T
£ 10 5 -
() : I
> :
L : f
1 ?
10" g 1 1 11
P T W ;/j 1
-1.0 -0.5 0.0 0.5

yn(Dechnaﬂon)

1.0



diffuse high energy neutrino search: the lceCube discovery

High=energy contained vertex search: skymap

Compatible with isotropic flux

Most significant excess close

(not at) the Galactic Center

Only 7% significance

( bad pointing of cascades)

Searches for correlation with GRBs, the
galactic plane or time clustering do not
find any significance either

Remember: "only" 37 events

T Cascades | .
-7 xtracks -

TS=2log(L/LO)

11.3

Galactic




diffuse high energy neutrino search: the lceCube discovery

i Havembes 310 | $rec v




search for point sources in the "HESE” sample

ICECUBE PRELIMINARY __———"

Equatorial




what about muons?

Search for an excess high=energy muon flux from the northen sky

| N | 4 L | ' v LA EL | ' v e rrre
The high-energy starting sample is 10 Conventional atmospheric
, Prompt atmospheric
dominated by cascades from the southern 10 E'Baslrophysical —

Sum of prediCtions =7
Experimental data e

sky

3.9 0 excess

— Look for an excess in muons from the

northern sky

Only sensitive to v, CC at energies where

IceCube Preliminary

the Earth is not opaque to neutrinos

Ongoing analysis 10° 10* 10° 10°
Muon Energy Proxy (GeV)



search for point sources

|C40+1C59+IC79 neutrino sky. total livetime 1039 d
total number of events: 108317 upgoing,
146018 downgoing (atm muons)

Atm. neutrinos
>

Atm. muons
A

The Astrophysical Journal, 779, 132 (2013)



search for point sources

|C40+I1C59+IC79 neutrino sky. total livetime 1039 d
total number of events: 108317 upgoing,

Highest significance in azimuthally 1 4 6 O 1 8 dOW N gO | N g ( atm muon S)
010 scrambled skymaps (2000 trials)
A
A 008 . -logop=4.707
o P R - RA 34.25, Dec 2.75
L4 £ 0.6 s e i _' N
.i: - B =) - -‘..““ ’YbeSJ[ 235
S § . gyt :
| +éo.m i . - A \3"- =
) £ ; L el SRR
e v T Oy ¢
. 0.02 # . \’* ] - .
E ! " *, i g ¥
L ) . A ll- 13 ' L3
< v S 23
5 ’ e b |-
L1 | v " & . .:"' i 19 !}. -
W y "‘ '
- o
0O : N \ : . : .
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search for point sources

|C40+I1C59+IC79 point source limits.

Upper limits on a E* spectrum from a list of astrophysical objects (Blazars, SN remnants...)

The Astrophysical Journal, 778:1 (17pp), 2013

[Southern Sky (downgoing)| Northern Sky (upgoing)
— IC79+IC59+1C40 sensitivity (90% C.L.)
- o - - IC79+IC59+IC40 discovery potential (5¢)
b 10 [l o IC79+1C59+IC40 Upper Limits (90% C.L.)|
CT' — ANTARES sensitivity (90% C.L.)
c a a ANTARES Upper Limits (90% C.L.)
; 107° _ .................. AA .................. e i
)
=
L
E 10—11
=
©
|
(N
10—12
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I
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search for neutrino emission from Gamma Ray Bursts

Two Complementary searches:

“Model-Dependent” search:
* Time-window defined by start and end of observed gamma emission (T,, typically ~ 30 s)
* Use model predictions of neutrino flux and energy spectrum to weight the search

=Most sensitive if models are right

“Model-Independent” search:

* Time window expands from + 10 s to + 1 day (NB: neutrinos closer to GRB T, given
more significance)

* No specific weighting to model predictions, search at all neutrino energies

=Catch-all” analysis

T,. From a satellite GCN
| Model Dependent Search (Prompt (T,,) )

| *
<€ >
I Precursor (~100's) Model Independent Search (+24 h)

Chad Finley - Oskar Klein Centre - Stockholm University




search for neutrino emission from Gamma Ray Bursts

lceCube-40 + IceCube-59 results:

2008-9 (40-string) data:
117 GRBs in northern sky

*]

2009-10 (59-string) data:

98 GRBs in northern sky

another 85 GRBs in southern sky
also analyzed 1o

10> 10* 10° 10° 107 10*
L, |GeV]

E &, (E) [GeVem

98 northern GRBs

—— Total Individual Spectra
== Waxman & Bahcall

Because of short duration, searches
are very low-background.

Constraints

Non-observation of neutrinos with
first IceCube data

=» Revisit theory, revise predictions
=» Some models now strongly
excluded,

Observed 0 events

Model prediction:
8.4 events (Guetta et al.)

excludedat>3 o
(upper limit = 2.3 events)

Chad Finley - Oskar Klein Centre - Stockholm University

10

571 sr1]

¢, (E,) [GeV cm -

E,

E2®, (GeV cm2s™sr)

10

a  [C40+59 Combined

Waxman & Bahcall 10
IC-40
IC40 Guetta et al.

.....

2]

limit
IC40+59 Guetta
etal.

E° F, [GeV cm

1077

ik 10° 10° 10
Neutrino Energy (GeV)

I Exxx} |C40+59 Allowed (30% CL)
E —e— Waxman*

[ —&— Rachen® 110
[ —— Ahlers'® ]

— 1C40+59 Allowed (95% CL)

E?F, (GeV cm?)

Neutrino break energy, ¢, (GeV)

Nature, Vol. 484, 351 (2012)



searches for dark matter

A wealth of candidates from different theoretical models:
dark baryons
MACHQOs - BHs, neutron stars, white/brown dwarfs. ..
neutrinos
primordial Black Holes
Weakly Interacting Massive Particles
(LSPs from "x"MSSM, Kaluza-Klein modes...)

WIMPS
- ARISE IN EXTENSIONS OF THE STANDARD MODEL Non-weakly Interacting Supermassive particles
- ASSUMED TO BE STABLE: RELICS FROM THE BIG BANG (Simpzillas)
- WEAK-TYPE XSECTION GIVES NEEDED RELIC DENSITY _
D_gr ' aXlons
(s h? =~ — em® 571
(Tann v) 4 © many others

- MASS FROM FEW GEV TO FEW TEV
- MSSM CANDIDATE: LIGHTEST NEUTRALINO,

R .+ (alternative gravity theories)
¥ =NB +NW3+NH + N H 9 Y

- UED: LIGHTEST 'RUNG’ IN THE KALUZA-KLEIN LADDER

SIMPZILLAS

- NON‘THERMAL, NON-WEAKLY INTERACTING STABLE RELICS



Indirect signatures of dark matter annihilation

SR e s e e e e:F_, ('p),, ('D') . Ve

final
products
=)

primary
channels

W Z b e |

v XIW astrophysics inputs

(and uncertainties...):

X w X z
>hﬂ< >hH< products have to be
your theory here x w7 , transported to the Earth
(not necessarily SUSY...) x
>x:”’ X>”’-~’“ﬁiﬁf“_,_H h Here is where v's are
. ‘ advantageous

.



indirect signatures of dark matter annihilation

The prediction of a neutrino signal from dark matter annihilation is complex and

involves many subjects of physics

- relic density calculations (cosmology)

- dark matter distribution in the halo (astrophysics)

- velocity distribution of the dark matter in the halo (astrophysics)

- physical properties of the dark matter candidate (particle physics)

- Interaction of the dark matter candidate with normal matter (for capture)
(nuclear physics/particle physics)

- self interactions of the dark matter particles (annihilation) (particle physics)

- transport of the annihilation products to the detector (astrophysics/particle physics)



dark matter searches with neutrino telescopes

Sun probes GSDX_N, GSIX—N
« complementary to direct detection
Earth « different systematic uncertainties
- hadronic (not nuclear)
- local density
- can benefit from co-rotating disk
dwarves &

distant halos

probes <o, v>

I\Hfléllkoy Way « complementary to searches with other
messangers (y, CRs...)
* shared astrophysical systematic
uncertainties (halo profiles...)
Milky Way

Center « more background-free




search for dark matter accumulated in the Sun
lceCube results from 317 days of livetime between 2010-2011:

All-year round search: Extend the search to the southern hemisphere by selecting starting events
— Veto background through location of interaction vertex

- muon background: downgoing, no starting track

- WIMP signal: require interaction vertex within detector volume

Background estimated from time-scrambled data
Analysis reaches neutrino energies of ~20 GeV
Assumes equilibrium between capture and annihilation

|}> q)u_)FA_)Cc_)GX+p %

801 da:al_ger WH fwinter, high-energy) ' I I ) ' T 36 T T T T T T T T T T T T T T T T T T T T T T 1
sol i I —~~ Expected (bb)
S e SR AR _-----:----_- """"" ekl el e Expected (WHANY
A0+ 1 . . —&— Obs=erved (bb)
37— | —e— Observed (WW)* —
20F I:l + 1o expected
ar datalse.r WL fwinter, low-energy) -l
29 g
L 4 T T A N AUy S AU EEPES PR =l
w S 39
s —
: : g
15F D‘a?ése! Sl {summer, low-enargy}
-40
10
C | # (v for m_ < m,, = B0.4GeV)
' |- [T SR TR T N T T TR I T T T TR (N SO T T T L

15 2 25 3 a5
log10 (m_/ GeV)

0.99 0.992 0.994 0.996 0.998

cos(¥)



search for dark matter accumulated in the Sun: results

log10 (o, / cm®)

-38

-39

-40

-41

-42

-43

-44

-45

-46

90% CL neutralino-p SI Xsection limit

T | T ‘ T T T T ‘ T T T T

| [ 1 MSSMincl. XENON (2012) ATLAS + CMS (2012)
DAMA no channeling (2008)

— = CDMS (2010)

= = = CDMS 2keV reanalyzed (2011)

CoGENT (2010)

—---— XENON100 (2012)

=== |ceCube 2012 (bB)

—=— |ceCube 2012 (W'W)*

MSSM allowed
parameter space

+ (th for mT<mW = 80.4GeV/c?)
|

1 2 3
log10 (m / GeV c?)

90% CL neutralino-p SD Xsection limit

\ [] MSSMincl. XENON (2012) ATLAS + CMS (2012)
35— DAMA no channeling (2008)
| - - - COUPP (2012)
e simple (2011)
ks — - PICASSO (2012)
S IR ~reee SUPERK (2011) (bb)
© A —— SUPERK (2011) (W*W)
\ M \\ 5 — -
i A
37—\
~ 0\
-'.'--...,___ A
38— .
30—

--#-- |ceCube 2012 (bb)

—=— IceCube 2012 (WW)* |

40— ~ ,. | MSSMalloweth
+ (U7 for m <m,, = 80.4GeV/c%) ] parﬁmeter space M_\\r\

1 | 1 1 I 1 1 1 1 |

1 2 3
log10 (m /GeV c?)

« most stringent SD cross-section limit for most models

« complementary to direct detection search efforts

» different astrophysical & nuclear form-factor uncertainties



search for dark matter accumulated in the Sun: KK and Superheavy DM

90% CL LKP-p Xsection limit vs LKP mass

Universal Extra Dimensions:

Phys. Rev. D81, 057101 (2010)

models originally devised to unify gravity and electromagnetism. 10 o alowed 2 ———
107 L —=— IceCube-22 wpoory o — "‘ :: — =]

No experimental evidence against a space 3+8+1 as long as the 0T ——___'_'___TT-'—_: """""""" e
107 - == KIMS (2007)

extra dimensions are '‘compactified’

LKP - proton SD cross-section (cm?)

10% A
107
A h h
n—=27ZR, n—=27[R — p=n—m 10%L Agn=0.1
2 2p 4R .
10 Aqm:(],ﬁ
2 2.2 2 4 > 1, 2 4 4 10
E-=pcc+m, ¢ =n"—c +m, ¢ =m,c Y
R 107"F E 0.05 < 0o, < 0.20
of I 0-1037 <O, 7 < 0.1161 WMAP 5.
n’ . _ N s 10° 10
m,f = +mf n=1 — Lightest Kaluza-Klein mode, B LKP mass (GeV)
'R good DM candidate
90% CL S-p Xsection limit vs S mass
Phys. Rev. D81, 063510 (2010)
Superheavy dark matter: g 2
%—21
- Produced non-thermally at the end of inflation o
through vacuum quantum fluctuations or decay of the g 22 = SiEaEeRs
inflaton field
-23
- strong Xsection (simply means non-weak in this 24
context)
_25
-m from ~104 GeV to 10™ GeV (no unitarity limit se
since production non thermal) ) =
I"q 27 =
w v, g e

S+S > tt dominant ;& 284 6 8 10 12 14
log My (GeV)
b



search for dark matter accumulated in the Galactic Center/Halo

probe DM annihilation cross section
1 (O’A’U> dN f rf 2 ’ !
= X ds2 pe(r(l,¢"))dl(r, ¢
- [@r 22 dEBf] [Awm SRR

Ingredients:

measurement




search for dark matter accumulated in the Galactic Center/Halo

probe DM annihilation cross section

_ 1 (O’A’U> dIN dy 2 r(l "Wdi(r.
- — [Emz EBf X [AQ(¢,Q) [Dsp( (qu)) ( ,Qb)
N

Ingredients:
measurement

IO2 E

%‘ E
o 10! E =

z :
‘“['_u ]0() i _

10! L

10" 10" 107
Neutrino Energy E,, (GeV)
L



search for dark matter accumulated in the Galactic Center/Halo

probe DM annihilation cross section line of sight contribution

Ingredients:

measurement

T~
1 (O’A’U> dIN ! 2 T ! = A
- |5 e GE B ¢ A fﬁ( (1, ¢)di(r, &)

A7 m)z(
~—__

halo model
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search for dark matter accumulated in the Galactic Center/Halo: results

[ T TTTTIT I [ T T TTTIT I [ T T TTT

T T TTTTT T T

10718 ...Ic.eCu_b_e__PreI.imi_n_ary__ e—e 1C22 Halo, PRD 84 (2011) 022004 i
| +—+ 1C59 Dwarfs, PRD 88 (2013) 122001 -
+ - #=a |C79 Halo, arXiv:1406.6868 H
XX%TT «—a Veritas Segl 95%C.L., PRD 85 (2012) 062001
~— Fermi Dwarfs 95%C.L., PRD 89 (2014) 042001
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at the low-energy end: neutrino oscillations

lceCube DeepCore

* Original IlceCube design focused on neutrinos with energies above
a few hundred GeV

_ = 50—~ —~
 DeepCore provides S [larms Despore Tigeer Pl
~25 MTon volume with g mymgm ]
lower energy threshold el e
. Hi - - > 30}
Higher efficiency far outweighs 5 Oscillation o
reduced geometrical volume i Minima
20 1.
- Note: comparison at trigger l 1%
level — analysis efficiencies 1oL " i
not included (typically ~10%) _ - -
5 - - Y Ry —y L
« 0O(10°) atmospheric neutrino : - - v, Eneray (og,_ Gel)

triggers per year

Tyce DeYYoung Miami 2012 December 18, 2012



* Energy threshold at trigger level ~10 GeV

» Covers first oscillation maximum @25 GeV

* High statistics available
— measure atmospheric muon rate as a

function of energy and angle

P(Vq = Vg) = sin”(20)sin®(1.27Am*L/E)

L/F>® JE

zenith

at the low-energy end: neutrino oscillations

just rate measurement

low-energy sample

—
=]
L]

rate (Hz)

|IIII|IIII|IIII|III>(

[ 11 1 J I | I 11 11 I 11 11 I | | I Ll I L1 I L1l I 1111
-1 0% o0& -07 06 -05 04 03 02 -0A 1]
cos{reconstructed zenith angle)

adding energy reconstruction

800
—— MC best fit s
600y |- - - No osc - -
Data - .
400 J

Events

200}
< IceCube Preliminary
10 10° 10°

L _J/E_ (km/GeV)

el o




at the low-energy end: neutrino oscillations

* Energy threshold at trigger level ~10 GeV

» Covers first oscillation maximum @25 GeV

Phys. Rev. Lett. 111, 081801 (2013)

o ngh Stat|5t|CS a\/a||ab|e 7|_\ T T | I I I | I T T I | I T T I [T T T I [T I I I_
| - gﬂLIINSrS-;(ZgI}Z; :’0;/0“0 y ® bestfit ANTARES |
— measure atmospheric muon rate as a of I A 2 20 -
B ANTARES, 90% % best fit IceCube |
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NEXT??

Two directions

Higher energy
Point sources

Neutrino flavor ratios

Lower Energy (reach the O(1) GeV threshold)
Resolve neutrino mass hierarchy
Improve on on-going neutrino oscillation studies

GeV dark matter



next generation high-energy neutrino telecopes
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R&D and design optimization ongoing, including a surface veto



PINGU: Precision lceCube Next Generation Upgrade

* DeepCore showed the potential of going down in energy.

* How low could we go?

— —
lceCube

* Add 40 strings within the current DeepCore
volume to bring down energy threshold to O(1 GeV),

*Use existing and well tested technology

DeepCore

AIms:
~ T
Physics @few GeV: tsz
- neutrino hierarchy, low-mass WIMPs PlNGU
- R&D for Megaton ring Cherenkov

reconstruction detector for p-decay — < )

highs statistics SuperNova detection




PINGU: Precision lceCube Next Generation Upgrade

* DeepCore showed the potential of going down in energy.
* How low could we go?

* Add 40 strings within the current DeepCore

volume to bring down energy threshold to O(1 GeV),

*Use existing and well tested technology

Aims:
Physics @few GeV:
- neutrino hierarchy, low-mass WIMPs
- R&D for Megaton ring Cherenkov
reconstruction detector for p-decay

highs statistics SuperNova detection

-100

-150

F.[lf[llll.lll.‘

|

1.

.L,,IlLJJ.l]*

® IceCube

-100  -50 0 50 100 150

500
X (m)



PINGU: Precision lceCube Next Generation Upgrade

* DeepCore showed the potential of going down in energy.

* How low could we go?

. Add 40 Strings within the current DeepCOre -é-"mﬂ;_ ................................................................... TR . ® lceCube
;: : ® 4 DeepCore
volume to bring down energy threshold to O(1 GeV), 50'.; . |
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- R&D for Megaton ring Cherenkov
reconstruction detector for p-decay

highs statistics SuperNova detection



PINGU: Precision lceCube Next Generation Upgrade

* DeepCore showed the potential of going down in energy.

* How low could we go?
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simulated PINGU event

9.3 GeV neutrino producing a 4.9 GeV muon and a 4.4 GeV cascade

DeepCore only: 20 hit modules



simulated PINGU event

9.3 GeV neutrino producing a 4.9 GeV muon and a 4.4 GeV cascade

DeepCore only: 20 hit modules PINGU: 50 hit modules



PINGU: Precision lceCube Next Generation Upgrade

* I[F energy and angular resolution can be brought to the O(1 GeV) and O(10°) level

— hierarchy measurement possible
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PINGU: Precision lceCube Next Generation Upgrade

* I[F energy and angular resolution can be brought to the O(1 GeV) and O(10°) level

— hierarchy measurement possible

Hierarchy Asymmetry s, Hierarchy Asymmetry o25°
" = N/ [PINGU 1 yr] W — NYTY/@EH2 [PINGU 1 yr] Smeared
+3.28 20—
+2.46 18]
+1.64 16}
+0.82 ">_"“14E
O 12}
=
L)

R oy

-10 08 06 04 02 0

cos(8y)

Akhmedov, Razzaque, Smirnov. arXiv: 1 205.707 [v2



PINGU: Precision lceCube Next Generation Upgrade

Lowering the energy threshold allows to reach lower WIMP masses, 0 (few GeV)

- Sensitivity study based on current IceCube analysis techniques

- Assume complete background rejection of downgoing atmospheric muons through veto techniques
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conclusions

lceCube has been (is) extremely successful in its physics programme
5.7 sigma evidence for non-atmospheric neutrinos at TeV energies
Impact on models of neutrino emission in GRBs and AGNs
Competitive limits on dark matter

Ongoing efforts for a high-energy and a low-energy extensions

R&D efforts on new optical module designs

And what | have not talked about:
monopole searches
Cosmic ray composition
cosmic ray anisotropies
extended-source searches
exotic neutrino oscillation scenarios
sterile neutrino searches
SuperNovae searches
TeV gravity searches
Combined searches with CTAs, air-shower arrays and gravitational wave detectors
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Energy Reconstruction of EM Showers

500 Energy reconstruction performance
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OBSERVATION OF Ve-LIKE PEV EVENTS

cut used in the GZK analysis

Zenith angle (SPE12) Vs NPE
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232 | IKELIHOOD AND DENSITY FUNCTIONS
|EECUEE
Signal pdf: Likelihood:
1 —ipy : ad n n

Si=5——se " /% P(Eil) e =TT (80 + - 8.
Background pdf: Maximize wrt:

B; = B(0;) - Py (E;) » 7, the neutrino spectral index

» Ns, number of signal events

Maximization of the likelihood ratio:

L(?ﬁs)e}____ oy Thefinal significance is
)

L(n,=0 maximize the i .
o scrambling the data in
Likelihood

ra.and repeating the
analysis.

logA =log




Cosmic Ray Moon Shadow

Cosmic rays are blocked by the
moon (radius 0.25°)

Causes small point-like deficit

of cosmic ray showers
detected by IceCube

(O Moon (to scale)

2 ] f 5
= 3 3
= c
T S
Spoiler alert: there are no neutrino sources & 2 =
bright enough to calibrate pointing with! 1 N, 5
. : 0 —-6
But, cosmic ray moon shadow “negative” i
source is used to verify: = i
2
* absolute pointing is correct
& . . . -3
» ~1° typical point spread function

o |'- ]
3 2 -1 0 1 2 3
(0, - 0yy) cOs(3,) [deg]
13th Marcel Grossmann Meeting Chad Finley - Oskar Klein Centre - stocknoim university 1Y

(size of deficit and shape agree with sim.)



searches from the Sun: neutrino energies at the detector

5000 GeV Neutralino » WW @ Sun
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. Indirect dark matter searches from the Sun are a low-energy analysis in neutrino
telescopes: even for the highest DM masses, we do not get muons above few 100 GeV

Not such effect for the Earth and Halo (no v energy losses in dense medium)



analysis strategies in neutrino telescopes

N N N
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to a muon flux
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DM SEARCHES FROM THE SUN: RESULTS

IceCube results from 317 days of livetime between 2010-2011:

AII-year round search: Extend the search to the southern hemisphere by selecting starting events
- Veto background through location of interaction vertex
© '°e°”be"""'§ - muon background: downgoing, no starting track
- WIMP signal: require interaction vertex within detector volume

0 - - - - ] .
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SEARCHES FROM THE SUN: COMPARISON WITH COLLIDER RESULTS

Assume (ie. model dependent) effective
quark-DM interaction,

A2/A2 (QYsY, @) (Y5 YX)

and look for monojets in pp collisions,
pp = xx + jet

(as opposed to the SM process
pp - Z+jet and pp » W+jet)

Constrains from monojet searches at the

TeVatron:

107

105

10k

Tsp-p (em?)

10—3? =

Bai etal, JHEP 1012:048,2010
I I I I

lﬂ—dl 1 1

05 10 50 100

m, (GeV)

50.0 100.0

Neutralino-proton SD cross-section [em? ]

90% CL neutralino-p Xsection limit

0.05 <€, h2 <0.20

103"}

1032 b

10—33 L

10|

oo <ol CDMS(2010)+XENON100(2011) 1
COUPP 2008 »—a IC/Amanda 2001-2008, W W [+ ]
- KIMS 2007 i ’

105 |

10% | "

109
10738
10%¥

10410 L

1041

IceCube Preliminary
CDMS 2010

= - - -a [C/Amanda 2001-2008, bb
IC86 180 days sensitivity, W+ w— [+

() 4o for m, < my

Picasso 2009
+ Super-K 2001

'
vk
Pt
nnnnnn
it
v

10°

10*

WIMP mass [GeV]



THE ICE

* Depth dependence of Aer and Aass from in situ LEDs

* |ce below 2100 m in DeepCore fiducial region very clear

s Ghar> ~ 47 W, <hap> ~ 135 M
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