lceCube: beyond neutrino astronomy
Francis Halzen

muon astronomy: search for the sources of the
Galactic cosmic rays

detecting a Galactic supernova explosion

search for dark matter

neutrino oscillations

search for sterile neutrinos

lceCube.wisc.edu



the IceCube Neutrino Observatory
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muon track: time is color; number of photons is energy



up-going muon track from muon neutrino ( 9 PeV)
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most probable energy: 9 PeV

topology: track

date: June 11, 2014




shower initiated inside the detector by electron neutrino (1 PeV)

date: August 9, 2011
energy: 1.04 PeV

topology: shower
nickname: Bert




muons detected per year:

« atmospheric* p ~ 10"
e atmospheric** v 2> pu ~10°
* cCOSMIC V=2 U 10~100

* 3000 per second ** 1 every 6 minutes



neutrino signatures in neutrino telescopes

Track Double-bang

wm CC v, «:NC or CC v /v_
# Angular resolution <1° *: Angular resolution ~10°
#Energy resolution dE/E ~25% «Fnergy resolution dE/E ~10%
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cosmic ray .Cosm|c rays
f In lceCube
10 TeV
to several
100 TeV
« galactic
air shower * not solar

* highest energies
approach the “knee”

e gyroradius < 1 pcin
microgauss field

* closest sources

<100 pc
10 TeV
rr?uorr:s from | Sk
alr showers 3 deg resolution







« solar dipole:
motion of the Earth
around the sun

* motion of the Sun
relative to the Galaxy
(Compton-Getting)

dipole anisotropies

motion of the Earth in the
frame of the cosmic rays?

v=29.78 km/s
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supernova burst: light fromv + p —>n+e’

20 MeV
positrons

& PMT noise low (280 Hz)

¥~ detect correlated rate increase
on top of PMT noise when
supernova neutrinos pass
through the detector 1 meter
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L=3000" . . .
g starting pomts of neutrino showers from supernova
&
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Participation in SNEWS

.several hours advanced notice to astronomers

received iridium messages (last 4 weeks)

message type time (UTC) o m:pu:..i;nde(]g onds) m

missing test message(s)

test Mon Jul 10 08:19:38 2006 224 1

test Sun Jul 911:15:12 2006 218 1

test Sat Jul 8 11:15:12 2006 208 1

test Fri Jul 7 11:15:12 2006 208 1

test Thu Jul 6 11:15:11 2006 214 1

test Thu Jul 6 11:09:05 2006 205 1
missing test message(s)

Ilon Jul 3 09:45:12 2006 195

1 1 test Sun Jul 2 09:45:11 2006 19
coincl d ence test Sat Jul 1 09:45:12 2006 195

test Fri Jun 30 09:45:12 2006 185
server @ BN test Thu Jun 29 09:45:12 2006 181
-——_

o e

lceCube

test Wed Jun 28 09:45:12 2006 185 1
test Tue Jun 27 09:45:12 2006 175 1
test Mon Jun 26 09:45:12 2006 175 1
test Sun Jun 25 09:45:12 2006 176 1

Borexino...

Sat Jun 24 09:45:12 2006 165 1
test Fri Jun 23 09:45:12 2006 165 1
test Fri Jun 23 09:26:21 2006 170 1
test Fri Jun 23 08:59:13 2006 732 10
test Thu Jun 22 10:33:23 2006 162 1
test Thu Jun 22 09:45:12 2006 160 1
test Thu Jun 22 09:38:29 2006 163 1
test Thu Jun 22 09:27:30 2006 167 1
test Thu Jun 22 08:45:12 2006 173 1

missing test message(s)

http://snews.bnl.gov astro-ph/0406214 I . 1



http://snews.bnl.gov/
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lceCube targets for dark matter annihilation




WIMP Capture and Annihilation

Halo WIMPs scatter on nuclel in the Sun

Some lose enough energy in the scatter to be
gravitationally bound

Scatter some more, sink to the core
Annihilate with each other, producing neutrinos

Propagate+oscillate their way to the south pole, convert
Into muons in the ice

Y+ 2W+W 2 v+y
or 271 + 1T 2V+V




A . .
C® =~ 3.35 x 10 sec™! ( Plocal ) (270km/s) (100 GeV)

0.3 GeV /em? Diocal My
" (UXH,SD + oyus1 + 0.07 oyHes1 + 0.0005 S(m, /mo) UxO,SI)
10-6pb '

supersymmetry on
the back of an
envelope
arXiv 9404252




dN
£ = Csun = qﬁx(jsun
dt
| P
IR P
X
O M sun_
sun XD
mP
° Csun = 2 Cannihilation (eqU’lhbrlum)




astrophysical

assumptions !l

number of protons
In the sun

oC =2C

sun annihilation

(equilibrium)




detection is a smoking gun

* indirect rates are dictated
by the interaction cross section
of WIMPS with hydrogen.
= no unknown astrophysics

= in the neutrino case there
IS a direct connection between
theory and observation and the
background is understood.



3yrs of WIMP search from the Sun

WIMP Capture and Annihilation in the Sun
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Limits after 3 years (6 soon)
spin independent (A2 handicap)
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Limits after 3 years (6 soon)
spin dependent (A%=1)
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- Scattering of high energy cosmic neutrinos on DM in the halo can lead to a

deficit of high energy neutrinos from the GC

- neutrino-DM interactions mediated by a scalar or vector mediator ¢.

- limits on coupling constant, g, possible by measuring the isotropy of the HE
neutrino flux

107 ¢
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—6

107°

10-9

10
m, /GeV

10‘

log max allowed coupling

log max allowed coupling



lceCube drilling to best low
background site on Earth:

—> radio-pure ice
- no seasonal variations
(temperature, humidity,...)

—> shielded from cosmic rays by

lceCube veto

* DM-ice, DeepCore upgrades

« $1.25M per string of 60 ten inch
PMTs (data to your pc, includes

logistics)

-’-‘-:Vm.‘
1 f| !
3
\ Muon flux vs overburden
.| N p .
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DM-Ice Prot

otype Detector
o —
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DM-Ice Prototype Detégtor Deplo' ; ' ;
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* Use HESE sample » 60 TeV < E < 10 PeV

N {8E) = [Gpe* O) 5 e 7(6.E) L(6)
* (0,®) degeneracy broken by
up(attenuated)/down(not attenuated) flux
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flavor composition of the astrophysical flux at the source
evolves to a flavor composition at IceCube by oscillations

A
Va) = Z Uak V)
k AI‘nzatm

T (mass)?

Flavor Basis Mass Basis 877\l }Angon
Wz ‘
; 5 [ Am?L

P,.-vs(L, E) = sin? 20sin’ ( jl”E ) [ v [0 12]

V_u [ ' U_ui | 2]
Vc [ | Uci | 2]



- E 2 - 2
Experiments: Lo = 25— | Amignp = 1eV
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1:2:0




muon-suppressed
pion decay
(0:1:0)

pion & muon

<€«— decay
(1:2:0)

neutron
decay
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Multimessenger Neutrino . Neutrino : ;
‘ Astronomy Flavor Ratio Gerillafions Sterile Neutrinos

Cosmic Non-standard
Accelerators . Interactions
Supernovcl ASTROPHYSICS NEUTRINO PMNS Unitcrity
PHYSICS

Gamma Ray EARTH .

Tomography

DARK FUNDAMENTAL
Space MATTER SYMMETRIES Atmospheric
Weather Sciences

Lorentz
Symmetry
. | Ak M | Neutrino DM Quantum
trangelets xions s L DM Interactions Annihilation

Space-time



| |
lo V 100 MeV | GeV
; Super-K
N i
Borexino
KamLAND
Double Chooz
Daya Bay Neutrino
SNO SRR, (00
Hierarchy

DeepCore

Accelerator based

|
Y [0 TeV 10 PeV
Neutrino Telescopes ( IceCube, ANTARES, etc...)

High Precision v -
Disappearance

GeV Mass
Dark
Matter

Non-accelerator based
Manageable vt -

Appearance

*‘Boxes provide sense of scale for physics sensitive regions
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Events in DeepCore

"6 0" 6 *0° 8 %0° 8 %0° & °4

)| v,~ " + hadrons

E, = 40.5 GeV
E, =38.7 GeV
Eng= 1.8GeV

had

| v,~e + hadrons

E, =46.9 GeV
E, = 33.3 GeV
E,.s = 13.6 GeV

> Events below 50 GeV:




Oscillation Probability

P(vu—w o

4 6 8 10 12 14 16 18 20
E, (GeV)
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Oscillation Probability

P(vu—w o

0 L L I L L L I L L 1 I L Ll I L Ll I L Ll I L 1 L I L 1 L I L 1 L I

2 4 6 8 10 12 14 16 18 20
E, (GeV)

P00 " Expectation: best St asc. |~~~y e = e e I
800H- - Expectation: no asc. L .
sooH $ Data !

L - 38— IceCube 2014 [NH] — T2K 2014 [NH] |-
.g 1] 16 — MINOS w/atm [NH] — SKIV[NH]

T "] P .. b= :  90% CL contours : :

» 34 foeeeem e eiees 4. .......... '; ........................... 4. ........ :;.........‘E ......... ! ........ -

!

IceCube Preiiminary

TR S

i
1

i i i i i i i i
Lo/ E ey (k1n/ GeV) 20330 035 040 045 050 055 060 065 070 0
sin® (Byy)

] S—
SV S S S
-



IceCube, PRL 2018

Neutrino Oscillation
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disappearance, over a range of baselines
reconstructed energies from 5.6 to 56 GeV

< 3 years of IceCube Deep Core data

< measurements of muon neutrino
up to the diameter of the Earth

« Neutrinos from the full sky with



two independent analyses
one for quality of events
one for statistics

both blind

Analysis A
GRECO

“High statistics sample”

Analysis B
DRAGON

“High purity sample

1. Neutrino interactions / lepton generation: GENIE
2. Lepton propagation / photon generation: PROPOSAL & GEANT4
Neutrino Simulation | 3. Photon propagation: CLSim (GPU-based software)
4. Noise addition
5. PMT response & readout elections
Simulation -
CORSIKA + MuonGun CORSIKA + Data-Driven . .
) * Any muon that would have made it to final
Muon Background * Uses H4a Cosmic Ray flux model to ol ) o i [oecerm s 2 (81 ) 6
Simulation directly predict muon background. Run ; - .
! ; ) corridor region is considered a
through standard simulation chain.
background muon
Goal High signal acceptance High signal purity
“High statistics sample” “High purity sample”
Tri At least 3 pairs of locally coincident DeepCore DOMs detect hits in a 2.5 microsecond time
rigger :
window
i Veto events with hits in “veto region” consistent with a muon travelling from there to
Level 2 “Filter . . _
interaction vertex at v=c
Eliminates events with more than 7 hits in veto region, too many noise hits, too many hits in
Level 3 . ) h
outer region of DeepCore (i.e. not fully contained),
Removes events with too many non-isolated Fast reconstruction to insure enough DOMs
Other low-level cuts | hits in veto region and/or too few non- to be consistent with either track or shower
isolated hits in DeepCore fiducial volume signature
Straight Cuts
* Number of photoelectrons deposited in
largest cluster of hits
BDT to remove atmospheric muons * Event vertex in fiducial volume
(6 variables) (contained)
* Charge measured by PMTs (3 vars.) * No more than 5 p.e. in veto region total
Level 4 ; ; . .
* Simple vertex estimator * No more than 2 p.e. in veto region
* Event speed simulator consistent with speed-of-light travel from
:  Calculation of event shape hit to vertex
Selection ¢ Minimum number of non-isolated hits
* Space-time interval between 1%t and 4™
hits consistent with v < c.
Another BDT to remove atmospheric muons
: BDT
(6 variables) (11 variables)
* Time to accumulate charge ! . .
Level 5 e —— Charge, t|mg, and location of hit DOMs
o ) (multiple variables)
* Center-of-gravity information (2 var.) ;
e o ¢ Reconstructed zenith angle & event
* Causal hit identifier : )
) L speed using fast construction
* Zenith angle estimation
Straight cuts
* Inconsistent with intrinsic PMT noise .
* Spatially compact S ELE
patially comp . * Events with reconstructed paths through
* Require likelihood-based vertex estimator ; .
Level 6 : . s corridor region
to be well contained in DeepCore fiducial « Starting & " e
. Dtartlrég stop;:lr?g position in or near
* Reject events with hits along “corridors” eepCore (contain)
in surrounding IceCube volume
Reconstruction (better & more accurate than
Level 7 fast reconstruction information above) Reconstruction & no cuts on L7 ?

& reconstructed energy must be 5.6-56 GeV




Similarities Differences

Simulation Neutrino Simulation Chain Muon Background Estimation

e GENIE e Analysis A: Simulation based on H4a

¢ PROPOSAL & GEANT4 Cosmic Ray flux model

e Photon Propagation e Analysis B: Data-driven based on muonsin

¢ Noise “corridors”
Selection e Trigger e Charge, vertex estimators, non-isolated

e Vetoregions hits, etc.

e Both use combo of BDTs & straight

cuts, but different variables foreach

Reconstruction Likelihood-based method with 8 parameters | Track discretization

o Vertexx, y, z, t

e Track zenith, azimuth

e Energy of primary cascade

¢ Length of minimum ionizing track

e Analysis A: 5 metersegments (finertrack)
e Analysis B: 15 metersegments (coarser
track)

Classification

e Analysis A: track length <or> 50 meters
e Analysis B: Force cascade only and

(traCk VS. cascade + track, determine fit, compute
cascade) log-likelihood ratio.
Analysis Energy binning: Coszenith binning:
Bi . ¢ Range: 5.6 to 56 GeV e Range:-1to1

Inning ¢ Bins: 10 bins spaced logarithmically ¢ Bins: Analysis A 10 bins, Analysis B 8 bins
Analysis Chi-squared minimization for nutau Nuisance parameters:
Calculation normalization and nuisance parameters. e Analysis A: Did notfit 043

Nuisance parameters:

e Ve /Vy ratio, V /anti-V ratio, 823, Am?23;
¢ Optical efficiency of detector

¢ Bulkice scattering & absorption

e Atmospheric muon fraction

e Analysis B: Did fit 813
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100
0 0
5.6 10 18 32 56 -1.0 =05 0.0 0.5 1.0 Cascades Tracks

Reconstructed Energy [GeV] Reconstructed Cos(Zenith) Particle ID

tau events: Distributions of the data with best-fit neutrino and
muon backgrounds subtracted, overlaid with the best fit v,
hypothesis projected onto the reconstructed energy axis (left),
the cosine of the reconstructed zenith angle (middle) and PID
categories (right), for Analysis A. Error bars are statistical
only.



Nevent

Data distributions with best-fit ve+vy and p
backgrounds subtracted (points with stat. error
bars), overlaid with best fit v. hypotheses.
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Tau Appearance and PMNS Unitarity

 3-yr DeepCore result
competitive with 15-yr
Super-K measurement

* Analysis improvements
and additional data will

Improve precision

lceCube Upgrade will
achieve =/% in 3 years

* ~10% precision needed
for real tests of unitarity of
PMNS mixing matrix

15.0
v, Appearance (CC+NC) = Observed
12.5 - w====_ Feldman-Cousins
. ICeCUb\‘ I'I‘ Expected (90% range)
10.0 - Expected (68% range)
[V}
%< 7.5 -'\ 30
5.0 A1
2:5° 90%
lo
OO 1 1 1
CC+NC (68%, 90%)
- = -
IceCube CC (68%, 90%)
-t +-——1
CC (90%)
OPERA 2015 e ————— -——
CC (68%)
Super-K 2016 f “ l
0.0 0.5 1.0 1.5 2.0

v, Normalization



upgrade!

v, appearance sensitivity
« Test sensitivity of analysis

301

251

Assuming 1 year livetime

Sensitivity : 1.0 yr : Asimov

50

4o

30

20
90%

lo

0.50

0.75

1.00
Npr

1.25

1.50

Not approved for public use

10% 1o precision target achieved using baseline
simulation/reco/analysis
(... but, remember caveats...)

This work
[ S— M OPERA (2018)
G M SuperK (2017)
—f————] i GRECO 3y (2019)
@ —| M DeepCore 10y

Upgrade 3y (proposal)

0.0 0.5 1.0 1.5 2.0



e — DeepCore 3 yr (10)
VPP — e IceCube Upgrade 1 yr (10)
— —— OPERA (10)
e f— SuperK (1lo)
0.0 0.5 1.0 1.5 2.0

Ny,




Atmospheric Oscillation Parameters

» Currently unclear whether 12017 [NH] Esxwzo?lsmm?
N2 Bn : | 35-- “MINOS w/atm- [NH] =+ NOvA 2017 [NH]: -
sSin 23 1S MaXima - T2K 2017 [NH] ‘IceCube Upgrade [NH]

;(3yrpr0.1)

e 3rd mass state made
up of equal parts v, vr

e Evidence of new

symmetry?

e T2K and IceCube prefer

maximal miXing, NOVA ZOIQO%CLcontours IceCube Prehmmary

disfavors maximal at 2.60* 035 040  0.45 .o.zs(o‘9 | 055 060 065
sin® (fy5

» Higher energy range of IceCube also permits octant determination via
matter resonance (99.93% CL expected at NOvVA 2017 best fit)



0.0030
--- NOVA 2018 (90%)
0.0029{ --- T2K 2018 (90%)
~-= MINOS 2016 (90%)
0.00281 . DeepCore 3 yr 2019 (90%)
wmmm= |ceCube Upgrade 1 yr (90%)
— 0.0027- Pe 4
>
@
~ 0.0026
L
S 0.0025 1 )
!
!
0.0024 1
0.00231
ceCube Work in Progress T ====T====71"""
0'0028 . : . , : ' .
30 035 040 045 0.50 055 0.60 0.65 0.70

sin?(653)



neutrino mass hierarchy ?

“Normal” “Inverted”
- 7
Al 2
& 1Am (atm) lvws(gw)
v- [
.. I ™) o [

present status: probability inverted ordering <15.3%



Using atmospheric neutrinos to measure the NMH

depending on the neutrino mass hierarchy

Piv,—v,) with Travel Through the Earth - 10 GeV, 179

-
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o
12000

e b =
2000 10000
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Piv,~»v,) with Travel Through the Earth - 6 GeV, 126
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s fol.to
Ptv.—v)




Normal Hierarchy Inverted Hierarchy

P(v,—v,) - Normal Hierarchy P(v,—v,) - Inverted Hierarchy

0.9 0.9

« Map upward v flux in bins f
of (E,cosb); i

e cos6=-1L~12000 Km:;
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Letter of Intent PINGU- arXiV:1401.2046



~ 10 GeV : hierarchy revealed by
“large” matter effects in the Earth

. 2
sin” 20/, = Sin” 26,

\2G
sin® 26, +| cos 26, J_rAFne
13

(mostly) neutrino + antineutrino -

sign A45 : hierarchy !



upgrade!

Significance (o)

10

NMO sensitivity (NO = True) NMO sensitivity (10 = True)

w & U O N ® ©

Time (years) Time (years) Time (years) Time (years)

difference between between “statistical combined” and “combined”
results from the different tension in the determination of the mass-
squared difference of JUNO and Upgrade if one wrongly defines the

mass ordering:

P 2
Ams, = m3 — mj



Next Step: the IceCube Upgrade

» Seven new strings of multi-PMT mDOMs in the DeepCore region

* Inter-string spacing of ~22 m

J— 1000m
e Suite of new calibration ", ) T
devices to boost * e S
lceCube calibration o ® . SRR
e e . @] ..° P
Initiatives oy . ° P
* Improve scientific AN L i
capabilities of lceCube at . —om 7 ’
o 2
both high and low energy -
9 9 ®

1450m  2100m  2140m
lceCube DeepCore Phase1 9850m  2450m 2430

Instrumented Depth






and with PINGU

mann T2K 2014 mmmm  JceCube 2014
e T2K 2014 - semme  PINGU 3 year, Fogli 2012 global inputs
projected 2020w PINGU 3 year, NuFit 2014 global inputs
=w=== NOvA-projected __ pnGU3 year, maximal mixing
¥ 2020 (95% CL)
=
o Normal mass ordenng assumed, 90% CL CONTours
|
o
=. 30
N
g
sl
25

20
030 035 040 045 050 055 060 065 070




An enormous wealth of information can be
obtained from the energy and pathlength of
atmospheric neutrinos through the Earth to the
detector

Neutrinos available over a wide range of
baselines, with energies from a few GeV to
~100 TeV.

Oscillations produce distinctive patterns in
narrow regions of 3D energy/angle/PID
oscillogram

cos(0z)

the atmospheric neutrino flux

; . o (Am2,L
P(v, = v,) ~ 1 —4|U,3)* (1 — |Uya|?) sin? (&

4F

1.00
downgoing Normal mass ordering

0.75
0.50
0.25

0.00

-0.25 B3M peutine

Phjslcs?

-0.50

-1.00 S— =3
102 103

E [GeV]
< > vacuum-dominated ———»

matter resonances
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In the Earth for sterile neutrino Am? = O(1eV/?) the MSW effect

happens when
~ Am?cos 26

= O(TeV)
v
2v/2GgN

,f' - W(/‘ f Am}, =1.0eV?
.5’ 0.8l | sin(26,,)* =0.01 |
-g solid :
"g 0.6 “ “ dashed : v
A
=
=04 ”
©
= — P(,—~7,)
o -— -_
8 0.2 U - P( p_)u‘r)

; 'Qi . e P(‘p—n‘/s)
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number of v,, observed versus zenith angle

o

Number of Events

==t
=
=

[

- 2 2 2
sin“0,, =0.1 Am;, =0.4¢eV

Cosié,)

~ 2000 events per bin

Sinf;4=0.000
Sin’#,=0.100
Sin’#34=0.100
Am’5=04 eV?
x2=439304
X2 eq=438.764




Number of Events

number of nu-mu events versus cosf in lceCube 40
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NTs sensitive to disappearance effects in atmospheric neutrinos, ie, mainly to Am?,, and sin26,,

101
10°-
5 ]
>
o b
= -
Ng :S/O
noOL M
< £ s
1071- %
1 = IceCube 90% CL 7
—-— MINOS90%CL o _
— MINOS+90%CL ¢
Kopp et al. (2013} _”
mmm Collin et al. (2016)  —— === >
10721 ——= e
102 1071 1
5in%264

High energy analys

is: E, 2 300 GeV

00

|U,'4\[2 = sin? 034 - cos’ Oy

Phys. Rev. D 95, 112002 (2017)

030 ' === SK, NO (2015),90% C.L.
==s  SK, NO (2015),99% C.L.
ook mm= [ceCube, NO (2016), 90 % C.L. ||
______ === |ceCube, NO (2016), 99 % C.L.
____ ma  |ceCube, IO (2016), 90 % C.L.
0 20 s lceCube, 10 (2016), 99 % C.L.
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ORCA sensitivity !
arXiv:1702.04508) *
_ : e, = i
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0.00 PSRRI | P
10° 102 101

|U“412 = SiIl2 024

Low energy analysis: E, < 60 GeV

So far, results consistent with the standard three-neutrino hypothesis




current results
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Zenith Angle (deg)

new physics with atmospheric neutrinos...
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S neutrino oscillation
hierarchy!!!

non-standard

neutrino interactions
dc/c < 1027

earth matter resonance
for eV sterile neutrino
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a Muon neutrino b

Atmosphere

cosmic rays

/ IceCube
"‘;\ horizontal
0\
tau neutrino

vertical enature Tau neutrino  Detector

1.4 —r—r——rr
. . 1.2
neutrino interferometry tests
Lorentz symmetry: E o
e.g. ratio of the vertical vs sl
horizontal oscillation probability R
—_— |c,(167)|:10‘35Ge\/‘2 --- NoLV
0.6 H ___ 1.6 _ 10-37 -2 ¢ ¢ Data
. . leur | = 107°7 GeV
result for dimension 6 u-t operator |C§‘6)| oy
shown here - -

M | L L L L P T
10° 104
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tests
e equivalence
principle
and
e Lorentz
Invariance

...general
relativity
will not last

200 years...
M. Turner
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SO0nN:

* 10-year point source analysis

 first HAWC-IceCube search for Galactic sources

» dark matter annihilation in the sun: 3-8 years
(world-best spin-dependent WIMP limit)

* sterile neutrino: 1->7 years

* joint searches with LIGO, ANTARES, AUGER/TA

 study of the composition between the knee and
ankle with IceTop/scintillator/radio array (beam that
produces the TeV-PeV atmospheric neutrino
background!)

* first observation of the core of the Earth



lceCube: beyond neutrino astronomy
Francis Halzen

muon astronomy: search for the sources of the
Galactic cosmic rays

detecting a Galactic supernova explosion

search for dark matter

neutrino oscillations

search for sterile neutrinos

lceCube.wisc.edu



IceCube DM targets

Galactic Center

Galactic Halo
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Clusters of Galaxies

accumulate due to WIMP-proton
elastic scattering
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Dwarf spheroidal galaxies

WIMP

MS5M - neutralino

WIMP



10-19

T TTTT T TTTTT T TTTTH T TTTTH T TTTTIT

T TTTT

10-25

LT TTTTH]

10-26

Natural scale

L1l

1

1

T

T T T 1T =, T I
.

L

Lol L1 1t

"".IIIO"..‘.../“/ =

" 4 - - =

- s 3

rd - -

i - -

P ~ . . * -
N _
o E
IC59 Dwarves —— ANTARES i

—+— |C22 Halo — — Fermi Dwarves 95% C.L.[]
—%— |C79 Halo == MAGIC Segl 95% C.L.
—8— |C79 GC v VERITAS Segl 95% C.L H

=== |C86 Halo Casc.

|

L1l 1 [

L1l ]

10°

10°
m  |GeV]

10*



* Up-going @ * Up-going @ * Down-going @
* No containment * strong containment * stfrong confainment

--------.

g IceCube$, . IceCube®, . ' IceCube®,
' .
: — ' ' " -
---- — . _-l? L] 1 1 '-"
1 ] " o
1 [] 1
______ —8 1 1 1
- : ' . 1
1
: : :
' ] 1
-"'Y ..... ‘ " --------"'
_]’ L L L} L) ‘l\ L4 L T T : 3 l  ; . 2 L4 ' Ll T Ll ] T L I' Al Ll Ll I' Al Ll L4 -
40 — S S . . . . PR g _..-
38— —
T , =
[} 34 AL Flar W A =
- 9 : -
E a2f— ‘ Ty R R
. . _summer e .
s - g
,'._.l%}_a/... ! P e
N - I L . A S ghey o . e S X ""N-\E
14 :l PO TN | 3 2. a2 8 o 2 o | B_g.. o Bily o _s | T )y o g (F a4 P | 3 a o 8 4 Ad | - 2__p :X")J
116 116.2 116.4 116.6 116.8 117 117.2 1174 117.6 117.8 118 118.2

Run number



Sun

relative abundancy
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Effective x{-proton cross-section oy, (cm?)
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Capture rate in the Earth, C (s™)

Sivertsson & Edsjo, 2012
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« 6 different data samples based on data from 2008 — 2012
- different strategies to suppress the atm. u background
« large samples of track-like and cascade-like events
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assuming isotropic astrophysical flux and v,:v,:v, = 1:1:1 at Earth >

unbroken power-law between 25 TeV and 2.8 PeV
spectral index - 2.5+0.09 (-2 disfavored at 3.8 o)

flux at 100 TeV (6.7 + 1.2)x1018 (GeV - cm2 - s - sr)!

the best fit flavor composition disfavors 1:0:0 at source at 3.6 o



- Different event signatures allow flavor separation — primarily p vs. e, 1

e

R

I_l.
B
@

oS

: v, at source

0:1:0
1:2:0
1:04)

Muon-damped pion decay: allowed

p —e +UVet 1y,

Pion decay: allowed ==

T —u +Uy,

Neutron decay: rejected at 3.7

oscillate over cosmic

distances to 1:1:1




neutrino reconstruction

Latest published DeepCore results

» Zenith: Require a core of direct
(unscattered) photons

» Minimize impact of ice properties
» 30% efficiency

» Fit zentih angle with direct photons
(assume no scattering)

» Energy: track+cascade hypothesis
» Fit track length and vertex position/E
» Keep direction fixed

» Assume track and cascade are collinear
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Latest published Deepcore results Resolutions for DeepCore (published result)

. . . 20
» Zenith: Require a core of direct o — Median error (0,0,
(unscattered) photons 5 .
» Minimize impact of ice properties f 5|
» 30% efficiency "5 20 30 40 50
Neutrino energy (GeV)
» Fit zentih angle with direct photons ~ *© —————
(assume no scattering) z: '
3 oef _
» Energy: track+cascade hypothesis £ 04 L
. . £ 02 — —
» Fit track length and vertex position/E 0.0 ,
10 20 30 40 50

Neutrino energy (GeV)

» Keep direction fixed

» Assume track and cascade are collinear



More sophisticated reconstruction

» Use arrival time of individual photons

» Fit energy + direction simultaneously

No need for direct photons, use all events

05

coszen Resolutions

» Similar resolutions in DeepCore

» Higher efficiency
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Working in DeepCore, testing vs data
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» In DeepCore — ratio of 2 fits

» Assume track+cascade vs only cascade

» Current results: xz in directional fit

» ALLH in sophisticated reconstruction

» In PINGU — multivariate method

» Exploid topological variables
» Combine discrimination power
» Can be optimized for sensitivity

Rate (Hz)
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Particle identification in DeepCore
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projected sensitivity

Projected MC sensitivity from re-analysis of 3 years of DeepCore data*

» Classify interactions:
» Between track- and cascade-like
» Inclusive selection:
» Direct hits required (5 - 3)
» Sophisticated reconstruction
» Global fit of all parameters
» Including events from all directions
» Also down-going (atm. Muons)

» Renewed calibration efforts

38 -

90% CL contours ‘
IceCube MonteCarIo Prehmlnary
0.3 0.4 0.6 0.7

sin” (923)

» Noise modeling, angular acceptance, individual DOM behavior

Projected 3 Year MC — 1C2014 [NH]| |




