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Outline

* Ongoing Physics Analyses

Diffuse/Atmospheric Neutrinos
 Cosmogenic neutrinos (EHE)

* All flavor (cascades and tracks)

* Through-going NuMu (tracks)
 NuTau (double cascades)

* Flavor ratios

Point sources/Transient

Low-energy and Oscillations —> See Moriah’s talk

Supernova

Cosmic Rays (IceTop: Energy spectrum, anisotropy)
Beyond the Standard Model (BSM)

e Event Selection/Cuts
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Ongoing Physics Analyses
(Not Exhaustive)
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Where do you find them??

& IceCubeWiki

(- < C ‘@ https://wiki.icecube.wisc.edu/index.php/Main_Page

% Q0 B B =

=% Apps ™ My IP address?

Frec  -2¥ LDAP Login - Auther i New User Welcome | [ Google #:8 [ C++ tutorial for (futu. [ Getting Started on |

[ AppledE » Other Bookmarks

= Community portal |

Analysis resources |

= Current events
= Recent changes
= Random page
= Help

IceCube Analysis overview
Plots for public release

search

Data & Simulation

!I I\

Go Search

toolbox

Data Center
Computing Services

Simulation Production &

= What links here
= Related changes

Software & Computing

= Upload file
= Special pages
= Printable version

New User Welcome Letter
Analysis software at UW/IceCube

= Permanent link Boards, Committees & Meetings

IceCube Detector

Documentation |

IceCube Live &
South Pole
Problem DOMs

Working @ 222

The Office
The Building

Introductory Material to IceCube
Monitoring Reference Guide
Experiment Control

Software &)

Useful links

Education & Qutreach
People
Internal Website &

= Upload multiple files

Publications Committee (paper drafts)

Speakers Committee (conference talks) &)

orking groups

Coordination Committee
TFT Board

Simulation Panel

IceCube call (docushare) &)
Analysis call (docushare) 2

Analysis
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Low Energy and

Oscillations (calls) (mail) &

Cosmic rays (calls) (mail) &

Diffuse/Atmospheric v (calls) (mail) &
Gamma-ray bursts (calls) (mail) &
Point sources (calls) (mail) &
Supernova (calls) (mail) &

Beyond the Standard

Model (calls) (mail) &

Detection channels

R&D projects

Cascades/Taus (calls) (mail) &
Muons (calls) (mail) &

Detector & Simulation

Calibration (calls)®  (mail) &

Simulation (mail) &

Verification (mail) &
Simulation Production

Acoustic (calls) (mail) &
AURA
RASTA (calls) (mail) @
PINGU

Proton Decay
Simulation

IceCube Extensions (mail) &

Legacy working groups

WISCONSIN lCECUBE
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Astrophysical Beam Dump

Image: V. Beckmann, NASA GSFC (http:

» Nuclel can be deflected by magnetic
fields

» Gamma rays can be absorbed

are difficult to stop and
travel in straight lines

Astrophysical
beam dump
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Astrophysical Neutrinos 6

Gamma Ray Burst (GRB)

Active Galactic Nuclei (AGNs)
» Fermi acceleration:

_NEQ
dE

If cosmic rays interact before decaying, spectrum is softer

» At Earth’s surface:
Ve iV sV =1:1:1

Supernovae

Expected astro. V flux at Earth E2dy ~ 108 GeV cm? s7! sr! (TeV-PeV)
#HWIPAC  SRICECUBE
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Atmospheric Neutrinos 7

2600/sec of these in IC86
Major backgroundI 1
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Diffuse/Atmospheric Neutrinos 8
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https://inspirehep.net/record/1339582/files/thesis.pdf
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Conventional: ~ E™27
Prompt: ~E™27

Astrophysical: ~ E~7

Prompt neutrino models:

Naumov RQPM:
http://link.springer.com/article/10.1007%2FBF02509070

Naumov QGSM:
http://link.springer.com/article/10.1007%2FBF02509070

Enberg: Phys. Rev. D, 78(4):043005

Martin: http://arxiv.orag/abs/hep-ph/0302140v2
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http://arxiv.org/abs/hep-ph/0302140v2
https://inspirehep.net/record/1339582/files/thesis.pdf

Ditfuse: extremely-high energy cosmogenic neutrinos
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This analysis led to the discovery
of first PeV neutrino events in IceCube
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o —_— Yoshida et al.
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Phys. Rev. D88 (2013) 112008
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Ditfuse: all-sky, all-tlavor

High Energy Starting Events (HESE)

* 54 events found in 4 years, with expected
atmo. background events of 21.6%°-°54

 Events are cascade dominated (40/54)

* The highest energy cascade event is ~ 2 PeV.

80 'Showers —e—i - g 3.5 HESE|—4yr | 'IceCube Preliminary
Tracks ——>¢— ©
60 - O B
- IceCube Preliminary 3.0l _
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Diffuse: up-going Muon Neutrinos e N

5 T v only
. North :';'.:'. “‘ ......
 PRL 115 (2015) 081102 : 2 Yr data, only upgoing v, |
CC events e 8 #*
Use the earth as an atmospheric muon filter :
* An independent selection of astrophysical neutrinos ;3,{ _ A shower
* Results are consistent with the all-sky all-flavor pstrophysical source :
selection 3
10 F———m———
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Diffuse: Astrophysical Tau Neutrinos (vq) 12

Schematic v; CC interaction in IceCube

- T~ — v, + hadrons (64. 8%)\/
( | v+ N =177 +X ‘
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Diffuse: Astrophysical Neutrino Flavor Ratios

13

+ Precision measurement of neutrino flavor ratio at Earth

» Test standard oscillation over extremely long baselines
» Probe dominant emission processes at source
» Constrain new physics models.

VeV, V. at source o
0:1:0 % 20
o 1:2:0 1.00 |13
A 1:0:0
116
114
p 112 3
Pion decay: allowed 10 4
&N
g |
Neutron decay: rejected at 3.7 — e JPE—. 017 0
%
0.00 9
S K 5 & &S
Apd 809,98(2015) S S S S S S ™ 0
VQ
00000
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Atmospheric Neutrino Spectra

14
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Phys.Rev. D91:122004,2015

E2®, (GeV cm? s sr)
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Honda HKKMS2007:
Phys.Rev.D75:043006,2007

10
10

107°
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e v, (unfolding)

v, (forward folding)

A v, (DeepCore 2013)

A v, (2014)

= Honda v, (HKKMS2007)
. Honda v (HKKMS2007)
= —— modified Honda v,
- Bartol v,
| | | | | | | | | | | | | |
2 3 6
Iogm (EV/GeV)
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Neutrino Point Source Searches 15

N
L R N Mo
Likelihood:  £(Zs,ns,7) = | [(F78i+ (1= 57)B))
The source probabillity density S, :
87; = N(Tz) X g(EZ) X T(TZ)
' |
Space angle p.d.f.  energy p.d.f. time p.d.f.

The background probability density B, also contains
a space, energy, time component .

L(ns = 0)
L(ns, )

Braun, Jim, et al. Astroparticle physics 33.3 (2010): 175-181.

s WIPAC 8. ICECLIBE
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Test Statistics: D = —2log| | X sign(fn)




Neutrino Point Source Searches 16

o, (Years)
10 10° 10° 107 10° 10° 10" 10° 10% 10’

I/ ILLLLLL IR B R BRI R B R B R IR L R e

| Q .EE QE . . . .
L i Ei S  Unbinned likelihood is
@ o b b Iy a4 luj
.'dEJ B Time Integrated Analysis (No Energy) ' * more pOWe rfUl th dn
> i i : :
m ||||||||||||||||||||||||||||||||| .I |||||||||||| !IIIII||||||||||||||||||||||||||||. |||||||||| | ||||||||||||||||||||||||||||||||||||||||||| : |||||||||||||| J:m ||||||| LIJ blnned One
- Time Integrated Analysis (Energy) | oot o
c 10 : :
S . .
> r ¢ Sensitivity gained when
S ; e more (correct)
N B _ I e et I . . : .
E T : information is provided
L . A e :
= i__.--::::.':u-:::::::.i— I
© et et Unknown Burst Time (Energy)
c 11— '.': o’:i """"" E ------ Assumed Burst Time (Energy)
-ug; ~ "",,:o:‘x' ' Unknown Burst Time (No Energy)
5 [~ el E ------ Assumed Burst Time (No Energy)
e L | . ——— Time-Variable Binned Analysis

— E E ------ Binned Analysis

IR AT ARRARRTTTY SRARRUTIT AR RUTTY ATI RETTT RNSRRTITT ARNARRTIT EARERRUTTN EATIRETT

108 107 10° 10° 10* 10° 107 10" 1
Effective Background Events

Braun, Jim, et al. Astroparticle physics 33.3 (2010): 175-181.
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Neutrino (Steady) Point Sources?

17

Spatial clustering

ICECUBE PRELIMINIT\F‘Y_‘_‘_‘____._._-_-.-_-.._.‘-_-.::.,-.-...,.. e traCkS
....................................................... +: ShOWerS
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| | . 36 48+
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-+ _]I__5 45
RCIEITTIEE T RRRPPPR PRPPRRPR SO ey -7 /SO SR | (- - . JG e
o TRTN A 18% o A2
. X .
9y R10f S AL Galactic
p_value: 58% i e ol o s
I |
0 TS=2log(L/LO) 13.1

PoS(ICRC2015)1081
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Neutrino (Transient) Point Sources”? 18

Spatial & Time clustering

Gamma ray burst (GRB)
. Y N Lot

Artist impression-of a fast radlo burst
reachlng Earth o -

~ i collapse

\
|
N

W

Burst time ~ O (s) Burst tlme < 10 ms -

Photo credit: ngchuan Yu, Beijing Planetanum

Background free within the prompt time window.
One coincident event could be statistically significant.

12232 WIPAC
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Supernova: SN DAQ

19

® Supernova

® Uniform illumination in the ice

® -~0.5to01x10%eventsin 10 seconds

® DOM to DOM correlated increase
IN detector noise

® Advantage
® [ow DOM noise - ~280 Hz
® High Statistics - 0.25% error
® 2 ms time resolution

® Disadvantage
® No pointing
® No individual events

® No energy information

20 MeV
positrons

wo 01

\j

1 meter

Supernova rate in the Galaxy: 3+2 per century B. Riedel
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Cosmic Rays: IceTop + IceCube 20

) IceCube Preliminary Low Energy 400 TeV

-1 -0.5 0 0.5 1 15 -1 -05 0 05 1 1.5
Relative Intensity [ x10 *] Relative intensity [ x10 %]

3 2 -1 0 1 2 3 3 -2 =1 0 1 2 3
Relative Intensity [ x10 ] Relative intensity [ x10 *]

lceTop: Cosmic-ray anisotropy (103) in the southern hemisphere

lceTop+IceCube: chemical composition
lceTop: all-particle cosmic ray energy spectrum in PeV - EeV

IPAC ICECGUBE

IN lCECUBE

Donglian Xu | IceCube BootCamp 2016: Physics Analyses | June 16, 2016



Beyond the Standard Model

21

e |ndirect dark matter search

e The Sun
e (Galactic Center

@
o

e Slow Monopole

@
~N

log10 ( ogp, / cM?)
8

A
©

-40
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Event Selection
“‘Cuts”

—Proof of Concept—

Donglian Xu | IceCube BootCamp 2016: Physics Analyses | June 16, 2016 4444 iz Lo -
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. min E(GeV) == 1184 .28
n, min E(GeV) == | 0,94



Muons Detected per Year

.. you just saw 10 ms of data ...

+ Atmosphericy  7x101°9 (3000/s)
+ Atmospheric v u >8x10% (1/6 minuts)

+ Cosmicv uH ~10

22522 WIPAC
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Event Selection + Analysis Chain 25

Cuts: A cut is a selection criteria to reduce background and improve
the purity of the event sample of interest.

[Define your Observables]—>[ Model Backgrounds ]

[Working Group Review]4 [ Optimize Cuts ]
[ Collaboration Review j—>[ Unblind ]

Find s mething’?
Yes

[ Further Analysis ]/ \[ Set Limits ]
~ Y

sssss WIPAC ICECUBE
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Event Selection: how good is good enough? 26

—Rule of thumb—

"Neutrino level”
“Signal purity comparable to signal strength”
“Sensitivity optimization based on S/N ratio”

e Diffuse analyses usually require higher
purity than point source analyses

e [ransient analyses could be even more
packground tolerant than the steady
0oint source analyses

Donglian Xu | IceCube BootCamp 2016: Physics Analyses | June 16, 2016



Event Selection Example 27

Multiplicity-8 Multiplicity-8
trigger trigger

LineFit velocity < 0.09 &&
Tol eigenvalue ratio > 0.06

Jakob van Santen,

dissertation 2015
https://inspirehep.net/record/1339582/files/thesis.pdf

LineFit velocity < 0.12 &&
Tol eigenvalue ratio > 0.1 &&
; rlogL < 9.5

Offline pre-selection

g S

LLHRatio < 5 &&
cos(SPEZenith) < 0.36
+ 0.16log10(E)

1 cluster

Vertex in detector &&
Highest-charge DOM
not on outer layer

First HLC hit not on
outer layer or within 70
m of top or bottom

<G>

FillRatio > 0.6 &&
NStrings > 3
rlogL <9

\ 4
1 cluster &&
NString > 3 && Cleanup
LineFit velocity < 0.09 && cuts
Tol eigenvalue ratio > 0.06

Veto charge = 0

> 6000 Total charge < 6000

-
l
|
l
l
|
l
l
|
l
|
|
|
l
l
1
l
l
|
l
l
| Y
| > Veto charge < 2
| Downgoing=
: rack vetg
|
l
|
l
l
|
|
|
|
l
l
l
|
|
l
|
|
I
|
l
l
I
l
l
|
l

< 10 (nondetection) > 10 (detection)

Upgoing
ack charge

Fiducial
olume ¢
/ Final sample /

g g S S

s WIPAC . ICECUBE

Donglian Xu | IceCube BootCamp 2016: Physics Analyses | June 16, 2016 000D Moconsm ECUBE - ren S Faws Nemsing Oassversy



https://inspirehep.net/record/1339582/files/thesis.pdf

Backup Slides 28
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ICECUBE:

THE DOWNWARD-LOOKING TELESCOPE

5.V. MEDARIS FOR WHYFILES.0ORG



Astrophysical Neutrino Flavor Ratios 30

B New physics
Std. mixing
v; flavor cont.

1 (fo:fuifo)s New physics
all free 0;,0cp: BF,16,3c 01
NH

Std. mixing
(-),-,-,Scp: BF,1G,3G 0.1

0.9
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M. Bustamante, J. F. Beacom, and W. Winter, Phys. Rev. Lett. 115, 161302 (2015).
C. A. Arguelles, T. Katori, and J. Salvado, Phys. Rev. Lett. 115, 161303 (2015).
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