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NEUTRINO BEAMS: HEAVEN & EARTH

ptp2>p+p+n

E directional
1 beam

magnetic
fields

v

pty2>n+n |1
>pt+n i

1. DeYoung

Nuclei: deflected
Y: can be absorbed

V: travel in straight
lines and difficult to
be absorbed
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South Pole Glacier
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\ lﬁ? L) IceCube Lab

5160 PMTs

1 km3 volume

86 strings

17 m vertical spacing

125 m string spacing

Completed 2010

Bedrock

IceTo

y 81 Stations

324 optical sensors

lceCube Array
86 strings including 8 DeepCore strings
5160 optical senscrs

10 GeV to infinity

DeepCore “ _
8 strmgs-sl)acmg optimized for lower energies
480 optical sensors

Eiffel Tower
324 m




Distance to source (vertical) [m]

Best cascade fit

Reversed orientation
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ang. res. = 0.630 + 0.04
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IC59

3, - 3 [deg]

< 0.5 degree online

< 0.3 degree offline for muon tracks
10~15 degrees for showers

< 15% energy resolution




Main-stream analyses

Neutral Current /

, .
Electron Neutrino CC Tau Neutrino

CC Muon Neutrino

~
Penith 0.381841 e® oo e
Azimuth 0.0268428 \\ @30 _ e % &
..O-

. | A*i‘g
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RHE

v+ N —-p+ X Ve + N > e +X ve+ N—-174+X
Vs + N = v+ X
track (data) cascade (data) “double-bang” (z10PeV) and other Another way of

factor of = 2 energy resolution = +15% deposited energy resolution signatures (simulation) FD... we go

< 1° angular resolution at high = 10° angular resolution (in IceCube)  (not observed yet: T decay length is below and 3D
energies (at energies z 100 TeV) 50 m/PeV)




. string
® |ceTop tank
. DeepCore string

KASCADE
1 km? ice-Cherenkov  * 0.04 km?
125 m spacing * 13 m spacing
2835 m a.s.l. 680 gcm? « 1000 gcm2
Coverage 3 x 104 Coverage 1.5 x 102

instrumented area

Coverage =

total area

Wooden lid

Wooden structure
— Perlite

— DOMs

— Tank

— Ice

Ll Diffusely reflective liner
(Tyvek/Zirconium)

Insulation foam

(DOM) in lceTop tank




Angular resolution: ~1°
Timing resolution: 3 ns

Energy proxy S;,c in VEM (vertical
equivalent muon)

Energy calibration based on MC (mixed-
composition model H4a)

o Energy resolution < 25% . ‘
. . X 1684 _q g S105=(207.4 £7.8)VEM
o Systematic uncertainty ~10%. - , : 5=(3.14£0.04)

Proton primary, cost=>0.95

LDF model: double-log-parabola
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Muons detected per year:
: Air shower :
. atmospheric* Vu-dominated

7 1010 .\."'f".------
" = AR f Vv only

« atmospheric** v 2 u
> 8x104

‘cosmic vy o A | numosphere

~ 10 (exaggerated)

Air shower

* ~ 3000 per second Astrophysical source
** 1 every 6 minutes




High energy muons Muon bundle
Prompt component Muon multiplicity and
(hadronic interaction mass composition

High PT muons Photon search models)




o DE RIDDER % Coincidence and mass composition (1/2)
Tom FEUSELS

Katherine RAWLINS
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Neural network of variables both from IceTop & IceCube
e Signal at 125 m on the ground

 Zenith angle

« dE/dX at 1500 m (slant depth)

The number of large stochastic energy losses at two
threshold values




we 0 CoOlNcidence and mass composition (2/2)
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H DE SKI: ICRC )
Hans DEMBINSKI: ICRC 267 Y Peripheral muons (1/2)

r— 646 m

Y2/ ngof = 178.3/112  — total
— 1.6 — 14+ muons
0 muons
— bkg

=10 =05 0.0 0.5 1.0 1.5
log,(5/VEM)




Hans DEMBINSKI: ICRC 267
Javier GONZALEZ

lceCube Preliminary

10 3
2.10?

r/m

CORSIKA-Sibyll2.1-Fluka, and the HiRes-MIA result at a different
slant depth of 860 g cm-2 (we are at 680 g cm2).

Y Peripheral muons (2/2)

lceCube preliminary

¢ This work
¢ Gonzalez 2014
* HiRes-MIA 2000

102 103

E/PeV

10!

16

QGSlJetll-04 and EPOS-LHC results in progress




2 EeV
Air Shower

Electromagnetic Particles
(10s-100s of MeV)

LE Muons
1-10 GeV)

HE Muons
(TeV)

Shower Axis

N‘,u oc A]—G’ . E-ﬂf

prim

Ratio of EM particles
to muons depends on

primary type

Heavy: +mu -EM
Light: -mu +EM

~2.5X more muons in
Fe showers than p




arXiv:

1506.07981 * Muon bundle and high energy muon*

[subm. to ApP)

Low-Energy

Patrick BERGHAUS

Bundles

HE Muons
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Muon energy distribution in the deep ice: Proton vs Fe

-
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Source Variation Eftect Comment
Composition uncorrelated Fe, protons variable Residual bias near threshold
Energy Estimator uncorrelated 4 discrete values variable Derived from data
Angular Acceptance | uncorrelated 3 zenith regions +10% Flux Scaling Estimated from data
Light Yield correlated +10% +13% Energy Shift Composite Scalar Factor
Ice Optical correlated 10% Scattering. Absorption | +25% Flux Scaline | Global variations around default model
Hadronic Model correlated discrete +10% Flux Scaling EPOS/QGSIJET/SIBYLL
Seasonal Variations correlated Summer vs. Winter +5% Flux Scaling Estimated from data
Muon Energy Loss correlated Theoretical uncertainty [69] +1% Official IceCube Value

Patrick BERGHAUS
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conventional: 7,K (ct > 1 )

CR Primary

prompt: short-lived hadron (ct «1 )

7t K+ - p* 4 v,(5,) (63.5% for K)

L> e + Ve (V) + F,u.(l{u)

K* — 7%,

-0
K; — meve

leptons (”’Vu’ve)

D.A.— U+ v+ ... (order %)
K¢ — mev, (Gaisser & Klein 2014) (0.07%)

/ —
17,1 — ,u+,u ‘“flavourless’
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1. Identify HE muons
as tracks with exceptional
stochastics losses

2. Reconstruct cascade energy

3. Deduce most likely muon
surface energy from simulation

,d

MC casc’  slant’

6:Z.EII)

: N
“Event Rate [s° 1}

| IIII|I_I_| | IIIIHI‘

high energy muon

- ?'_ i : : ; ;
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+ . 5 55 6 6.5
lo ngfl'ffm!GeV

Patrick BERGHAUS
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= H3a Total
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M
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* High energy inclusive muon spectrum compatible with additional

contribution at high energy
* Prompt component from charm production and unflavored n mesons

Patrick BERGHAUS




ICRC 256

Dennis SOLDIN
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EHE filtered, d =135
I

m

EHE filtered, dy =135 m
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Dennis SOLDIN: ICRC 256
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lateral separation [m]

—12F

Spectrum index
sensitive to mass

B CMS

¢ PHENIX||

composition and
models
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Photon search, forward muon production etc...

=Entries 60251 : Entries 51321
SMean  0.19% Mean 0.13
RMS 0.11

Entries 439889 Entries 440000

LR RN RIRIRNIRIlT] ‘

frequency

EPOS-LHC QGSJetlI-04

EPOS-LHC QGSJetll-04

n_
A

—=] PR I U ] ] I
2
_ . 0.8 1.0
Particle ID (CORSIKA table) elasticity (")

.,._,J-\-E\I_.HIIII|IIII|IIII|IIII|III\‘IIII|II

The plot is for Auger energy but the physics is the same... we
always have proton background and seems model-dependent




Future for IceCube: Gen2!

“IlceTop-2”

Surface
Veto Array

HEA (High-Energy
Array)

* 10 km?2 in-ice array with 10 km? IceTop-like cosmic-ray array on top

* Increase accessible cosmic-ray energy range by factor of 3

* Increase coincident events by factor of 50 (due to increased zenith angle range)
* Surrounded by ~ 100 km? veto (less sophisticated air shower detectors)

* Enable lateral muon distribution measurements on event-by-event basis.

we also have proposals such as air-Cherenkov telescopes, scintillator on surface, PINGU...




IceCube DOM

a
wyr

CHI

BA

UNIVERSITY

IcECUBE
GENERATION 2

Gen2 D-Egg

RAAT R BRBE




CONCLUSION

lceCube has a broad science program for neutrino physics, particle
physics, astrophysics and so on.

The combination of IceCube and IceTop analysis offers a unique
chance to study EM component, low and high energy and high pt
muons of air showers. So far most analyses based on SIBYLL, will be
updated to use post-LHC models.

lceCube Gen2 is around the corner, more possibilities to do
coincidence measurements for constraining hadronic interaction
models.
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BACKUP: WEATHER EFFECT AND CHARM
COMPONENT

u multiplicity - IGRG 2013

(CECUBE PRELIMINARY =

-'f I"l

ICRC 2009
ICRC 2011

_II|IIIILI_I__I_l-T'I]II|IIII|IIII|III_

Takao KUWABARA

ICRC 2013




hucleon flux muon neutrino flux
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GST - T. K. Gaisser, T. Stanev, and S. Tilav, arXiv: TG - M. Thunmanf G. Ingelman, and P. Gondolo,
1303.3565, (2013). Astroparticle Physics 5, 309 (1996).

poly-gonato - [1] J. R. Hérandel, Astroparticle Physics

H3a - T. K. Gaisser, Astroparticle Physics 35, 801 (2012). 19, 2 (2003)




Backup

Background Atmospheric Muon Flux

Somewhat compatible with : Bkg. Atmospheric Neutrinos (r/K)
! ; 1 Background Uncertainties
be nchn']a rk E'2 ast rOphyS|Ca | ! Atmospheric Neutrinos (90% CL Charm Limit)
. I : Bkg.+Signal Best-Fit Astrophysical (best-fit slope £ 27%)
model or single power-law
model, but looks like things are

more complicated

= Bkg.+Signal Best-Fit Astrophysical (fixed slope £ *)
Data

Best fit assuming £~ (not a very
good fit anymore):
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Best fit spectral index; E-2°8 10*
Deposited EM-Equivalent Energy in Detector (TeV)
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