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Cosmic Rays and the High

-nergy Universe

e Radiation of cosmic origin first
established in 1912

e \/ictor Hess carries electroscopes
to 5000 m altitude (!) in a balloon
e \What are they?

e Charged particles, so they don’t
point back to their sources

e Clues from spectrum, composition

e \Where do they come from?
e Astrophysical accelerators?

e How are they accelerated?

Tyce DeYoung

(GeV cm'2sr'1s'1)

10°

E2dN/dE

10

10

|
compilation

§

by T. Gaisser

1 particle/m?/s

Fixed target

I | I |

All particle spectrum
JACEE[11]
Akeno[12] &
Tien Shan{13] ‘
MSU[14] +——

CASA-BLANCAUS]» [
HEGhA&E}- St
CasaMia[16] +—e—

Tibet{15] —a—

Knee &
1 particle/m?/yr

Ankle
1 particle/km?/yr

HERA
RHIC TEVATRON

¥

LHC

—

10

12

E

1014 1018 1013
(eV / nucleus)

Institute for Gravitation and the Cosmos Colloquium

March 15, 2010



Potential Cosmic Ray Accelerators

HESS, Astron. Astrophys. 2007

P. Mészaros, Science 2001 External Shock

The Flow decelerating into
Internal Shock the 5“"""'"9 medium

Collisions betw. off.
parts of the flow

Artist’s conception of
binary merger (NASA/Swift)

Active Galactic Nuclei



Multimessenger Astronomy
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Gamma rays and
neutrinos should be

produced at the
sites of cosmic ray
acceleration




High Energy Neutrino lelescopes

e Neutrinos interact in or near +a .
the detector :

%w, Vi
!/\\ AN
\ AN jhadronic
™ \ shower

e O(km) muon tracks from v, CC

e O(10 m) cascades from ve CC,
low energy v+ CC, and vx NC

e Cherenkov radiation detected by
3D array of optical sensors (OMs)
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lceCube s

5160 DOMSs on 86 strings

160 lce-Cherenkov tank
surface array (lceTop)

Surrounds existing AMANDA
9\ detector (677 OMs)

_29 strings deployed to date
irg& construction seasons

~ AMANDA

324 m
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Amundsen-Scott South Pole Station, Antarctica



The Digital Optical Module (DOM)

Cable Penetrator Assembly
\ PMT High Volitage Base Board

. / LED
// Flasher Board
—- Main Board
/

.

Delay Board

High Voltage Generator &
Digital Control Assembly

Mu-Metal Magnetic
Shield Cage

Glass Pressure /

Sphere

PMT



Optical Properties of South Pole Ice

Absorption
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e One of the clearest natural materials known

e Absorption lengths > 100 m, effective scattering lengths 20-50 m
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kellhhood Reconstruction of Events

J. Ahrens et al., Nucl. Inst. & Meth. A524, 169 (2004)
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¢ Intermediate regime between diffusion, free streaming — difficult

¢ Requires detailed numerical description of light propagation



Signals and Backgrounds

cosmic ray

astrophysical
neutrino

atmospheric ¥
neutrino

atmospheric
muon




Signals and Backgrounds

atmospheric
muon

atmospheric
neutrino
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lceCube 2008 (40 String) Full Sky Source Search
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Based on only 15t six months of 2008 data (remainder forthcoming)
17,777 events: 6,796 upgoing and 10,981 downgoing

Maximum deviation 3.7 x 10>, seen in 61% of randomized sky maps



Atmospheric Muon Neutrino Observations
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Using Atmospherics
to Search for PBSM

e Use large sample of
atmospheric neutrinos, look
for vy disappearance

¢ \iolation of Lorentz invariance

e Quantum decoherence
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Indirect Detection of Solar Dark Matter

velocity
distribution

v Interactions

I

capture

annihilation
1_‘armihilation channels

Silk, Olive and Srednicki, '85
Gaisser, Steigman & Tilav, ‘86
Freese, 86

Krauss, Srednicki & Wilczek, '86 Gaisser,
Steigman & Tilav, ‘86



WIMP Searches

Abbasi et al., Phys. Rev. Lett. 102, 201302 (2009)

arXiv:0902.2460

e Solar WIMP
searches probe
SD scattering
Cross section

e S| cross section
constrained well
by direct search
experiments

e Requires models
of solar dark
matter population
distributions,

0.05 < Q,h* < 0.20

B o, <o.m CDMS(2008)+XENON10(2007)

o, < 0.001xc!m CDMS(2008)+XENON10(2007)

annihilation mode
e hard W*W-, soft bb

Corresponding asi within factor
1032 of current direct limits
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Search for Kaluza-Klein Dark Matter

e Can place similar

limits on Kaluza-Klein |_ ;. E— e —
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And now for something completely different...

¢ |ceCube collaboration decided to augment “low” energy response
with a densely instrumented infill array: Deep Core

e Significant improvement in capabilities from ~10 GeV to ~300 GeV (v,)
* Primary scientific rationale is the indirect search for dark matter

¢ Particle physics using atmospheric neutrinos

e Neutrino oscillations, including tau neutrino appearance

e Neutrino sources in Southern Hemisphere
e (Galactic cosmic ray sources

e Dark matter in the Galactic center

Tyce DeYoung Institute for Gravitation and the Cosmos Colloquium March 15, 2010



lceCube s

5160 DOMSs on 86 strings

160 lce-Cherenkov tank
surface array (lceTop)

Surrounds existing AMANDA
9\ detector (677 OMs)

_29 strings deployed to date
irg& construction seasons

~ AMANDA

324 m
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lceCube Deep Core

£

o £< special strings plus 7 nearest
standard IceCube strings

e /2 m interstring spacing
e 7 m DOM spacing
e High Q.E. PMTs

e ~5X higher effective
photocathode density

¢ |[n the clearest ice, below 2100 m

® Aatten = 40-50 m (cf. 20-25 m
in shallower ice)




Deep Core
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Effective area for upgoing

at trigger level

Reconstruction efficiencies not included
yet — relative effect likely to increase
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Atmospheric | /
Muon Veto

can be used to detect and veto Y
atmospheric muon background N

\\ '
e Top and outer layers of lceCube ) ‘

e Try to identify atmospheric
muons entering Deep Core

‘

.A.

e 3 rows of strings on all sides

e Downgoing neutrinos
accessible if they interact in
the Deep Core volume

e Atm. p/v trigger ratio is ~10°

e Development of specialized
algorithms continues, final
sensitivities still TBD



Cosmic Ray Muon Veto

u e Stage 1 veto: look for hits in veto
regions consistent with speed-

! 1T 1 1 of-light travel time to hits in
. I fiducial volume
: 111t 1 1 e Achieves 6 x 1073 rejection of
o o o o o o . cosmic ray muon background
. ¢ \® | o ° * ¢ e | oss of <1% of fiducial neutrinos
. . @) . : . . . g 0.6~ /\.:;
. . e ¢ \O o o . . = :_ light ks §
R I gk (inward)
- - * ¢ O ’ . . - G 0.3
- . e o o e . . E speed of light
vertex time 02— (outward) \
A E . Cog,, .
charge T §  of wll il Il 0.1F "--.__milg’o ray,
cut region t - & e s : s
. - > Edscassmtas e, ), b ey DOUHINOS | s
1IN i 008 06 -04 02 0 02 04 06 08 1
0 = particle speed [m/ns]

particle speed



Cosmic Ray Muon Veto

e One stage 2 veto approach:

# events [a.u.]

10— ""c_orsika
e |likelihood ratio for starting track \—S'gnal I
vs. through-going track hypothesis M
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e position of reconstructed starting point
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World's Largest Neutrino Data Set

e Expect >200,000 v,

-
o
IS

events per year above
10 GeV (filter level)

e Additional ~20,000
Ve €vents per year
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e Need to refine our
Monte Carlos to
handle correctly
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e Additional atmospheric neutrinos at
higher energies from standard IceCube filters
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QCD: Prompt

-lectron Neutrinos

Spectrum of atmospheric neutrinos with Bartol+prompt and AMANDAI |
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Neutrino Physics with Deep Core

e Caveat: preliminary studies
e Full detector simulation of signal (only)
e Assume high suppression of atmospheric muons by veto — trigger level

e Specialized reconstruction algorithms for low energy events needed, now
under development

Tyce DeYoung Institute for Gravitation and the Cosmos Colloquium March 15, 2010



Track Fitting in Deep Core

J. Learned, arXiv:0902.4009
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e Topology is fundamentally different
¢ Instead of entering from one side, light expands outward in all directions

e More fit parameters: (8, @, x,y, t, E) = (6, ®, X, y, z, t, E,i, Ecasc)
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Track Reconstruction Performance

e Study of likelihood space for muon neutrino events in Deep Core

e Not a real reconstruction (started with MC truth), just an estimate of how
sharply peaked and correctly located the likelihood optima are

e Suggests that we should be able to reconstruct events with reasonable

accuracy -
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Neutrino Physics with Deep Core

e Caveat: preliminary studies
e Full detector simulation of signal (only)
e Assume high suppression of atmospheric muons by veto — trigger level

e Specialized reconstruction algorithms for low energy events needed, now
under development

e Mainly using low level quantities, assumptions seem reasonable, but...

® Three possible measurements

e Muon neutrino disappearance Feasible
e Tau neutrino appearance Reasonable
e Neutrino mass hierarchy? Hard

Tyce DeYoung Institute for Gravitation and the Cosmos Colloquium March 15, 2010



Neutrino Oscillations

l | 5 | 1 I | | il | R | 5% | | | L N |
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e V=Y
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vy disappearance

Oscillation probabilities

]

|

Mena, Mocioiu & Razzaque, Phys. Rev. D78, 093003 (2008)

For vertically upgoing neutrinos (L = Earth diameter)



Muon Neutrino Disappearance

e Full detector | 2000
simulation of | 1seof- "reiminany | o
_ - ® without oscillations
signal 1600 e with oscillations
1400— |
o 3-flavor - ith,
: : 1200 — :
oscillations, - ~200; %
PREM L SO
800/ %
= A s
e 1 year DC S0y
of Yo o
O 400—
NO BG = .~ %
200— *
'COS(G)<'O-6 Jlll.ll..l.m
00 10 20 30 40 50 60 70 80 90 100
NChannel

e Number of
hit channels used as simple energy estimator
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Neutrino Oscillations
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Mena, Mocioiu & Razzaque, Phys. Rev. D78, 093003 (2008)



Neutrino Mass Hierarchy?

8000

e Exploit asymmetries
between neutrinos and

antineutrinos (Mena, 6000
Mocioiu, Razzaque arXiv:0803.3044)

Preliminary m normal hierarchy
® inverted hierarchy

7000

5000
e Resonance in effective
013 angle in Earth at 10
GeV for Earth diameter |3000

4000
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Energy of detected muon (GeV)

¢ 5 year prediction for
lceCube + Deep Core, cos(0) < -0.7, muon threshold
5 GeV (~25 m), similar assumptions as previous studies
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Neutrino Mass Hierarchy?

e Requires large 013 A ‘
. . — sin"26,,=0.1 (NH)
® Unlversal ISSUe ',:1' .::.‘ ‘\:\\f\\:\\ . Sin22913=o.1 (IH) |
~ sin’20,, = 0.06 (NH)

e Also some Y / A N R sin"26,, = 0.06 (IH)
dependence on )
hierarchy (easier | ]

, a for neutrinos;
to see effect if | antineutrinos
hierarchy iS | ‘ reverse IH/NH |
normal) Ui )

e Very difficult LI \

5 10 15 20
measurement, E, (GoV]

control of systematics crucial,

and Nature must be kind to us — precise range in 813 under study
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e Atmospheric neutrinos will often
be accompanied by muons
produced in the same air shower

e These will likely be “accidentally”
rejected by the muon veto

e Will improve sensitivity to
searches for astrophysical
neutrinos from sources in the
southern sky (Galactic Center)

e Sensitivity skewed to lower
energies (lose benefit of muon
range) but many Galactic gamma
sources cut off

1450 m — \

2100 m —
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Indirect Detection of Solar Dark Matter

velocity
distribution

v Interactions

I

capture

annihilation
1_‘armihilation channels

Silk, Olive and Srednicki, '85
Gaisser, Steigman & Tilav, ‘86
Freese, 86

Krauss, Srednicki & Wilczek, '86 Gaisser,
Steigman & Tilav, ‘86



Solar WIMP Searches with

Deep Core

0.05 < Q,h* <0.20

3
8

e |nitial study
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Dark Matter Annihilation in the Galactic Halo

Moore et al. MINRAS 310, 1147 (1999) Navarro, Frenk, White, Astrophys. J. 490, 493 (1997)
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e Halo density and annihilation rate highest near Galactic center

e Ability to view southern sky will improve sensitivity greatly



Neutrino and Gamma Ray Limits
on Dark Matter Annihilation

e Consider XX — VV the least et o I\/Iaclk et a|.l, Phys.lF?ev. D|78, 0?3542 22008)
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lceCube
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e Sensitivity depends
strongly on annihilation

Dark Matter Annihilation

Limits (90% C.L.) on the self annihilation cross section (yy -> WW, pup, vv)

channel (affects neutrino T . — G0l
energy spectrum) i [ -
— \"{ bo —

- \‘*‘35’.?\ 3

: I a=20 Rww o T _

¢ [ceCube 2008 (40-string) 10 wo O T -
sensitivity already better = N\ e -
than Super-Kamiokande for 5 1o-22 E*° TR e
WIMP masses above a few & PN v 1
V — -

hundred GeV b -
10 = =

e Natural scale for thermal - wwelsale -
relics still several orders of 10726 bl

. 10 10 10

magnitude lower My [GeV]

Tyce DeYoung Institute for Gravitation and the Cosmos Colloquium March 15, 2010



Summary

e [ceCube construction is nearly complete
e /9 of a planned 86 strings now operating
e Rapidly increasing sensitivity to astrophysical neutrino sources

* Also being used to obtain important results in fundamental physics

e Deep Core underway
e Deployment completed last month
e Reduce threshold to ~10 GeV
e Sensitivity to neutrino oscillations
e Atmospheric neutrino veto may allow observation of Galactic objects

e Significant sensitivity to dark matter in the Sun, Galactic halo
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