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A sketch of “standard” astroparticle physics.
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Neutrino masses

mixing⇒ ∆m2 6= 0⇒ m2 6= 0
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dark matter annihilation? . . .
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R-hadrons? monopoles? . . .
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What is the discovery potential of
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Neutrino Telescopes

Neutrino telescopes are gigantic “muon chambers” observing the Cherenkov
light of secondary charged particles created in neutrino-nucleon interactions.

IceCube

BaikalANTARES
NEMO

NESTOR Sensitivity for contained events

Mdet

mp
×(2π)×(EF)×σνN

˛̨
Eν∼1PeV ∼ 1 yr-1

⇒ Mdet∼1 Gton and Vdet∼1 km3

Realization:
Observation of Cherenkov light in
km3-volumes of deep ocean water
(Mediterranean), fresh water (Lake

Baikal) or ice (Antarctic).
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Neutrino telescopes are gigantic “muon chambers” observing the Cherenkov
light of secondary charged particles created in neutrino-nucleon interactions.

νµ

µ

νe,τ

cascades

Sensitivity for contained events

Mdet

mp
×(2π)×(EF)×σνN

˛̨
Eν∼1PeV ∼ 1 yr-1

⇒ Mdet∼1 Gton and Vdet∼1 km3

Realization:
Observation of Cherenkov light in
km3-volumes of deep ocean water
(Mediterranean), fresh water (Lake

Baikal) or ice (Antarctic).

Markus Ahlers
December 11, 2008

Introduction Neutrino Astronomy UH
√

sCR Long-Lived Staus Indirect DM Detection Monopole Searches Conclusions



IceCube Neutrino Observatory

[from Dawn Williams]
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IceCube in Depth
The IceCube observatory at the south pole
is currently the largest neutrino telescope.

• up to 80 strings placed at a distance of
125m on a triangular grid

• 60 digital optical modules (DOMs) per
string distributed along 1 km below a
depth of ∼ 1.5 km; each DOM is an
autonomous unit with optical waveform
recording and digitization

• 80 pairs of surface detectors (IceTop) for
air shower detection

• embedded predecessor experiment
AMANDA (blue cylinder)

• current status:
more than 40 stations (sring & tanks)
deployed

Ü final instrumented volume: V ∼ 1km3
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deployed

Ü final instrumented volume: V ∼ 1km3
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Neutrino Signals
Detection of νµ by up-going muon tracks:

4 good angular resolution: ∆θ ' 0.8◦ − 2◦

8 energy resolution: ∆ log10 Eµ ' 0.25− 0.5

4 increased effective detection volume

νµ

µ

θC

µ
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Neutrino Signals
Detection of νe and ντ by electromagnetic and hadronic cascades:

8 poor angular resolution

4 energy resolution: ∆ log10 Eν ' 0.1− 0.2

4 full 4π sky coverage below 1 PeV

νe,τ

cascades e, τνe,τ
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Neutrino Signals
Detection of high-energy ντ (Eν > 1PeV) by “double bang”

4 also partial signals: “lollipop”, “popillol”, etc.

4 good energy and angular resolution

4 low background

ντ

double-bang
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Neutrino Signals
NEUTRINO ENERGY SPECTRUM
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Figure 4: Upper limit on theνµ flux from sources with anE−2 energy spectrum for the 2000–2003
AMANDA-II data, and expected sensitivity of IC9 for 137 days.

Conclusion

The AMANDA-II data collected during the pe-
riod 2000–2003 have been analysed in a search
for a diffuse flux of high-energy extra-terrestrial
muon neutrinos. With no excess of events seen,
an upper limit ofE2

ν × dNν/dEν< 7.4 × 10−8

GeV cm−2 s−1 sr−1was obtained. The sensitiv-
ity of 9 IceCube strings for 137 days livetime was
studied with simulated data, making use of new
cuts to improve acceptance near the horizon. The
expected sensitivity is 1.4×10−7GeV cm−2 s−1

sr−1. This analysis is ongoing and will be un-
blinded in the near future.
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Exotic Signals?

Cosmic rays or neutrinos (E & 1 PeV) may produce new long-lived charged
particles (X) in interactions with nucleons in the atmosphere or the Earth’s interior.

[Albuquerque/Burdman/Chacko ’03,MA/Illana/Masip/Meloni ’07,Ando/Beacom/Profumo/Rainwater’07]

νe,µ,τ

X

#events ∼
Z

dt dΩ

„
σnew

σSM

«
×Aeff(Ω)×F

• production of exotics X is suppressed
by the mass scale: σnew ∝ m-2

X

• average energy loss range increases
with mass: RX/Rµ ∼ mX/mµ

• effective area increases:
Aeff ∝ R2

X(E0,E) ∝ m2
X

• What is the flux F of particles?
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The Cosmic Leg

The all-particle spectrum (as E2.5×F) of cosmic rays.
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The Cosmic Leg

The all-particle spectrum (as E2.5×F) of cosmic rays.
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The Cosmic Leg
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Terrestrial vs. Cosmic Laboratories

σ
interaction

Large Hadron Collider

8 energy:
√

spp = 14 TeV
or
√

sPbPb = 1.15 PeV

4 mode: p-p or Pb-Pb

4 luminosity (p-p):

Lpeak
pp ∼1034 cm-2 s-1

σ
interaction

Cosmic Laboratory

4 energy:
√

sNN up to 100 TeV

(N : nucleon)
8 mode: “multi-messenger”

8 luminosity (
√

sNN∼14 TeV):

LNN∼(2π)×(EF)∼10-13 cm-2 s-1

CR luminosity (at √spN∼14 TeV) is about 47 orders of magnitude
below state-of-the-art terrestrial accelerators like the LHC . . . fortunately!
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Terrestrial vs. Cosmic Laboratories

σ
interaction
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8 energy:
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or
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sPbPb = 1.15 PeV

4 mode: p-p or Pb-Pb

4 luminosity (p-p):

Lpeak
pp ∼1034 cm-2 s-1

σ
interaction

Cosmic Laboratory

4 energy:
√

sNN up to 100 TeV

(N : nucleon)
8 mode: “multi-messenger”

8 luminosity (
√

sNN∼14 TeV):

LNN∼(2π)×(EF)∼10-13 cm-2 s-1

“global” luminosity: LN⊕ ∼ N⊕LNN (N⊕ : nucleon targets)
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Terrestrial vs. Cosmic Laboratories

σ
interaction

Large Hadron Collider

8 energy:
√

spp = 14 TeV
or
√

sPbPb = 1.15 PeV

4 mode: p-p or Pb-Pb

4 luminosity (p-p):

Lpeak
pp ∼1034 cm-2 s-1

σ
interaction

Cosmic Laboratory

4 energy:
√

sNN up to 100 TeV

(N : nucleon)
8 mode: “multi-messenger”

8 luminosity (
√

sNN∼14 TeV):

LNN∼(2π)×(EF)∼10-13 cm-2 s-1

N⊕ ∼ Aeff

σSM �
4πR2

⊕
σSM ∼

{
1043 for nucleons (σNN∼100 mb)
1050 for neutrinos (σνN∼10 nb)
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Detection Strategy
#events ∼

Z
dt dΩ

„
σnew

σSM

«
×Aeff(Ω)×F

• primary fluxes

• chemical compostion at
√

s ∼ 14 TeV (E ∼ 108 GeV) dominated by nucleons
• neutrinos fluxes at least one order of magnitude smaller at these energies

• integrated aperture

• large detection areas (e.g. O(106) km2 ∼ O(10-3)×A⊕ at EUSO)
• effective detection area: Aeff ∼ V/λint Ü Gigaton/Teraton detectors
• longevity of secondary particles increase V (e.g. µ from νµ-interactions)

• relative production probability

• beyond the SM typically σnew � σSM (e.g. supersymmetry)
• new interaction channels more probable (σnew/σSM) under otherwise weakly

interacting particles (e.g. neutrinos)

! signal to background ratio

• “Today’s signal: tomorrow’s background.”
• typically O(1) event per year requires an extremely low SM background
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Candidate Signal: Supersymmetry

The minimal supersymmetric extension of the Standard Model (MSSM).

Names Spin PR Mass Eigenstates

Higgs bosons 0 +1 h0 H0 A0 H±

euL euR edL edR

squarks 0 −1 esL esR ecL ecRet1 et2 eb1 eb2

eeL eeR eνe

sleptons 0 −1 eµL eµR eνµeτ1 eτ2 eντ

neutralinos 1/2 −1 χ0
1 χ

0
2 χ

0
3 χ

0
4

charginos 1/2 −1 χ1 χ2

gluino 1/2 −1 eg
gravitino 3/2 −1 eG

Mass spectrum
from the

benchmark point
“SPS 7”

[Allanach et al. ’02]
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Candidate Signal: Supersymmetry
R-parity conservation: next-to-lightest SUSY particle (NLSP) can only decay into

states containing the lightest SUSY particle (LSP).

Names Spin PR Mass Eigenstates

Higgs bosons 0 +1 h0 H0 A0 H±

euL euR edL edR

squarks 0 −1 esL esR ecL ecRet1 et2 eb1 eb2

eeL eeR eνe
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neutralinos 1/2 −1 χ0
1 χ

0
2 χ

0
3 χ

0
4

charginos 1/2 −1 χ1 χ2

gluino 1/2 −1 eg
gravitino 3/2 −1 eG

Mass spectrum
from the

benchmark point
“SPS 7”

[Allanach et al. ’02]

next-to-lightest
SUSY particle

(NLSP)
lightest

SUSY particle
(LSP)

R-parity
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Long-lived Stau NLSPs
• A stau NLSP can be considered as stable if τβγ is larger than the Earth’s

diameter 2R⊕ (or energy loss range).

• Above production threshold ECM > 2meτ ⇒ γ & meτ/mp and β ∼ 1:

τ & τ⊕ ' 0.4ms
„

meτ
100 GeV

«−1

• SUSY scenarios with quasi-stable stau NLSP include:

• gravitino LSP in supergravity-inspired SUSY breaking scenarios (mSUGRA)
[Feng/Su/Takayama’04,Ellis/Olive/Santoso/Spanos’04,Ellis/Raklev/Oye’06]

• gravitino LSP in gauge-mediated SUSY breaking (GMSB)
[Dine&Nelson’93,Dicus/Dutta/Nandi’97,Feng&Moroi’98,Giudice/Rattazzi’99]

• stau-neutralino near-degeneracy: meτ − mχ . 1 GeV
[Griest&Seckel’91,Ellis/Falk/Olive/Srednicki’97,Gladyshev/Kazakov/Paucar’05,Jittoh et al.’06]

• axino LSP scenarios [Covi/Roszkowski/Ruis de Austri/Small’04,Brandenburg et al.’05]

• sneutrino LSP scenarios
[Arkani-Hamed et al.’00,Hooper/March-Russell/West’05,Asaka/Ishiwata/Moroi’06]
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Staus from Astrophysical Neutrinos
Two SUSY mass spectra with a eτR NLSP:

• “min em”: mχ = mχ0 = mel = 100 GeV and meq = 300 GeV
• “SPS 7”: SUSY masses corresponding to the benchmark point SPS 7

["The Snowmass Points and Slopes", Allanach et al. ’02]

u

ν

d

l

W±

d

ν

u

l

W±

u/d

ν

u/d

ν

Z0

u/d

ν

u/d

ν

Z0

[Albuquerque/Chacko/Burdman ’04,’06;MA/Kersten/Ringwald ’06]
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Staus from Astrophysical Neutrinos

• Neutrino benchmark flux: E2
ν FWB(Eν) ≈ 2×10-8 cm-2 s-1 sr -1 GeV (per flavor)

[Waxman/Bahcall ’98]

• only small background from SM processes (coincident muons, di-muons from
decaying hadrons) [Albuquerque/Burdman/Chacko’06]
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Staus from Cosmic Rays
• Flux of cosmic rays is (reasonably) well-known at around 106 GeV.

• Two channels have been considered:
“direct”: prompt staus from gluino and squark production
“indirect”: staus from atmospheric neutrinos

[MA/Illana/Masip/Meloni ’07]

Long-lived charged particles produced by atmospheric and astrophysical neutrinos 21
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Figure 6. Left: Isovalue curves (labeled) of the neutrino–proton cross section for
supersymmetric particle pair production at incident Eν = 108 GeV, in the plane defined
by the slepton and squark masses (for simplicity we assume degenerate sleptons and
degenerate squarks; see text for details of the supersymmetric models). The inset
illustrates the behavior of the cross section, again at Eν = 108 GeV, as a function
of a common gaugino/higgsino mass (m1 = m2 = µ). Right: Contributions from
conventional, prompt decay and extra-galactic high-energy neutrinos to the total stau
flux, as a function of the supersymmetric scalars’ (degenerate) masses), normalized to
be relative.

‘gaugino/higgsino’ mass scale, mfW , defined as the common value of m1 = m2 = µ. We

employ a common scalar mass mS for both sleptons and squarks of 300 GeV, and set all

other low-scale supersymmetric parameters as in the rest of the figure (mA = 500 GeV,

tan β = 10, all trilinear scalar couplings zero). As we illustrate in the inset, beyond

the scalar mass scale (mfW . mS) where kinematic effects play a non-trivial role, cross

section scaling goes like the gaugino/higgsino mass scale to the power −2. This can be

analytically understood, since

σνp ∼
∫ 1

4m2
S/s

dx

∫ xs

0

dQ2 d2σνp

dx dQ2
∼
∫ 1

4m2
S/s

dx

∫ xs

0

dQ2 [x · q(x, Q2)](
Q2 + m2fW

)2

=

∫ 1

4m2
S/s

x−1/3 s dx(
m4fW + xsm2fW

)2 . (13)

where, in Equation (13), we made use of the fact that in the large Eν regime,

[x · q(x, Q2)] ∼ x−1/3 [83]. One thus gets:

σνp ∼ 1

m2fW
(

s

4m2
S

)1/3

, (14)

which explains both the scaling in the inset of Figure 6 and of σνp in Figure 2.

As the supersymmetric particle spectrum gets heavier, not only does the neutrino–

proton cross section become smaller (left panel of Figure 6), but more importantly

[Ando/Beacom/Profumo/Rainwater ’07]
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Stau NLSPs at Neutrino Telescopes

1. Life-time of a eτ NLSP with eG LSP

τ

1ms
'

„ m3/2

100 keV

«2„
meτ

100 GeV

«-5
+O

„ m3/2

meτ
«

2. Energy loss length of a eτ NLSP„
L

Lµ

«
∼

„
meτ
mµ

«
×O(1)

[e.g. Huang/Reno/Sarcevic/Uscinski ’05,’06]

3. R-parity conservation

Ü pair-production of strongly boosted eτ
NLSPs appearing as quasi-parallel tracks

[Albuquerque/Burdman/Chacko ’04]

Cosmic Neutrinos:
• rates depend on fluxes and SUSY mass

spectrum

• O(1) stau pair per year possible for light
mass spectrum and WB flux

νe,µ,τ

τ̃
τ̃

[Albuquerque/Burdman/Chacko ’04,’06]

[MA/Kersten/Ringwald ’06]
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Stau NLSPs at Neutrino Telescopes

1. Life-time of a eτ NLSP with eG LSP

τ

1ms
'

„ m3/2

100 keV

«2„
meτ

100 GeV

«-5
+O

„ m3/2

meτ
«

2. Energy loss length of a eτ NLSP„
L

Lµ

«
∼

„
meτ
mµ

«
×O(1)

[e.g. Huang/Reno/Sarcevic/Uscinski ’05,’06]

3. R-parity conservation

Ü pair-production of strongly boosted eτ
NLSPs appearing as quasi-parallel tracks

[Albuquerque/Burdman/Chacko ’04]

CRs & atmospheric neutrinos:
• O(1) “prompt” stau pair per year for light

squarks and gluinos

• O(1) stau pair per year from large
prompt atmospheric ν-fluxes possible

p,π,K,. . . τ̃̃

τ

[MA/Illana/Masip/Meloni ’07]

[Ando/Beacom/Profumo/Rainwater ’07]
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Stau NLSPs at Neutrino Telescopes

1. Life-time of a eτ NLSP with eG LSP
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„
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×O(1)

[e.g. Huang/Reno/Sarcevic/Uscinski ’05,’06]

3. R-parity conservation

Ü pair-production of strongly boosted eτ
NLSPs appearing as quasi-parallel tracks

[Albuquerque/Burdman/Chacko ’04]

Work in Progress for IceCube:

• MC for signal and background

Ü trigger/filtering estimates

[courtesy of A.Olivas]
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Other Candidate Signals

• quasi-horizontal showers compared to Earth-skimming ντ

• #showers rise with cross section↔ flux of ντ depleted by a large cross section
• test of QCD parton distributions at small Bjorken-x :

x ∼ M2
Z/W/(2mpEν) ∼ 104GeV/Eν

• test of exotic neutrino interactions like low-scale gravity effects or
non-perturbative electroweak instanton-mediated processes

[Anchordoqui/Han/Hooper/Sarkar ’05; Anchordoqui/Cooper-Sarkar/Hooper/Sarkar ’06]

• inelasticity measurement and particle multiplicity

• “anomalous” inelasticities as a probe of e.g. leptoquark production and
quantum black holes of low-scale gravity

[Kowalski/Ringwald/Tu ’02; Anchordoqui et al. ’06; Anchordoqui/Glenz/Parker ’07]

• non-standard neutrino oscillations

• quantum gravity effects [Lisi/Marrone/Montanino ’00,’03,Anchordoqui et al. ’05]
• neutrino decay [Barger et al. ’99,Beacom et al. ’02]

• . . .
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Exotic Sources:

Indirect Signals of Dark Matter

cosmic ray
observatory

neutrino
observatory

active
galactic
nucleus

??

p

ν Pσ
propagationinteraction
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Dark Matter WIMPs
• observed dark matter density:

ΩDMh2 ∼ 0.1 [WMAP, Spergel et al.’07]

• comoving number density Y of a thermal
relic X (Boltzmann equation):

x
YEQ

dY
dx

= −〈σA|v|〉 sYEQ

H

»„
Y

YEQ

«2

− 1
–

YEQ ∝ x3/2 exp(−x) (x = m/T � 1)

H(x) = x−2H(m)
[Kolb&Turner’90]

• annihilation rate 〈σA|v|〉 nEQ Boltzmann-suppressed at late times

Ü number per comoving volume “freezes out” for nEQ 〈σA|v|〉 . H

• weak-scale solution: ΩXh2 ∼ ΩDMh2 × cα2(100GeV)−2

〈σA|v|〉
• popular WIMP candidate:

neutralino (χ) LSP in R-parity conserving supersymmetric extensions of the
Standard Model
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Indirect WIMP Detection
• WIMP accumulation in massive celestial bodies (Sun and Earth): Ṅ = C − AN2

• annihilation rate: A = 〈σA|v|〉 /Veff

• capture rate C depend on the elastic scattering of WIMPs off nuclei:

• spin-independent (scaling with target mass) and
• spin-dependent (scaling with target spin)

• equilibrium: N '
p

C/A (t� 1/
√

AC) Ü annihilation rate today: Γ = C/2

4 annihilation channels:
χχ→ W+W− / bb̄ / cc̄ / τ+τ− → ν’s + . . .

Ü Neutrinos are the unique messengers
of these processes.

8 〈Eµ〉 ' (1− y) 〈Eν〉 ' mχ

3 to mχ

6

Ü Use the dense AMANDA inner core
with lower energy threshold at low WIMP
masses.

µ

νµ

µ

νµ
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IceCube WIMP sensitivity
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Exotic Particles:

Direct Signals of Monopoles

cosmic ray
observatory

neutrino
observatory

active
galactic
nucleus

??

p

ν Pσ
propagationinteraction
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Magnetic Monopoles
• Spontaneous breaking of gauge symmetry G → H allows for monopole defects if
π2(G/H) 6= 1.

• π1(G) = 1 (simply connected) Ü π2(G/HSM) = π1(HSM) 6= 1

• e.g. “hedgehog solution” for SO(3)→ U(1) with triplet Higgs field φa

[’t Hooft’74,Polyakov’74]

V(φa) =
λ

8
(φaφa − σ2)2

φa r→∞−−−→ σr̂a and Aa
i

r→∞−−−→ εiab
r̂b

er

⇒ Bi =
1
2
εijkF3

jk
r→∞−−−→ 1

e
r̂i

r2

Ü magnetic monopole with

mass mM ∼
mV

α
and carge g =

4π
e
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Magnetic Monopoles
• Kibble mechanism: [Kibble’80]

Monopole production in the early universe at Tcr ∼ mV gives roughly one
monopole per correlated volume (∼ horizon size in 2nd order phase transition).

• “naive” monopole abundance:

ΩMh2 ' 1013
“ Tcr

1014 GeV

”3“ mM

1016 GeV

”
“monopole problem”

• standard solution: inflationary phase for T < Tcr leaving typical monopole fluxes
unobservable

Ü Searches for relic monopoles are only promising for non-inflationary models
(“flatness and horizon problem”?) and/or light monopoles (mM . 1011 GeV)
produced after inflation.

• overclosure bound: ΩMh2 < Ωtoth2 < 1 and uniform monopole distribution

JM . 10−15cm−2sr−1s−1
“ v

10−3c

”“1016 GeV
mM

”
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Limits on Monopole Fluxes
• Parker bound: [Parker’70]

“monopole short-circuit” vs. “galactic dynamo”

JM . 10−15cm−2sr−1s−1
“ B

3µG

”“3× 107 yr
τ

”“ r
30 kpc

”1/2“300 pc
`

”1/2

• “extended” Parker bound: [Adams et al.’93]

survival and growth of small magnetic
seed fields

• monopole catalysis: [Rubakov’81,Callan’81]

strong limits from nucleon decay in white
dwarfs (WD) or neutron stars (NS)
[Kolb/Colgate/Harvey’82,Dimopoulos/Preskill/Wilczek’82]

[Freese/Turner/Schramm’83]

Ü experimental focus on non-catalyzing
monopoles [e.g. Kephart/Shafi’01]

WD 1136-286. Then from measurements of the luminosity
and Te f f , Eq. ~6! implies that the radius isR'3.9
3108 cm.

We also use two different cooling models. First we use
the white dwarf cooling theory from the calculations of Se-
gretainet al. @19#, as communicated by Chabrier. The Seg-
retainet al. @19# model accounts for gravitational energy re-
lease due to carbon-oxygen differentiation at crystallization.
This treatment of crystallization yields significantly longer
white dwarf cooling times, which in turn imply an older age
for any particular white dwarf. These white dwarf models
correspond to a mass sequence of initially unstratified white
dwarfs composed of equal parts carbon and oxygen, with
helium atmospheres. With these models, the age of white
dwarf 1136-286 is 9.63 Gyr. For comparison we also use the
cooling curves of Wood@20# which do not include chemical
fractionation. Chemical fractionation provides an additional
source of energy to be radiated away; thus models that lack it
cool faster. With the Wood cooling models, the ages of white
dwarfs are somewhat younger. Hence these models give
younger white dwarfs that accumulate somewhat fewer
monopoles and provide somewhat less restrictive bounds.
With the Wood cooling curve, the age of white dwarf 1136-
286 is 6.47 Gyr. To illustrate the uncertainty we provide flux
bounds using both possible ages, but note that the discrep-
ancy is not very great.

The cooling models discussed above do not yet have an
additional heat source due to monopoles. If white dwarfs
have indeed been accumulating monopoles, then the mono-
pole contribution to the luminosity increases linearly in time,
and monopole catalyzed nucleon decay will eventually be-
come the dominant source of luminosity. Since white dwarf
WD 1136-286 with luminosity 1024.94L( has been observed
to exist, we know that the monopole-induced contribution to
the white dwarf luminosity cannot exceed this value, i.e.,
Lmon,1024.94L( . Using the mass and radius discussed pre-
viously for this white dwarf, we then find from Eqs.~3!–~5!
that

NM<2.231019~sy!228
21 s22

21 . ~7!

With the cooling curves of Segretainet al., which include
the effects of chemical fractionation, the age for this particu-
lar white dwarf WD 1136-286 is given to be 9.63 Gyr as
mentioned above. We find a flux bound

F<1.3310220~sy!228
21 s22

21y23
2 cm22 s21 sr21. ~8!

The factor of 160 improvement over previous white dwarf
bounds comes from the following: a factor of ten comes
from the fact that the white dwarf is an order of magnitude
dimmer, a factor of four comes from the bigger white dwarf
mass, and a factor of four from the smaller radius than the
white dwarfs used in@14#.

With the Wood@20# cooling curves, the age of the white
dwarf is 6.47 Gyr as mentioned above. Then Eq.~6! corre-
sponds to a flux bound

F<1.9310220~sy!228
21 s22

21y23
2 cm22 s21 sr21. ~9!

This bound using the Wood cooling curves is less restric-
tive than the one obtained using the Segretainet al. cooling
curves. Hence, to be conservative, in Fig. 1 we plot the flux
bound of Eq.~9!. Note that the monopole velocities far from
the white dwarf have been determined as a function of
monopole mass by the following equation:yM'3
31023c(1016GeV/m)1/2 for monopole massm,1017GeV
andyM'1023c for monopoles with mass greater or equal to
1017GeV @8#. Thus the flux bound is flat for monopole
masses greater than 1017GeV and drops as m21 for smaller
masses. This behavior can be seen in Fig. 1.

If the monopole flux saturates the bound in Eqs.~8! and
~9!, the heat release due to monopole-catalyzed nucleon de-
cay would explain the dearth of white dwarfs with luminos-
ity <1025L( . That is, monopoles may be keeping white
dwarfs hot. Note that the white dwarf luminosity due to
monopole catalyzed nucleon decay scales asLmon

}t10M0.6
2 . If the luminosity of the coolest objects we see

today is in fact due primarily to the contribution from mono-
poles, then one would in principle be able to see this depen-
dence on white dwarf mass~this idea arose in conversations
with Nahm!. However, one would need to be able to inde-

FIG. 1. Bounds on the monopole flux as a function of monopole
mass. The Parker bound@7# due to survival of the galactic magnetic
field is plotted, as is the extended Parker bound@9# due to survival
of the magnetic field early in the history of the Galaxy. Mass den-
sity limits (Vh2,1) are plotted for a uniform density of monopoles
in the universe. Note thath is the Hubble constant in units of
100 km s21 Mpc21. The bounds due to catalysis in white dwarf
WD1136-286 as discussed in this paper are plotted; the plots as-
sume the cooling curves of Wood@20#, and are very similar to those
obtained using cooling curves of Segretainet al. In addition, the
bounds from this white dwarf with main sequence accretion~WD/
MS! are plotted forg5gD ~solid line! and forg52gD ~dotted line!.
The bounds due to calaysis in neutron star PSR 1929110 are plot-
ted, as are bounds due to this neutron star with main sequence
accretion. Again the solid line is forg5gD and the dotted line is for
g52gD . Note that the neutron star bounds with main sequence
accretion have dependence on the monopole mass.

BOUND ON THE FLUX OF MAGNETIC MONOPOLES . . . PHYSICAL REVIEW D 59 063007

063007-3

[Freese&Krasteva’99]
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Magnetic Monopoles at Cherenkov Telescopes

• Relativistic monopoles mimic heavy ions with Z ∼ 1
2α
∼ 68.

Ü 0.75 . β: direct Cherenkov photons Nγ per path dx and wavelength dλ

d2NM
γ

dxdλ
=
“αM

α
n2

ice

”
× 2πα

λ2

„
1− 1

β2n2
ice

«
' 8300×

d2Ne
γ

dxdλ

Ü 0.5 . β . 0.75: Cherenkov light from “delta electrons”

• Non-relativistic nucleon-catalyzing monopoles (also Q-balls and
strangelets) are discriminated from BG by the duration of their photon signal.

Relativistic monopoles:

• AMANDA-II prelim. limit (90%C.L.)
JM . 3.7× 10−17cm−2sr−1s−1

(upward MPs with M & 1011 GeV and β ∼ 1)

• IC80 estimated sensitivity (β ∼ 1)

JM ∼ 7× 10−18cm−2sr−1s−1

NEW APPROACH TO NEUTRINO DETECTION WITHICECUBE
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Figure 3: Current Limits [8, 9, 11] and Projected
Sensitivities for Slowly Moving Massive Particles
that may be seen by IceCube

Outlook and Conclusion

Each year, IceCube’s capability to search for ex-
otic particles will increase dramatically. With the 9
string detector alone, competitive limits on the flux
of relativistic magnetic monopoles are achievable.
However, these results are preliminary and will
be refined. Background simulation will start with
cosmic ray air showers produced byCORSIKA.
Since only the high energy events are considered,
weighting methods will be used. The asymmetry
of the detector will require further analysis of the
signatures produced at different angles. Finally, a
log likelihood or neural network analysis may be
employed to refine and optimize the cuts. With the
additional analysis for slow moving exotics, Ice-
Cube will become a valuable tool in the search for
these particles.
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Conclusions

• IceCube construction runs smoothly and will reach the instrumented volume of
one cubic-kilometer in about two years.

• Neutrino astronomy is a key contribution to “classical” physics, like the

• observation of extremely distant and old sources,
• particle acceleration in CR sources,
• cosmic ray composition and propagation,
• . . .

• IceCube is also sensitive to “exotic” physics in the form of

• long-lived charged particles (stau NLSPs) from high-energy cosmic ray and
neutrino interactions,

• neutrino fluxes from WIMP annihilations,
• relic monopoles, Q-balls, stranglets,
• . . .
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