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•How do stars shine?

•How old is the Universe?

•How do supernovae work?

•How do neutron stars work?

•How are the elements synthesized?

•What are the cosmic rays?

Classical Nuclear Astrophysics

Hans Bethe, b. 1906
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Lucky Neutrinos
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Three Weak Pieces

 

νe,νµ,ντ,
     defined by W+ → e+νe, µ+νµ, τ+ντ
     and neutral couplings Z0 → νeνe, νµνµ, ντντ

•Three  (2.984 +/- 0.008)

•Weak

•Massless in SM

•Lepton number?
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Normal Hierarchy

Beacom and Bell, PRD 65, 113009 (2002)

Neutrino Masses
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Neutrino Mixing

(graphic from Georg Raffelt)
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Perspective
“If [there are no new forces] ---- one can conclude
that there is no practically possible way of observing
the neutrino.” Bethe and Peierls, Nature (1934)

•10 years ago
Solar neutrino problem
Atmospheric neutrino problem
Large neutrino masses
Nonzero magnetic moments, decay, etc.
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Key Observational Results
Cosmological

• Big-bang nucleosynthesis consistency
• Neutrino hot dark matter models ruled out

Astrophysical
• Neutrinos from SN 1987A observed
• The solution of the solar neutrino problem

Fundamental
• Neutrinos have mass and mixing
• Non-discovery of all manner of exotica
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Cosmological Parameters

(WMAP)



Nuclear Physics Summer School, Bar Harbor, Maine, June 2004John Beacom, Theoretical Astrophysics Group, Fermilab

Neutrino Number Densities
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Neutrino Dark Matter

(graphic from Kev Abazajian)

Future discovery range:
  Abazajian & Dodelson,
  PRL 91, 041301 (2003)

  Kaplinghat, Knox & Song,
  PRL 91, 241301 (2003)
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State of the Field

•We now understand neutrinos
(Yeah, right)

•We now understand cosmology

(Yeah, right)

•We now understand astrophysical sources
(Yeah, right)

“There is nothing new to be discovered in physics now,
 All that remains is more and more precise measurement.”
                                                                  -- Kelvin, c. 1900
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Photon Windows
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Neutrino Windows

Neutrino Facilities Assessment Committee, NAS (2002)
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Astrophysical Neutrinos:
Searching High

E ~ TeV
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High Energy Messengers

Protons (diffuse) Photons (Markarian 421)

Whipple

F. Krennrich et al., ApJ 575, L9 (2002)
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Beyond the Veil

Learned and Mannheim, Ann.Rev.Nucl.Part.Sci 50, 679 (2000)
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Active Galaxies
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UHE Neutrinos

(graphic from Francis Halzen)

Earth opacity effects
 above E ~ 100 TeV

� 

π 0 →γγ
π + → µ +ν µ , µ + → e+ν eν µ
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Neutrino Decay

~ 5:1:1 ~ 0:1:1

Beacom, Bell, Hooper, Pakvasa, Weiler, PRL 90, 181301 (2003);
Beacom, Bell, Hooper, Pakvasa, Weiler, hep-ph/0309267

Possible direct measurement of CP phase δ too!
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ICECUBE
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Flavor Identification
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IceCube (Diffuse) Sensitivity

J. Ahrens et al. (IceCube), astro-ph/0305196

AMANDA-B10

AMANDA-II
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Neutrino-Gamma Connection

J. Ahrens et al. (AMANDA-II), astro-ph/0309585
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Astrophysical Neutrinos:
Searching Very High

E ~ Mega-TeV
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GZK Neutrinos

Cronin

Connected observables:

•Protons

•Photons

•Neutrinos



Nuclear Physics Summer School, Bar Harbor, Maine, June 2004John Beacom, Theoretical Astrophysics Group, Fermilab

Protons, Photons, and Neutrinos

Semikoz, Sigl, hep-ph/0309328
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Existing Neutrino Limits

Semikoz, Sigl, hep-ph/0309328
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Future Neutrino Sensitivity

Semikoz, Sigl, hep-ph/0309328
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ANITA

Funded 2003
Flies 2006

Bertou et al., Astropart. 17, 183 (2002);
Kusenko, Weiler, PRL 88, 161101 (2002);
Feng, Fisher, Wilczek, Yu, PRL 88, 161102 (2002)

Predictions:
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Growth of σ(ν + N)

  Domokos, Kovesi-Domokos, Burgett, Wrinkle, JHEP 0107, 017 (2001);
  Tyler, Olinto, Sigl, PRD 63, 055001 (2001);
  Dutta, Reno, Sarcevic, PRD 66, 033002 (2002);
  Jain, Kar, McKay, Panda, Ralston, PRD 66, 065018 (2002);
  Friess, Han, Hooper, PLB 547, 31 (2002)

Anchordoqui, Feng, Goldberg, 
Shapere, PRD 68, 104025 (2003)

Lower bound on flux
gives upper bound
on cross section,
already probing
E > 1 TeV
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Astrophysical Neutrinos:
Searching Very Low

E ~ Micro-TeV
(point sources)
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Supernovae

SN1999dk, z = 0.015

SN Types

SN Rates

SN Detection

Modeling (1d, 2d, 3d)
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Supernova Energetics
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Supernova Neutrino Emission
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Supernova Neutrino Detection

Supernova physics (models, black holes, progenitors…)

Particle physics (neutrino properties, new particles, …)

IMB

KamII
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Super-Kamiokande
e- , e+ , γ
convert to Cerenkov light
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Inverse Beta Cross Section

Vogel and Beacom, PRD 60, 053003 (1999)
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Supernova NC Bolometry

  
For CC ν

e
+ p → e+ + n : N

e
 Eνe

tot Tνe
E

e
 Tνe

  For NC ν + d → ν + p + n : N  Eν
totTν only

Beacom, Farr, and Vogel, PRD 66, 033001 (2002)

 

A new idea:
ν + p → ν + p
in KamLAND, Borexino

N ~ 300 above threshold

  δE
tot,δT 5%
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Neutron Star Mass Measurement

Prakash and Lattimer, Phys. Rept. 280, 1 (1997)
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Black Hole Formation

Pons et al., PRL 86, 5223 (2001)

Beacom, Boyd, and Mezzacappa,
PRL 85, 3568 (2000) 
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EOS and Nuclear Forces

Wiringa and Pieper, PRL 89, 182501 (2002)
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EOS and Neutron Stars

Akmal, Pandharipande, and Ravenhall, PRC 58, 1804 (1998)
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Astrophysical Neutrinos:
Searching Very Low

E ~ Micro-TeV
(diffuse background)
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Waiting Is Boring

“Everybody complains about the supernova
rate, but nobody does anything about it.”
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Supernova Neutrino Background

Ando, Sato, and Totani, Astropart. Phys. 18, 307 (2003)
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Star Formation Rate Constraints (?)

Fukugita and Kawasaki, MNRAS 340, L7 (2003)



Nuclear Physics Summer School, Bar Harbor, Maine, June 2004John Beacom, Theoretical Astrophysics Group, Fermilab

Relative Spectra

(M. Malek)
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SK Data Limit

Malek et al. (SK), PRL 90, 061101 (2003)

•4.1 years of SK data

•Background limited

•Some improvement
is possible
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SNB Flux Limit
•Predictions roughly agree on spectrum shape

•Main question is normalization of

•Last two based on multiwavelength measurements
of the star formation rate as a function of redshift
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Inverse Beta Decay

•Cross section is “large” and “spectral”

Corrections in Vogel and Beacom, PRD 60, 053003 (1999)

•We must detect the neutron, but how?
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Add Gadolinium to SK?

Gadolinium
Antineutrino
Detector
Zealously
Outperforming
Old
Kamiokande,
Super!

Beacom and Vagins, hep-ph/0309300
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Neutron Capture
Capture on H: sigma = 0.3 barns
                                   Egamma = 2.2 MeV

Capture on Gd: sigma = 49100 barns
                                   Egamma = 8 MeV
                                   (Equivalent Ee ~ 5 MeV)

At 0.2% GdCl3:
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Cost of Gd

1984: $4,000/kg $400,000,000/SK

1993: $485/kg $48,500,000/SK

1999: $115/kg $11,500,000/SK

2002: $3/kg $300,000/SK

Based on 100 tons of GdCl3 in SK (0.2% by mass)
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Spectrum With GADZOOKS!

Beacom and Vagins, hep-ph/0309300
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Supernova Gamma-ray Background

Figure from Ruiz-Lapuente, Casse,
Vangioni-Flam, ApJ 549, 483 (2001)

• 1-3 MeV data consistent with
expected SNIa origin

• Angular correlations may help
extract SNIa contribution

• F(γ,SNIa) / F(ν,SNII) ~ 10-4,
canceling the SFR(z < 1), unless
there are new physics sources

Zhang, Beacom, astro-ph/0401351
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Physics Reach
•Detect the Diffuse Supernova Neutrino Background
      Astrophysical neutrinos from redshift z < 1
      Unique probe of the dark  supernova rate
      Measurement of supernova neutrino spectrum
      New tests of neutrino properties

• And the Diffuse Supernova Gamma-ray Background
      Another new test of the star formation rate
      Consistency check compared to neutrinos

• Together, more stringent tests of new physics
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Conclusions
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Major Topics
• Leptogenesis
• BBN
• Dark energy
• Dark matter
• WIMP detection
• UHE neutrinos
• SN neutrinos

• Number of flavors
• Sterile neutrinos
• Dirac vs. Majorana
• Mass scale
• Mixing parameters
• Cross sections
• Exotic properties

Neutrinos are a key to
New physics in the Universe
New physics beyond the Standard Model
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Selected Key Opportunities
•Discovery of neutrino mass using cosmological data
  Key hint for model-building
  Guide and foil for beta / double beta experiments

•Discovery of astrophysical neutrinos
 Unique probe of extreme environments
 Unique probe of neutrino properties, energy frontier

•Connections to new astrophysical/cosmological data
  Detailed astrophysical models
  Quest for identifying the particle dark matter
  Fundamental theory towards the GUT scale


