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Neutrino-rays versus Cosmic-Rays and Photons

νs come from central engines

 - near Rs of massive BHs
 - even from dense “hidden” sources
    cf. νs vs. γs from the sun
νs not affected by cosmic radiation
 (except for annihilation resonance)
νs not bent by magnetic fields
 - enables neutrino astronomy

Also, besides Energy and Direction, ν’s carry Flavor 
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The 
 Neutrino 
   Flux
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Cosmic Photon- Proton-Spectra

hadron wall?

no wall a’tall

sun SN87a
Neutrino
Incognito
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General Remarks on Neutrinos

Existence of Xgal neutrinos inferred from CR spectrum, up to 1020 eV,
   and similarly, Galactic up to 1018 eV,

Need gigaton (km3) mass (volume) for TeV to PeV detection  [e.g. IceCube Xpt]
 but a teraton of mass at 1019 eV 
  SPACE-BASED                [e.g. EUSO Xpt]

Neutrino eyes see farther ( z>1 ), 
 and deeper (into compact objects)     than gamma-photons, 
 and straighter                                      than HECRs,
 with no absorption at (almost) any energy
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Model ν fluxes (Protheroe review 1996)

atmosphere

AGN

GRB BZ/GZK

pγIsm

SMPs

TDs MGUTGeV
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“Essentially Guaranteed”
Xgalactic Cosmogenic ν Flux

Cosmogenic ν’s:
Fν(Ep/5/4) = Fp(E>5 1019) x 20

graphs from Semikoz and Sigl
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ANITA flight path, launched 15Dec2006

Anita
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AMANDA, RICE, Anita, IceCube, AURA, ARIANNA:
Antarctic Cap = Neutrino Trap
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IceCube
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Security at the CUBE
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Earth Absorption 
versus 
Neutrino Cross-Section

Cross-section corresponds to MFP 
which matches shown chord length
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JEM-EUSO: Extreme Universe Space Observatory 
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ν HAS event rate is small at Extreme Energy

e.g. FCR implies 10-2 events/yr at 1020 eV;
  and       10  events/yr at 1019 eV.
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Orbiting Wide-angle Lens (OWL)

3000 events/year 
above 1020eV  

and UHE Neutrinos!
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Goldstone Lunar Radio (Cherenkov) Experiment (GLUE)

ν     radio 
Cherenkov

GLUE
is related to RICE, FORTE, ANITA, and 

eventually, to Lofar, ARIANA,  and SalSa 
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Model Neutrino Fluxes and Future Limits

GLUE, RICE, Forte

,Auger, Anita, EUSO

From Eberle, AR, Song, TJW;
Semikoz and Sigl 
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Greisen-Zatsepin-Kuzmin suppression

3

in an identical fashion. To minimize biases from res-
olution effects, MC event sets are generated using the
published measurements of the spectrum [23] and com-
position [24, 25, 26].

To ensure the reliability of the aperture calculation,
the MC simulation is validated by comparing key distri-
butions from the analysis of MC events to those from the
actual data. Several of these comparisons were shown in
reference [27]. Especially noteworthy are comparisons
of the distribution of distances to the showers, which
shows that the simulation accurately predicts the cov-
erage of the detector, and the brightness of the signal,
which demonstrates that the simulation of the optical
characteristics of the detector, and of the trigger and at-
mospheric conditions, accurately reproduce the data col-
lection environment. The excellent agreement between
the observed and simulated distributions shown in these
cases is typical of MC-data comparisons of other kine-
matic and physical quantities, and demonstrate that we
have a reliable MC simulation program and aperture cal-
culation. Figure 2 shows the result of the aperture calcu-
lation for both HiRes-I and HiRes-II in monocular mode.
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FIG. 2: The apertures of the HiRes-I and HiRes-II detectors
operating in monocular mode.

Figure 3 shows the monocular spectra from the two
HiRes detectors [28]. The data included in the figure
were collected by HiRes-I from May, 1997 to June, 2005,
and by HiRes-II from December, 1999 to August, 2005.
Figure 3 shows the flux multiplied by E3, a shear trans-
formation which does not change the statistical interpre-
tation of the results. Two prominent features seen in the
figure are a softening of the spectrum at the expected
energy of the GZK threshold of 1019.8 eV, and the dip
at 1018.6 eV, known as the “Ankle”. Theoretical fits to
the spectrum [29] show that the Ankle is likely caused by
e+e− pair production in the same interactions between
CMBR photons and cosmic ray protons where pion pro-
duction produces the GZK cutoff. The observation of
both features is consistent with the published HiRes re-
sults of a predominantly light composition above 1018 eV
[26].
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FIG. 3: The cosmic ray spectrum measured by the HiRes
detectors operating in monocular mode. The spectrum of
the HiRes-I and HiRes-II detectors are shown. The highest
two energy bins for each detector are empty, with the 68%
confidence level bounds shown. The spectrum of the AGASA
experiment is also shown.

At lower energies, the cosmic ray energy spectrum is
well fit by a piece-wise power law model. A similar fit also
gives an excellent representation of the spectrum in Fig-
ure 3. The three straight line segments shown represent
the result of a fit of the measured flux to a triple-power
law. The model contains six free parameters: one nor-
malization, the energies of two floating break points, and
three power law indices.

We performed a binned maximum likelihood fit [30] to
the data from the two detectors. The fits include two
empty bins for each monocular dataset. We found the
two breaks at log E (E in eV) of 19.75±0.04, and 18.65±
0.05, corresponding to the GZK cutoff and the Ankle,
respectively. When the datasets were made statistically
independent by removing events seen by both detectors
from the HiRes-I dataset, we obtained a χ2 of 39.5 in this
fit for 35 degrees of freedom (DOF). In contrast, a fit to a
model with only one break point, while able to locate the
Ankle, yielded a χ2/DOF=62.9/37. The χ2 difference of
23.4, while adding two DOF, implies that the two break
point fit is preferred at a confidence level corresponding
to 4.5σ.

Another measure of the significance of the break in
the spectral index at 1019.8 eV is made by comparing
the actual number of events observed above the break
to the expected number for an unbroken spectrum. For
the latter, we assume the power law of the middle seg-
ment to continue beyond the threshold. Folding the ex-
posures with the overlap between the detectors removed,
we expect 39.9 events above 1019.8 eV from the extrap-
olation, whereas 13 events were actually found in the
data. The Poisson probability for the observed deficit is
∼ 7.1×10−7, which corresponds to a significance of 4.8σ,
consistent with the χ2 calculation above. Thus we con-
clude that there is a definite break in the UHE cosmic ray
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The High Resolution Fly’s Eye (HiRes) experiment has observed the GZK cutoff. HiRes’ mea-
surement of the flux of cosmic rays shows a sharp suppression at an energy of 6 × 1019 eV, exactly
the expected cutoff energy. We observe the “Ankle” of the cosmic ray spectrum as well, at an energy
of 4 × 1018 eV. We describe the experiment, data collection, analysis, and estimate the systematic
uncertainties. The results are presented and the calculation of a ∼ 5 standard deviation observation
of the GZK cutoff is described.
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In 1966, Greisen [1], and Zatsepin and Kuzmin [2],
proposed an upper energy limit to the cosmic ray spec-
trum. Their predictions were based on the assumption of
a proton dominated extra-Galactic cosmic ray flux which
would interact with the photons in the Cosmic Microwave
Background (CMB) via photo-pion production. From the
temperature of the CMB and the mass and width of the
∆ resonance, a “GZK” threshold of ∼ 6×1019 eV was cal-
culated, and a suppression in the cosmic ray flux beyond
this energy was predicted. This is a strong energy-loss
mechanism that limits the range of cosmic protons above
this threshold to less than ∼ 50 Mpc.

Several earlier experiments [3, 4, 5, 6] have reported
the detection of one event each above 1020 eV. A con-
tinuing, unbroken spectrum beyond the predicted GZK
threshold was later reported by a larger experiment, the
Akeno Giant Air Shower Array (AGASA) [7, 8].

The High Resolution Fly’s Eye (HiRes) experiment was
operated on clear, moonless nights over a period of nine
years (1997-2006). During that time, HiRes collected a
cumulative exposure 4-5 times that collected by AGASA
above the GZK threshold. Using the fluorescence tech-
nique, the HiRes experiment observes cosmic rays by
imaging the Extensive Air Shower (EAS) generated by
a primary cosmic ray. Ultraviolet (UV) light is emitted
by nitrogen molecules in the wake of the EAS and col-
lected by our detector.

Forty years after its initial prediction, the HiRes ex-

periment has observed the GZK cutoff. In this article we
describe our measurement of the flux of cosmic rays, the
resulting cosmic ray spectrum, our analysis of this spec-
trum to infer the existence of the cutoff, and our estimate
of systematic uncertainties.

The HiRes project has been described previously [9,
10]. The experiment consists of two detector stations
(HiRes-I and HiRes-II) located on the U.S. Army Dug-
way Proving Ground in Utah, 12.6 km apart. Each sta-
tion is assembled from telescope modules (22 at HiRes-I
and 42 at HiRes-II) pointing at different parts of the sky,
covering nearly 360◦ in azimuth, and 3◦–17◦ (HiRes-I),
and 3◦–31◦ (Hires-II) in elevation. Each telescope mod-
ule collects and focuses UV light from air showers using
a spherical mirror of 3.7 m2 effective area. A cluster of
256 photomultiplier tubes (PMTs) is placed at the focal
plane of each mirror and serves as the camera for each
telescope. The field of view of each PMT subtends a one
degree cone on the sky.

HiRes data analysis is carried out in two ways. In
monocular mode, events from each detector site are se-
lected and reconstructed independently. The combined
monocular dataset has the best statistical power and cov-
ers the widest energy range. The dataset consisting of
events seen by both detectors, analyzed in stereo, has the
best resolution, but covers a narrower energy range and
has less statistics. This article presents the monocular
spectra from our two detectors.
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In 1966, Greisen [1], and Zatsepin and Kuzmin [2],
proposed an upper energy limit to the cosmic ray spec-
trum. Their predictions were based on the assumption of
a proton dominated extra-Galactic cosmic ray flux which
would interact with the photons in the Cosmic Microwave
Background (CMB) via photo-pion production. From the
temperature of the CMB and the mass and width of the
∆ resonance, a “GZK” threshold of ∼ 6×1019 eV was cal-
culated, and a suppression in the cosmic ray flux beyond
this energy was predicted. This is a strong energy-loss
mechanism that limits the range of cosmic protons above
this threshold to less than ∼ 50 Mpc.

Several earlier experiments [3, 4, 5, 6] have reported
the detection of one event each above 1020 eV. A con-
tinuing, unbroken spectrum beyond the predicted GZK
threshold was later reported by a larger experiment, the
Akeno Giant Air Shower Array (AGASA) [7, 8].

The High Resolution Fly’s Eye (HiRes) experiment was
operated on clear, moonless nights over a period of nine
years (1997-2006). During that time, HiRes collected a
cumulative exposure 4-5 times that collected by AGASA
above the GZK threshold. Using the fluorescence tech-
nique, the HiRes experiment observes cosmic rays by
imaging the Extensive Air Shower (EAS) generated by
a primary cosmic ray. Ultraviolet (UV) light is emitted
by nitrogen molecules in the wake of the EAS and col-
lected by our detector.

Forty years after its initial prediction, the HiRes ex-

periment has observed the GZK cutoff. In this article we
describe our measurement of the flux of cosmic rays, the
resulting cosmic ray spectrum, our analysis of this spec-
trum to infer the existence of the cutoff, and our estimate
of systematic uncertainties.

The HiRes project has been described previously [9,
10]. The experiment consists of two detector stations
(HiRes-I and HiRes-II) located on the U.S. Army Dug-
way Proving Ground in Utah, 12.6 km apart. Each sta-
tion is assembled from telescope modules (22 at HiRes-I
and 42 at HiRes-II) pointing at different parts of the sky,
covering nearly 360◦ in azimuth, and 3◦–17◦ (HiRes-I),
and 3◦–31◦ (Hires-II) in elevation. Each telescope mod-
ule collects and focuses UV light from air showers using
a spherical mirror of 3.7 m2 effective area. A cluster of
256 photomultiplier tubes (PMTs) is placed at the focal
plane of each mirror and serves as the camera for each
telescope. The field of view of each PMT subtends a one
degree cone on the sky.

HiRes data analysis is carried out in two ways. In
monocular mode, events from each detector site are se-
lected and reconstructed independently. The combined
monocular dataset has the best statistical power and cov-
ers the widest energy range. The dataset consisting of
events seen by both detectors, analyzed in stereo, has the
best resolution, but covers a narrower energy range and
has less statistics. This article presents the monocular
spectra from our two detectors.
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surement of the flux of cosmic rays shows a sharp suppression at an energy of 6 × 1019 eV, exactly
the expected cutoff energy. We observe the “Ankle” of the cosmic ray spectrum as well, at an energy
of 4 × 1018 eV. We describe the experiment, data collection, analysis, and estimate the systematic
uncertainties. The results are presented and the calculation of a ∼ 5 standard deviation observation
of the GZK cutoff is described.
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In 1966, Greisen [1], and Zatsepin and Kuzmin [2],
proposed an upper energy limit to the cosmic ray spec-
trum. Their predictions were based on the assumption of
a proton dominated extra-Galactic cosmic ray flux which
would interact with the photons in the Cosmic Microwave
Background (CMB) via photo-pion production. From the
temperature of the CMB and the mass and width of the
∆ resonance, a “GZK” threshold of ∼ 6×1019 eV was cal-
culated, and a suppression in the cosmic ray flux beyond
this energy was predicted. This is a strong energy-loss
mechanism that limits the range of cosmic protons above
this threshold to less than ∼ 50 Mpc.

Several earlier experiments [3, 4, 5, 6] have reported
the detection of one event each above 1020 eV. A con-
tinuing, unbroken spectrum beyond the predicted GZK
threshold was later reported by a larger experiment, the
Akeno Giant Air Shower Array (AGASA) [7, 8].

The High Resolution Fly’s Eye (HiRes) experiment was
operated on clear, moonless nights over a period of nine
years (1997-2006). During that time, HiRes collected a
cumulative exposure 4-5 times that collected by AGASA
above the GZK threshold. Using the fluorescence tech-
nique, the HiRes experiment observes cosmic rays by
imaging the Extensive Air Shower (EAS) generated by
a primary cosmic ray. Ultraviolet (UV) light is emitted
by nitrogen molecules in the wake of the EAS and col-
lected by our detector.

Forty years after its initial prediction, the HiRes ex-

periment has observed the GZK cutoff. In this article we
describe our measurement of the flux of cosmic rays, the
resulting cosmic ray spectrum, our analysis of this spec-
trum to infer the existence of the cutoff, and our estimate
of systematic uncertainties.

The HiRes project has been described previously [9,
10]. The experiment consists of two detector stations
(HiRes-I and HiRes-II) located on the U.S. Army Dug-
way Proving Ground in Utah, 12.6 km apart. Each sta-
tion is assembled from telescope modules (22 at HiRes-I
and 42 at HiRes-II) pointing at different parts of the sky,
covering nearly 360◦ in azimuth, and 3◦–17◦ (HiRes-I),
and 3◦–31◦ (Hires-II) in elevation. Each telescope mod-
ule collects and focuses UV light from air showers using
a spherical mirror of 3.7 m2 effective area. A cluster of
256 photomultiplier tubes (PMTs) is placed at the focal
plane of each mirror and serves as the camera for each
telescope. The field of view of each PMT subtends a one
degree cone on the sky.

HiRes data analysis is carried out in two ways. In
monocular mode, events from each detector site are se-
lected and reconstructed independently. The combined
monocular dataset has the best statistical power and cov-
ers the widest energy range. The dataset consisting of
events seen by both detectors, analyzed in stereo, has the
best resolution, but covers a narrower energy range and
has less statistics. This article presents the monocular
spectra from our two detectors.

Auger reach  70  x better,
EUSO reach 103 x better !

opportunity

GZK recovery ?
Z-burst uncovery ?
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Low Crossover Fits to CRs, 
  and Berezinsky Neutrinos

Theory threshold for pγ2.7Kpe+e- 

and data (knee) are at 1017.6 eV.
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Fν ~ 30 x Waxman-Bahcall at 1017 eV, comparable at 1019 eV                 
(                                                      (AARWGH, 2005)

Predictions vs. Reach

Good news: 
Source ν’s exceed 
cosmogenic ν’s at all 
energies!
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Some neutrino Flavor physics

Besides energy and direction, cosmic quanta carry intrinsic information.

For cosmic-rays, it is A and Z;

For photons, it is spin polarization;

For neutrinos, it is flavor:
 electron-neutrino (which showers)
 muon neutrino      (whose CC tracks)
 tau neutrino          (which showers below a PeV, tracks above) 

Moreover, the flavors mix in a calculable/known way,
 which means the flavors oscillate in an L/E-dependent way,
  enabling:

       Neutrino Interferometry over Cosmic baselines !! 
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AMANDA/IceCube νµ event

and coming in the Mediterranean: Nestor, Antares 

Muon tracks with good S/N are ID’d 
 above 100 GeV;
Non-tracking events (Showers) are 
 ID’d above a TeV
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Classic Tau Signature: 
    Double Bang (Learned and Pakvasa, 1995)

tau decay

νtau-N --> tau interaction

            tau lepton track
~50m/PeV, neglecting dE/dx

T. DeYoung
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IceCube Windows for Flavor ID

(supernovæ) showers vs. tracks

full flavor ID

Neutrino flavor

νµ

ντ

ν e

Log(ENERGY/eV)

12 18156 219

ν
e

double bang***

T. DeYoung
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Decohering the PMNS/tribimaximal 
 neutrino-mixing matrix

 R(theta32) R(theta13*) R(theta21) x MajoranaPhases   = 

         2/3     1/3      0 
Xpt    |Uαj|2 ~    1/6     1/3    1/2
        1/6     1/3    1/2
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Decohering the PMNS/tribimaximal
 neutrino-mixing matrix

 ν1    ν2     ν3

Cosmic Beta-beam:

   νe =  2/3 ν1 + 1/3 ν2    

  νe : νµ : ντ   =    5:2:2

νe    
νm    

νt
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The cosmic ν flavor-mixing theorem

If theta32 is maximal           (it is),
And if Re(Ue3) is minimal   (it is),
Then νµ and ντ equilibrate;

Further, if initial νe flux is 1/3
(as from pion-muon decay chain),
Then all three flavors equilibrate.
 

νe:νµ:ντ = 1 : 1 : 1   at Earth
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Neutrino Flavor Ratios for various Astro processes
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Democracy Broken:

1. Galactic β-beam

2.    Source dynamics 

3.    ν decay (15 minutes of fame)

4.    Vacuum resonance
 (MaVaNs, LIV vector)

5.   Pseudo-Dirac ν oscillations
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Meszaros/Waxman-AARWGH

Predict change in cosmic flavor ratio with energy:

From complete pi-decay chain,
1:1:1 at Earth,

To partial pi-decay chain (~ pure νµ beam),

 4:7:7 at Earth;

Diagnostic for ambient density: 
decay mfp vs. interaction mfp.
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ν−decay   (via majoron emission)

P(survive)= e –t/τ = e –(L/E)(m/τ
0

)

Beacom, Bell, Hooper, Pakvasa, TJW, PRL2003
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ν diagnostic of astro-engines:    ppπ vs. pγ π

The process νe+e--  W-- is resonant at 6.4 PeV;

pp make nearly equal π+π−, with Pπ/PCR ~ 0.6
  νµ:νµ:νe:νe = 2:2:1:1
  flavor democracy, νe = 1/6 total

pγ via Δ+ make π+ (per two π0), with Pπ/PCR ~ 0.25
  νµ:νµ:νe = 1:1:1 (no νe)
  νe = 1/15 total

IceCube will have flavor ID, and ΔE/E of 25%,
and so can measure On-Res/Off-Res ratio
to resolve this (AGHW, 2004)
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Neutrinos from the Cosmos:

First non-atmospheric event is “just around the corner”
[lik the Higgs and SUSY??]

Next one to ten years will be critical, and, 
 the deities/gods willing,  
  most fruitful !

Summary
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The LSND-ino = miniBoo-ino ???
(with help from Extra Dimensions)

5

predicted spectrum when the best-fit two-neutrino oscil-
lation signal is added to the predicted background. The
bottom panel of the figure shows background-subtracted
data with the best-fit two-neutrino oscillation and two
oscillation points from the favored LSND region. The
oscillation fit in the 475 < EQE

ν < 3000 MeV energy
range yields a χ2 probability of 93% for the null hypoth-
esis, and a probability of 99% for the (sin2 2θ = 10−3,
∆m2 = 4 eV2) best-fit point.
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FIG. 2: The top plot shows the number of candidate νe events
as a function of EQE

ν . The points represent the data with sta-
tistical error, while the histogram is the expected background
with systematic errors from all sources. The vertical dashed
line indicates the threshold used in the two-neutrino oscilla-
tion analysis. Also shown are the best-fit oscillation spec-
trum (dashed histogram) and the background contributions
from νµ and νe events. The bottom plot shows the number of
events with the predicted background subtracted as a func-
tion of EQE

ν , where the points represent the data with total
errors and the two histograms correspond to LSND solutions
at high and low ∆m2.

A single-sided raster scan to a two neutrino
appearance-only oscillation model is used in the energy
range 475 < EQE

ν < 3000 MeV to find the 90% CL limit
corresponding to ∆χ2 = χ2

limit − χ2
bestfit = 1.64. As

shown in Fig. 3, the LSND 90% CL allowed region is ex-
cluded at the 90% CL. A joint analysis of the two results
excludes at 98% CL two-neutrino appearance oscillations
as an explanation of the LSND anomaly.

A separate analysis developed simultaneously and with
the same blindness criteria used a different set of recon-
struction programs, PID algorithms, and fitting and nor-
malization processes. The reconstruction used a simpler

model of light emission and propagation. The PID used
172 quantities such as charge and time likelihoods in an-
gular bins, Mγγ , and likelihood ratios (electron/ pion
and electron/muon) as inputs to boosted decision tree
algorithms [30] that are trained on sets of simulated sig-
nal events and background events with a cascade-training
technique [31]. In order to achieve the maximum sensi-
tivity to oscillations, the νµ-CCQE data sample with two
subevents were fit simultaneously with the νe-CCQE can-
didate sample with one subevent. By forming a χ2 using
both data sets and using the corresponding covariance
matrix to relate the contents of the bins of the two dis-
tributions, the errors in the oscillation parameters that
best describe the νe-CCQE candidate data set were well
constrained by the observed νµ-CCQE data. This pro-
cedure is partially equivalent to doing a νe to νµ ratio
analysis where many of the systematic uncertainties can-
cel.

The two analyses are very complementary, with the
second having a better signal-to-background ratio, but
the first having less sensitivity to systematic errors from
detector properties. These different strengths resulted in
very similar oscillation sensitivities and, when unblinded,
they yielded very similar oscillation fit results. Based on
the predicted sensitivities before unblinding, we decided
to present the first analysis as our oscillation result, with
the second as a powerful cross-check.

In summary, while there is a presently unexplained
discrepancy with data lying above background at low
energy, there is excellent agreement between data and
prediction in the oscillation analysis region. If the oscil-
lations of neutrinos and antineutrinos are the same, this
result excludes two neutrino appearance-only oscillations
as an explanation of the LSND anomaly at 98% CL.

We acknowledge the support of Fermilab, the Depart-
ment of Energy, and the National Science Foundation.
We thank Los Alamos National Laboratory for LDRD
funding. We acknowledge Bartoszek Engineering for the
design of the focusing horn. We acknowledge Dmitri Top-
tygin, Anna Pla, and Hans-Otto Meyer for optical mea-
surements of mineral oil. This research was done using
resources provided by the Open Science Grid, which is
supported by the NSF and DOE-SC. We also acknowl-
edge the use of the LANL Pink cluster and Condor soft-
ware in the analysis of the data.
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In QG/String Theory, brane is dynamical, 
fluctuating
due to 
    Quantum Mechanics
    Thermal Mechanics
    In-Brane stresses 
 (e.g. EM vs. gravity)
    Out of Brane experiences 
 (e.g. trans-brane gravity)
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Examples: n00 MeV resonance

And significant νµ disappearance for stopped-pion source (SNS)
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Oscillation Phase from LIV / Bulk Travel

New Physics Interpretation of the Resonant Feature in the mini-BooNE Spectrum

Thomas J. Weiler1
1Department of Physics and Astronomy, Vanderbilt University, Nashville, TN 37235

blah blah blah

INTRODUCTION

The newly released data from the miniBooNe experiment shows no evidence for two-flavor active-sterile oscillations
at higher energies (475-3000 MeV), but an interesting enhancement in the lower-energy data, presented with 3.7 σ
confidence level [1]. While this is not enough significance to claim a discovery, it is nonetheless intriguing. It is
especially intriguing in light of previously published models which accommodate the LSND result, and predict just
such a spectrum. As we demonstrate below, this class of models may be viewed either as superluminal travel of
the gauge-singlet sterile neutrino in extra dimensions [2], or alternativley as Lorentz violation for sterile neutrinos as
viewed from our four-dimensional spacetime [3, 4]. Below we also show the remarkable agreement between this class
of model and the new “miniBooNE anomaly”.

FORMALISM

The quantum mechanics of the aforementioned models is simple. The flavor-oscillation amplitude for a propagating
neutrino is

A(να → νβ) = 〈να| e−iHt|νβ〉 . (1)

The component of Ht which is common (i.e., proportional to the identity) cannot effect flavor change, so we may
subtract it. We write the remainder as δ(Ht). With the assumption that the non-common contributions are small,
we may further expand δ(Ht) as (δH)t + H(δt). We are left with

A(να → νβ) = 〈να| e−i[(δH)t+H(δt)]|νβ〉 . (2)

As in standard oscillations, δH is diagonal in the mass-basis, and at lowest order is equal to

δH =
1

2 E
diag(m2

1, m
2
2, · · · ) . (3)

Upon inserting complete sets of mass-eigenstates before and after e−i(δH)t in (2), the first term there becomes
1

2 E

∑
j Uαj U∗

βj e−im2
j t; the usual definition of the bases-mixing matrix

Uαj = 〈να | νj〉, or equivalently, |να〉 = U∗
αj |j〉 . (4)

has been employed.
A nonvanishing value for the second term in (2) is non-conventional. A nonvanishing contribution occurs if the

propagation times for the neutrino states are not universal. Such a theory assigns different “light-cones” to different
states, thereby breaking Lorentz invariance. Conversely, a large class of models with Lorentz Invariance Violation
(LIV) has been shown to be phenomenologically equivalent to state-dependent limiting velocities [3, 4]. We note that
with differing velocities, one has δt = δ(L/v) = −L δv/v2, which is −L δv to lowest order. It is most natural to assign
the limiting velocities to the interaction flavor eigenstates. In this case, the second term in (2) as written is already
in a diagonal basis, and is equal to

δ t = diag(δtα, δtβ , · · · ) = −L diag(δvα, δvβ , · · · ) . (5)

Putting the two terms together, we are led to the following oscillation amplitude

A(να → νβ) =
∑

j

Uαj U∗
βj e−i

m2
j L

2 E + δαβ e+iLδvα . (6)
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2

It is conventional to put the physics of (6) into a Hamiltonian framework. From (6) we get immediately the following
effective neutrino Hamiltonian in the flavor basis:

H (F ) =
1

2 E
U





m2
1 0 0 0

0 m2
2 0 0

0 0 m2
3 0

0 0 0 m2
4



 U † − E





δv1 0 0 0
0 δv2 0 0
0 0 δv3 0
0 0 0 δv4



 (7)

In general, the 4x4 mixing matrix U consists of six angles (the number of planes in four dimensions) and four
phases. To simplify the analysis, we will neglect the three new phases, and set to zero the rotation angles in the 4-2
and 4-1 planes. By keeping the θ43 angle in R43 nonzero, we retain the basic features of the model. So we have

U =
(

U3×3 0
0 1

)
×




1 0 0
0 1 0
0 0 R43



 (8)

in the absence of the new term proportional to δv’s. Here, U3×3 is the usual PMNS mixing-matrix among the three
active-flavor neutrinos, and

R43 =
(

cos θ43 sin θ43

− sin θ43 cos θ43

)
(9)

We next write ∆LSND ≡ m2
4 − m2

3, and further neglect the light masses m2
j , j = 1, 2, 3 relative to m2

4. We assume
the active neutrino flavors have the usual limiting velocity c, whereas the sterile flavor has a superluminal limiting
velocity ε ≡ δv4 > 0. This seems to us to be the most economic and intuitive application of possibly-differing
limiting-velocities. The sterile state is qualitatively different from active states in that it has no gauge interactions,
and therefore is unconstrained by gauge symmetries. We provide more discussion of a qualitatively different sterile
neutrino below.

With these assumptions, the effective Hamiltonian in (7) may be written as

H (F ) =
(

U3×3 0
0 1

)



1

2 E




1 0 0
0 1 0
0 0 R43









0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 ∆LSND








1 0 0
0 1 0
0 0 RT

43



 − E ε





0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1









(
U †

3×3 0
0 1

)
(10)

The qualitative features of H in Eq. (10) provide an interesting discussion. First of all, the second term on the rhs,
diagonal in the flavor basis, has an analogy with the famous MSW matter-term. Accordingly, resonance enhancement
of the mixing angles may occur. At sufficiently low energies, the first term on the rhs of H dominates, and oscillations
proceed in the standard way. At sufficiently high energies, the second rhs term in H dominates, the eigenstates of
the Hamiltonian are nearly flavor states, and oscillations are very suppressed. At some intermediate value of energy,
the two terms are comparable, and resonant behavior may occur. Resonant behavior occurs if the mixing angle can
reach the maximal-mixing value of 45◦.

The matrix in brackets in (10) is equal to

∆LSND

2 E





0 0 0 0
0 0 0 0
0 0 s2

43 s43 c43

0 0 s43 c43

(
c2
43 − 2E2ε

∆LSND

)




, (11)

and is diagonalized by the rotation R̃43 through an angle θ̃43 given implicitly by

tan 2θ̃ =
sin 2θ43

cos 2θ43 − 2ε E2/∆LSND
, (12)

or equivalently, by

sin2 2θ̃ =
sin2 2θ43

sin2 2θ43 + (cos 2θ43 − 2ε E2/∆LSND)2
. (13)
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Bulk Travel
3

Thus, the matrix which diagonalizes the full Hamiltonian H (F ) is

Ũ =
(

U3×3 0
0 1

)
×




1 0 0
0 1 0
0 0 R43(θ̃)



 =





Ve1 Ve2 Ve3 cos θ̃ Ve3 sin θ̃
Vµ1 Vµ2 Vµ3 cos θ̃ Vµ3 sin θ̃
Vτ1 Vτ2 Vτ3 cos θ̃ Vτ3 sin θ̃
0 0 − sin θ̃ cos θ̃



 (14)

where for brevity we have defined V = U3×3.
The energy-dependent angle θ̃ is obtained by taking the inverse sine of Eq. (13) (or (17) to come to later), or the

inverse tangent of (12) ((16)). Care must be taken to ensure that θ̃ is chosen in the first octant for E < ER, and in
the second octant for E > ER. the functions sin θ̃ and cos θ̃ are then readily obtained.

Resonant mixing occurs when the two diagonal elements in Eq. (11) are equal, i.e. when

ER =
√

cos 2θ43 ∆LSND

2ε
. (15)

We note some significant features of this result. First of all, since cos 2θ43 is positive definite for small θ43, resonance
can occur only if ∆LSND and ε have the same sign. Cosmological limits on neutrino masses disallow

∑3
j=1 mj ≥

3
√
|∆LSND| ∼ 3 eV, so ∆LSND must be positive. Thus, resonance is possible only if δvs > 0. One possibility is to have

limiting velocities vs = c, va < c. the other possibility, which we assumed above, is to have va = c and a superluminal
vs [5] This latter possibility is discussed more below.

We may rewrite Eqs. (12) and (13) in terms of ER. The result is

tan 2θ̃ =
tan 2θ43

1 −
(

E
ER

)2 , (16)

and

sin2 2θ̃ =
sin2 2θ43

sin2 2θ43 + cos2 2θ43

(
1 −

(
E

ER

)2
)2 . (17)

There are two distinct qualitative differences between the LIV resonance inherent in (10), and the MSW matter-
resonance. First of all, the LIV term here grows with energy, whereas the matter term in the MSW Hamiltonian does
not. This means that the LIV resonance will be narrower than an MSW resonance. In other words, a measurement of
the FWHM becomes a signature of the LIV resonance. The second qualititative difference is that the LIV resonance
here does not violate CPT, whereas the MSW resonance necessarily does. This means that the LIV resonance will
occur identically in the both neutrino and antineutrino channels, in contrast to the MSW resonance.

The eigenvalues of (11) are easily found. Notice that they are also the eigenvalues of the full Hmailtonian given in
Eq. (10). The eigenvalues are

λ1 = λ2 = 0, λ4/3 ≡ λ± =
∆LSND

4E



1 − cos 2θ43

(
E

ER

)2

±

√√√√sin2 2θ43 + cos2 2θ43

[
1 −

(
E

ER

)2
]2



 . (18)

The eigenvalue differences δHkj ≡ λk − λj are

δH43 = λ+ − λ− =
∆LSND

2E

√√√√sin2 2θ43 + cos2 2θ43

[
1 −

(
E

ER

)2
]2

δH42 = δH41 = λ+

δH32 = δH31 = λ−

δH21 = 0 (19)

NOTE THAT IN THE THREE NEUTRINO MODEL OF PPW, there is no “1” state, and so the three δH ’s, namely
δH43, δH42, and δH32, are all of the same magnitude in the resonance region.
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the active neutrino flavors have the usual limiting velocity c, whereas the sterile flavor has a superluminal limiting
velocity ε ≡ δv4 > 0. This seems to us to be the most economic and intuitive application of possibly-differing
limiting-velocities. The sterile state is qualitatively different from active states in that it has no gauge interactions,
and therefore is unconstrained by gauge symmetries. We provide more discussion of a qualitatively different sterile
neutrino below.

With these assumptions, the effective Hamiltonian in (7) may be written as

H (F ) =
(

U3×3 0
0 1

)



1

2 E




1 0 0
0 1 0
0 0 R43









0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 ∆LSND








1 0 0
0 1 0
0 0 RT

43



 − E ε





0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1









(
U †

3×3 0
0 1

)
(10)

The qualitative features of H in Eq. (10) provide an interesting discussion. First of all, the second term on the rhs,
diagonal in the flavor basis, has an analogy with the famous MSW matter-term. Accordingly, resonance enhancement
of the mixing angles may occur. At sufficiently low energies, the first term on the rhs of H dominates, and oscillations
proceed in the standard way. At sufficiently high energies, the second rhs term in H dominates, the eigenstates of
the Hamiltonian are nearly flavor states, and oscillations are very suppressed. At some intermediate value of energy,
the two terms are comparable, and resonant behavior may occur. Resonant behavior occurs if the mixing angle can
reach the maximal-mixing value of 45◦.

The matrix in brackets in (10) is equal to

∆LSND

2 E





0 0 0 0
0 0 0 0
0 0 s2

43 s43 c43

0 0 s43 c43

(
c2
43 − 2E2ε

∆LSND

)




, (11)

and is diagonalized by the rotation R̃43 through an angle θ̃43 given implicitly by

tan 2θ̃ =
sin 2θ43

cos 2θ43 − 2ε E2/∆LSND
, (12)

or equivalently, by

sin2 2θ̃ =
sin2 2θ43

sin2 2θ43 + (cos 2θ43 − 2ε E2/∆LSND)2
. (13)New parameters are

 
1. running 
2. 
3. 
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Thus, the matrix which diagonalizes the full Hamiltonian H (F ) is

Ũ =
(

U3×3 0
0 1

)
×




1 0 0
0 1 0
0 0 R43(θ̃)



 =





Ve1 Ve2 Ve3 cos θ̃ Ve3 sin θ̃
Vµ1 Vµ2 Vµ3 cos θ̃ Vµ3 sin θ̃
Vτ1 Vτ2 Vτ3 cos θ̃ Vτ3 sin θ̃
0 0 − sin θ̃ cos θ̃



 (14)

where for brevity we have defined V = U3×3.
The energy-dependent angle θ̃ is obtained by taking the inverse sine of Eq. (13) (or (17) to come to later), or the

inverse tangent of (12) ((16)). Care must be taken to ensure that θ̃ is chosen in the first octant for E < ER, and in
the second octant for E > ER. the functions sin θ̃ and cos θ̃ are then readily obtained.

Resonant mixing occurs when the two diagonal elements in Eq. (11) are equal, i.e. when

ER =
√

cos 2θ43 ∆LSND

2ε
. (15)

We note some significant features of this result. First of all, since cos 2θ43 is positive definite for small θ43, resonance
can occur only if ∆LSND and ε have the same sign. Cosmological limits on neutrino masses disallow

∑3
j=1 mj ≥

3
√
|∆LSND| ∼ 3 eV, so ∆LSND must be positive. Thus, resonance is possible only if δvs > 0. One possibility is to have

limiting velocities vs = c, va < c. the other possibility, which we assumed above, is to have va = c and a superluminal
vs [5] This latter possibility is discussed more below.

We may rewrite Eqs. (12) and (13) in terms of ER. The result is

tan 2θ̃ =
tan 2θ43

1 −
(

E
ER

)2 , (16)

and

sin2 2θ̃ =
sin2 2θ43

sin2 2θ43 + cos2 2θ43

(
1 −

(
E

ER

)2
)2 . (17)

There are two distinct qualitative differences between the LIV resonance inherent in (10), and the MSW matter-
resonance. First of all, the LIV term here grows with energy, whereas the matter term in the MSW Hamiltonian does
not. This means that the LIV resonance will be narrower than an MSW resonance. In other words, a measurement of
the FWHM becomes a signature of the LIV resonance. The second qualititative difference is that the LIV resonance
here does not violate CPT, whereas the MSW resonance necessarily does. This means that the LIV resonance will
occur identically in the both neutrino and antineutrino channels, in contrast to the MSW resonance.

The eigenvalues of (11) are easily found. Notice that they are also the eigenvalues of the full Hmailtonian given in
Eq. (10). The eigenvalues are

λ1 = λ2 = 0, λ4/3 ≡ λ± =
∆LSND

4E



1 − cos 2θ43

(
E

ER

)2

±

√√√√sin2 2θ43 + cos2 2θ43

[
1 −

(
E

ER

)2
]2



 . (18)

The eigenvalue differences δHkj ≡ λk − λj are

δH43 = λ+ − λ− =
∆LSND

2E

√√√√sin2 2θ43 + cos2 2θ43

[
1 −

(
E

ER

)2
]2

δH42 = δH41 = λ+

δH32 = δH31 = λ−

δH21 = 0 (19)

NOTE THAT IN THE THREE NEUTRINO MODEL OF PPW, there is no “1” state, and so the three δH ’s, namely
δH43, δH42, and δH32, are all of the same magnitude in the resonance region.
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It is conventional to put the physics of (6) into a Hamiltonian framework. From (6) we get immediately the following
effective neutrino Hamiltonian in the flavor basis:

H (F ) =
1

2 E
U





m2
1 0 0 0

0 m2
2 0 0

0 0 m2
3 0

0 0 0 m2
4



 U † − E





δv1 0 0 0
0 δv2 0 0
0 0 δv3 0
0 0 0 δv4



 (7)

In general, the 4x4 mixing matrix U consists of six angles (the number of planes in four dimensions) and four
phases. To simplify the analysis, we will neglect the three new phases, and set to zero the rotation angles in the 4-2
and 4-1 planes. By keeping the θ43 angle in R43 nonzero, we retain the basic features of the model. So we have

U =
(

U3×3 0
0 1

)
×




1 0 0
0 1 0
0 0 R43



 (8)

in the absence of the new term proportional to δv’s. Here, U3×3 is the usual PMNS mixing-matrix among the three
active-flavor neutrinos, and
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With the eigenvalue differences given in Eq. (19), and the mixing matrix given in Eq. (14), we have all the ingredients
to obtain all possible oscillation probabilities. Furthermore, in the model as presented, there are just three parameters
beyond the standard three-neutrino parameters. These are ∆LSND ∼ 1eV2, θ43, and ER.

The general oscillation formulas are

P (να → νβ) = δαβ − 4
∑

j<k

${Ũβj Ũ∗
βk Ũ∗

αj Ũαk} sin2

(
L δHkj

2

)
+ 2

∑

j<k

%{Ũβj Ũ∗
βk Ũ∗

αj Ũαk} sin (L δHkj) . (20)

Along with Eqs. (14), (18), and (19), Eq. (20) provides the formula to be fitted to the world’s data, including especially
the LSND anomaly and the newly-reported miniBooNE low-energy anomaly.

Let us ignore phases in U . The oscillation probability becomes

P (να → νβ) = δαβ − 4
∑

j<k

Ũβj Ũβk Ũαj Ũαk sin2

(
L δHkj

2

)
, (21)

which for the present case reduces to

P (να → νβ) = δαβ − 4 ×






sin2
(

L (λ+−λ−)
2

)
Ũβ3 Ũβ4 Ũα3 Ũα4

+ sin2
(

L λ+
2

) ∑
j=1,2 Ũβj Ũβ4 Ũαj Ũα4

+ sin2
(

L λ−
2

) ∑
j=1,2 Ũβj Ũβ3 Ũαj Ũα3 .

(22)

Just as ER sets the energy scale for the resonance, length scale for the resonance maximum is set by an interplay
of the various

LR ≡ π

|δHjk|
. (23)

The maximum resonance phenomenon occurs at (E, L) = (ER, LR). Substituting E = ER into (19), and this into
(23), gives the optimized length for resonance enhancement. The result is

L+−
R ≡ π

λ+ − λ−
=

2π

sin 2θ43

E

∆LSND
=

500 meters
sin 2θ43

× (E/400MeV)
(∆LSND/eV2)

, (24)

and

L±
R ≡ π

|λ±|
=

4π

(sin 2θ43 ± sin2 θ43)
≈ 2 L+−

R . (25)

Since the mini-BooNE decay length is approxiamtely 500 meters, we learn that the miniBooNE event excess around
300-400 MeV is optimized if (sin 2θ43 ∆LSND) is of order 1-2 eV2.

We note that the 1-2 submatrix of Ũ is the same as that of the PMNS matrix V . The matrix V , like Ũ , is
unitary. Thus,

∑
j=1,2 Ũαj Ũβj = δαβ − Vα3 Vβ3. Using this replacement,and the explicit matrix entries inthe third

and fourth columns of (14), we arrive at simpler expressions for the three relevant cases, active neutrino survival,
active-to-active neutrino conversion, and active-to-sterile conversion. Denote the active flavors by a, b, · · · . The active
neutrino survival probability is given by

P (νa → νa) = δαβ − 4 V 2
a3 ×






sin2
(

L (λ+−λ−)
2

)
sin2 θ̃ cos2 θ̃ V 2

a3

+ sin2
(

L λ+
2

)
sin2 θ̃ (1 − V 2

a3)

+ sin2
(

L λ−
2

)
cos2 θ̃ (1 − V 2

a3) .

(26)

The active-to-(different)active neutrino conversion probability is given by (and note the minus sign on the first term
in brackets)

P (νa → νb) = 4 V 2
a3 V 2

b3 ×






− sin2
(

L (λ+−λ−)
2

)
sin2 θ̃ cos2 θ̃

+ sin2
(

L λ+
2

)
sin2 θ̃

+ sin2
(

L λ−
2

)
cos2 θ̃ .

(27)

Bulk Travel

Barger, Huber, Learned, Marfatia, PPW (near future)
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Pseudo-Dirac Neutrinos, a Challenge for Neutrino Telescopes

John F. Beacom,1 Nicole F. Bell,1, 2 Dan Hooper,3

John G. Learned,4, 2 Sandip Pakvasa,4,2 and Thomas J. Weiler5, 2

1NASA/Fermilab Astrophysics Center, Fermi National Accelerator Laboratory, Batavia, Illinois 60510-0500
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3Department of Physics, University of Wisconsin, Madison, Wisconsin 53706
4Department of Physics and Astronomy, University of Hawaii, Honolulu, Hawaii 96822

5Department of Physics and Astronomy, Vanderbilt University, Nashville, Tennessee 37235
(Dated: July 10, 2003)

Neutrinos may be pseudo-Dirac states, such that each generation is actually composed of two
maximally-mixed Majorana neutrinos separated by a tiny mass difference. The usual active neutrino
oscillation phenomenology would be unaltered if the pseudo-Dirac splittings are δm2 <

∼
10−12 eV2; in

addition, neutrinoless double beta decay would be highly suppressed. However, it may be possible
to distinguish pseudo-Dirac from Dirac neutrinos using high-energy astrophysical neutrinos. By
measuring flavor ratios as a function of L/E, mass-squared differences down to δm2

∼ 10−18 eV2

can be reached. We comment on the possibility of probing cosmological parameters with neutrinos.

PACS numbers: 95.85.Ry, 96.40.Tv, 14.60.Pq FERMILAB-Pub-03/201-A, MADPH-03-1337

Are neutrinos Dirac or Majorana fermions? Despite
the enormous strides made in neutrino physics over the
last few years, this most fundamental and difficult of
questions remains unanswered. The observation of neu-
trinoless double beta decay would unambiguously signal
Majorana mass terms and hence lepton number violation.
If no neutrinoless double beta decay signal is seen, it may
be tempting to conclude that neutrinos are Dirac parti-
cles, particularly if there is independent evidence from
tritium beta decay or cosmology for significant neutrino
masses. However, Majorana mass terms may still exist,
though their effects would be hidden from most exper-
iments. Observations with neutrino telescopes may be
the only way to reveal their existence.

The generic mass matrix in the
(

νL, (νR)C
)

basis is

(

mL mD

mD mR

)

. (1)

A Dirac neutrino corresponds to the case where mL =
mR = 0, and may be thought of as the limit of two
degenerate Majorana neutrinos with opposite CP parity.
Alternatively, we may form a pseudo-Dirac neutrino [1, 2]
by the addition of tiny Majorana mass terms mL, mR !
mD, which have the effect of splitting the Dirac neutrino
into a pair of almost degenerate Majorana neutrinos, each
with mass ∼ mD. The mixing angle between the active
and sterile states is very close to maximal, tan(2θ) =
2mD/(mR − mL) $ 1, and the mass-squared difference
is δm2 % 2mD(mL + mR). For three generations, the
mass spectrum is shown in Fig. 1. The mirror model can
produce a very similar mass spectrum [3, 4].

The current theoretical prejudice is for the right-
handed Majorana mass term to be very large, mR $ mD,
giving rise to the see-saw mechanism. Then the right-
handed states are effectively hidden from low energy phe-
nomenology, since their mixing with the active states is
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FIG. 1: The neutrino mass spectrum, showing the usual solar
and atmospheric mass differences, as well as the pseudo-Dirac
splittings in each generation (though shown as equal, we as-
sume they are independent). The active and sterile compo-
nents of each pseudo-Dirac pair are νja and νjs, and are max-
imal mixtures of the mass eigenstates ν+

j and ν−

j . Neither the
ordering of the active neutrino hierarchy, nor the signs of the
pseudo-Dirac splittings, has any effect on our discussion.

suppressed through tiny mixing angles. This is desirable,
since no direct evidence for right-handed (sterile) states
has been observed (we treat both solar and atmospheric
neutrinos as active-active transitions, and do not attempt
to explain the LSND [5] anomaly). If right-handed neu-
trinos exist, where else can they hide? An alternative to
the see-saw mechanism is pseudo-Dirac neutrinos. Here,
although the mixing between active and sterile states is
maximal, such neutrinos will, in most cases, be indistin-
guishable from Dirac neutrinos, as very few experiments
can probe very tiny mass-squared differences.

In the Standard Model, mD arises from the conven-
tional Yukawa couplings and hence its scale is compara-
ble to other fermion masses. In the see-saw model, mR

is identified with some large GUT or intermediate scale
mass, and thus small neutrino masses are achieved. For
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maximally-mixed Majorana neutrinos separated by a tiny mass difference. The usual active neutrino
oscillation phenomenology would be unaltered if the pseudo-Dirac splittings are δm2 <

∼
10−12 eV2; in

addition, neutrinoless double beta decay would be highly suppressed. However, it may be possible
to distinguish pseudo-Dirac from Dirac neutrinos using high-energy astrophysical neutrinos. By
measuring flavor ratios as a function of L/E, mass-squared differences down to δm2

∼ 10−18 eV2

can be reached. We comment on the possibility of probing cosmological parameters with neutrinos.
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Are neutrinos Dirac or Majorana fermions? Despite
the enormous strides made in neutrino physics over the
last few years, this most fundamental and difficult of
questions remains unanswered. The observation of neu-
trinoless double beta decay would unambiguously signal
Majorana mass terms and hence lepton number violation.
If no neutrinoless double beta decay signal is seen, it may
be tempting to conclude that neutrinos are Dirac parti-
cles, particularly if there is independent evidence from
tritium beta decay or cosmology for significant neutrino
masses. However, Majorana mass terms may still exist,
though their effects would be hidden from most exper-
iments. Observations with neutrino telescopes may be
the only way to reveal their existence.

The generic mass matrix in the
(

νL, (νR)C
)

basis is

(

mL mD

mD mR

)

. (1)

A Dirac neutrino corresponds to the case where mL =
mR = 0, and may be thought of as the limit of two
degenerate Majorana neutrinos with opposite CP parity.
Alternatively, we may form a pseudo-Dirac neutrino [1, 2]
by the addition of tiny Majorana mass terms mL, mR !
mD, which have the effect of splitting the Dirac neutrino
into a pair of almost degenerate Majorana neutrinos, each
with mass ∼ mD. The mixing angle between the active
and sterile states is very close to maximal, tan(2θ) =
2mD/(mR − mL) $ 1, and the mass-squared difference
is δm2 % 2mD(mL + mR). For three generations, the
mass spectrum is shown in Fig. 1. The mirror model can
produce a very similar mass spectrum [3, 4].

The current theoretical prejudice is for the right-
handed Majorana mass term to be very large, mR $ mD,
giving rise to the see-saw mechanism. Then the right-
handed states are effectively hidden from low energy phe-
nomenology, since their mixing with the active states is
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FIG. 1: The neutrino mass spectrum, showing the usual solar
and atmospheric mass differences, as well as the pseudo-Dirac
splittings in each generation (though shown as equal, we as-
sume they are independent). The active and sterile compo-
nents of each pseudo-Dirac pair are νja and νjs, and are max-
imal mixtures of the mass eigenstates ν+

j and ν−

j . Neither the
ordering of the active neutrino hierarchy, nor the signs of the
pseudo-Dirac splittings, has any effect on our discussion.

suppressed through tiny mixing angles. This is desirable,
since no direct evidence for right-handed (sterile) states
has been observed (we treat both solar and atmospheric
neutrinos as active-active transitions, and do not attempt
to explain the LSND [5] anomaly). If right-handed neu-
trinos exist, where else can they hide? An alternative to
the see-saw mechanism is pseudo-Dirac neutrinos. Here,
although the mixing between active and sterile states is
maximal, such neutrinos will, in most cases, be indistin-
guishable from Dirac neutrinos, as very few experiments
can probe very tiny mass-squared differences.

In the Standard Model, mD arises from the conven-
tional Yukawa couplings and hence its scale is compara-
ble to other fermion masses. In the see-saw model, mR

is identified with some large GUT or intermediate scale
mass, and thus small neutrino masses are achieved. For
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Fe + plasma        (n or p) + (A-1)* 

     (0.5 νe) + (A-1) + TeV γ

Galactic Neutrino β-beam 

Neutron mfp:
 cτn = 10 kpc (En / EeV)
 and
Eν / En ~ Q / mn ~ 0.8 x 10-3

 Eν ~ PeV,  for  En ~ EeV

AGHW 2004

GDR
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AGASA hot-spots -- Data

red:     E > 4 1019 eV
green: E >    1020 eV

Cluster Component
 ~ E -1.8±0.5

Neutrinos will point better
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AGASA hot-spots -- numbers
Within 2.5 degree circles,
AGASA identifies six doublet, one triplet,
Out of 57 events;

Opening the angle to just 2.6 degrees,
AGASA identifies seven doublets, two triplets;

Haverah Park contributes two more paired events 
in AGASA directions.

NOT corroborated by HiRes, but …
  HiRes sees pointing to BL-lacs!

Source number ~ N1
2/2N2 ~ 270 to 50%,

weighting with GZK suppression, 
~ 10-5 /Mpc3 for source density


