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Where are the Icecube Neutrinos  
Beyond 2-3 PeV ? 
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Nashville, TN 
µ
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Neutrinos carry three types of information: 

(1) Direction 
(2) Energy 
(3) Flavor 

All three have interesting features in  
IceCube data 

µ
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Astro-Nu evidence update:
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IceCube (Equitorial), 37 events/3 years 
(bkgd is 15+(2-10) events) 

4
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IceCube (Galactic), 37 events/3 years
Maybe Galactic Center shows a transient source (#’s 22, 24, 25) ?

Bai, Two Bargers, Ku, Peterson, Salvado, 1407.2243, suggest associated gammas 

5
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4 years/ 54 events

6
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Energy - the “gap”, and then three events:

   .

Figure 1: Distribution of the deposited energies of the observed events compared
to model predictions. Energies plotted are reconstructed in-detector visible energies,
which are lower limits on the neutrino energy. The expected rate of atmospheric
neutrinos is shown in blue, with atmospheric muons in red. The green line shows a
benchmark atmospheric neutrino flux from charm mesons [5], and the magenta line
the experimental 90% bound [4]. Combined statistical and systematic uncertainties
on the sum of backgrounds are indicated with a hatched area. The gray line shows
the best-fit E�2 astrophysical spectrum with a per-flavor normalization (1:1:1) of
E2�⌫(E) = 1.2 · 10�8 GeV cm�2 s�1 sr�1.
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Angle-Energy-Flavor Display:
3

analysis focused on neutrinos above 100 TeV, at which
the expected atmospheric neutrino background falls to
the level of one event per year, allowing any harder as-
trophysical flux to be seen clearly. Here, following the
same techniques, we add a third year of data support-
ing this result and begin to probe the properties of the
observed astrophysical neutrino flux.

Neutrinos are detected in IceCube by observing the
Cherenkov light produced in ice by charged particles cre-
ated when neutrinos interact. These particles generally
travel distances too small to be resolved individually and
the particle shower is observed only in aggregate. In ⌫

µ

charged-current (CC) interactions, however, as well as
a minority of ⌫

⌧

CC, a high-energy muon is produced
that leaves a visible track (unless produced on the detec-
tor boundary heading outward). Although deposited en-
ergy resolution is similar for all events, angular resolution
for events containing visible muon tracks is much better
(. 1�, 50% CL) than for those that do not (⇠ 15�, 50%
CL) [12]. For equal neutrino fluxes of all flavors (1:1:1),
⌫
µ

CC events make up only 20% of interactions [13].
Backgrounds to astrophysical neutrino detection arise

entirely from cosmic ray air showers. Muons produced by
⇡ and K decays above IceCube enter the detector at 2.8
kHz. Neutrinos produced in the same interactions [14–17]
enter IceCube from above and below, and are seen at a
much lower rate due to the low neutrino interaction cross-
section. Because ⇡ and K mesons decay overwhelmingly
to muons rather than electrons, these neutrinos are pre-
dominantly ⌫

µ

and usually have track-type topologies in
the detector [13]. As the parent meson’s energy rises, its
lifetime increases, making it increasingly likely to interact
before decaying. Both the atmospheric muon and neu-
trino fluxes thus become suppressed at high energy, with
a spectrum one power steeper than the primary cosmic
rays that produced them [18]. At energies above ⇠ 100
TeV, an analogous flux of muons and neutrinos from the
decay of charmed mesons is expected to dominate, as the
shorter lifetime of these particles allows this flux to avoid
suppression from interaction before decay [19–25]. This
flux has not yet been observed, however, and both its
overall rate and cross-over energy with the ⇡/K flux are
at present poorly constrained [26]. As before [11], we es-
timate all atmospheric neutrino background rates using
measurements of the northern-hemisphere ⌫

µ

spectrum
[9].

Event selection identifies neutrino interactions in Ice-
Cube by rejecting those events with Cherenkov-radiating
particles, principally cosmic ray muons, entering from
outside the detector. As before, we used a simple anti-
coincidence muon veto in the outer layers of the detector
[11], requiring that fewer than 3 of the first 250 detected
photoelectrons (PE) be on the detector boundary. To en-
sure su�cient numbers of photons to reliably trigger this
veto, we additionally required at least 6000 PE overall,
corresponding to deposited energies of approximately 30
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FIG. 1. Arrival angles and deposited energies of the events.
Cosmic ray muon background would appear as low-energy
track events in the southern sky (bottom). Atmospheric neu-
trino backgrounds would appear primarily in the northern sky
(top), also at low energies and predominantly as tracks. The
attenuation of high energy neutrinos in the Earth is visible
in the top right of the figure. One event, a pair of coincident
unrelated cosmic ray muons, is excluded from this plot. A
tabular version of these data, including additional informa-
tion such as event times, can be found in the online supple-
ment [29].

TeV. This rejects all but one part in 105 of the cosmic ray
muon background above 6000 PE while providing a direc-
tion and topology-neutral neutrino sample [11]. We use a
data-driven method to estimate this background by using
one region of IceCube to tag muons and then measuring
their detection rate in a separate layer of PMTs equiva-
lent to our veto; this predicts a total muon background
in three years of 8.4±4.2 events. Rejection of events con-
taining entering muons also significantly reduces downgo-
ing atmospheric neutrinos (the southern hemisphere) by
detecting and vetoing muons produced in the neutrinos’
parent air showers [27, 28]. This southern-hemisphere
suppression is a distinctive and generic feature of any
neutrinos originating in cosmic ray interactions in the
atmosphere.
In the full 988-day sample, we detected 37 events

(Fig. 1) with these characteristics relative to an expected
background of 8.4 ± 4.2 cosmic ray muon events and
6.6+5.9

�1.6

atmospheric neutrinos. Nine were observed in
the third year. One of these (event 32) was produced by
a coincident pair of background muons from unrelated
air showers. This event cannot be reconstructed with
a single direction and energy and is excluded from the
remainder of this article where these quantities are re-
quired. This event, like event 28, had sub-threshold early
hits in the IceTop surface array and our veto region, and
is likely part of the expected muon background. Three
additional downgoing track events are ambiguous; the re-
mainder are uniformly distributed through the detector
and appear to be neutrino interactions.
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muon rate vs. energy plot:
  .

So the “gap” may be filling (or not?)

9
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4 year 
54 events

No events 

and the “gap” 
has narrowed

10
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Poisson Probabilities for Bert, Ernie, and Big Bird

      

11
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Feldman-Cousins inversion:

12
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And where are the 

i)  continuum events  

ii) Glashow resonance events  

13
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Is there an Energy Cutoff at ~2 PeV ?

   .

5

FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
charm atmospheric background to the level of the 90% CL
limit from the northern hemisphere ⌫

µ

spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(E) = 1.5⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

excess at low energies, hardening the spectrum of the re-
maining data. The corresponding range of best fit astro-
physical slopes within our current 90% confidence band
on the charm flux [9] is �2.0 to �2.3. As the best-fit
charm flux is zero, the best-fit astrophysical spectrum
is on the lower boundary of this interval at �2.3 (solid
line, Figs. 2, 3) with a total statistical and systematic
uncertainty of ±0.3.

To identify any bright neutrino sources in the data, we
employed the same maximum-likelihood clustering search
as before [11], as well as searched for directional corre-
lations with TeV gamma-ray sources. For all tests, the
test statistic (TS) is defined as the logarithm of the ratio
between the best-fit likelihood including a point source
component and the likelihood for the null hypothesis, an
isotropic distribution [34]. We determined the signifi-
cance of any excess by comparing to maps scrambled in
right ascension, in which our polar detector has uniform
exposure.

As in [11], the clustering analysis was run twice, first
with the entire event sample, after removing the two
events (28 and 32) with strong evidence of a cosmic-ray
origin, and second with only the 28 shower events. This
controls for bias in the likelihood fit toward the positions
of single well-resolved muon tracks. We also conducted
an additional test in which we marginalize the likelihood
over a uniform prior on the position of the hypothetical
point source. This reduces the bias introduced by muons,
allowing track and shower events to be used together, and
improves sensitivity to multiple sources by considering
the entire sky rather than the single best point.

Three tests were performed to search for neutrinos cor-

FIG. 5. Arrival directions of the events in galactic coordi-
nates. Shower-like events (median angular resolution ⇠ 15�)
are marked with + and those containing muon tracks (. 1�)
with ⇥. Approximately 40% of the events (mostly tracks
[13]) are expected to originate from atmospheric backgrounds.
Event IDs match those in the catalog in the online supple-
ment [29] and are time ordered. The grey line denotes the
equatorial plane. Colors show the test statistic (TS) for the
point source clustering test at each location. No significant
clustering was observed.

related with known gamma-ray sources, also using track
and shower events together. The first two searched for
clustering along the galactic plane, with a fixed width
of ±2.5�, based on TeV gamma-ray measurements [35],
and with a free width of between ±2.5� and ±30�. The
last searched for correlation between neutrino events and
a pre-defined catalog of potential point sources (a com-
bination of the usual IceCube [36] and ANTARES [37]
lists; see online supplement [29]). For the catalog search,
the TS value was evaluated at each source location, and
the post-trials significance calculated by comparing the
highest observed value in each hemisphere to results from
performing the analysis on scrambled datasets.

No hypothesis test yielded statistically significant evi-
dence of clustering or correlations. For the all-sky cluster-
ing test (Fig. 5), scrambled datasets produced locations
with equal or greater TS 84% and 7.2% of the time for
all events and for shower-like events only. As in the two-
year data set, the strongest clustering was near the galac-
tic center. Other neutrino observations of this location
give no evidence for a source [38], however, and no new
events were strongly correlated with this region. When
using the marginalized likelihood, a test statistic greater
than or equal to the observed value was found in 28% of
scrambled datasets. The source list yielded p-values for
the northern and southern hemispheres of 28% and 8%,
respectively. Correlation with the galactic plane was also
not significant: when letting the width float freely, the
best fit was ±7.5� with a post-trials chance probability
of 2.8%, while a fixed width of ±2.5� returned a p-value
of 24%. A repeat of the time clustering search from [11]

14
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Where are E > 2 PeV neutrino continuum events?

✓
N

T⌦

◆

non�Res

= Nn+p

Z

Emin
⌫

dE⌫

✓
dF⌫

dE⌫

◆
�(E⌫)⌫N

= Nn+p

✓
6.3PeV

Emin
⌫

◆↵�1.40 ✓
�CC
⌫N (E⌫)

(↵� 1.40)

E⌫ dF⌫

dE⌫

◆����
E⌫=6.3PeV

,

i.e., 1, 0.66 (0.54), 0.52 (0.39), 0.44 (0.29), 0.38 (0.23)  
  for            = 1, 2, 3, 4, 5, PeVEmin

⌫

for spectral index = -2 (- 2.3) .
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 Glashow is a “no-show”?
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FIG. 1: Cross sections for the resonant process, ⌫̄e + e� ! W� ! hadrons, and the non-resonant
process, ⌫e +N ! e� + hadrons, in the 1–10 PeV region.

and the number of resonant events per unit time and unit steradian is
✓

N

T⌦

◆
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, (6)

where Ne = Np is the number of electrons or protons in the detector volume.
In contrast, the integrated continuum (non-resonant) neutrino event rate above

Emin

⌫ ⇠ PeV is given by
✓

N

T⌦
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Z
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dE⌫
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,

= Nn+p
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Emin

⌫

◆↵�1.40 ✓ �CC

⌫N (E⌫)

(↵� 1.40)

E⌫ dF⌫

dE⌫

◆����
E⌫=6.3PeV

, (7)

where Nn+p is the number of nucleons in the detector volume, and dF⌫
dE⌫

is the total (summed
over flavors) ⌫ plus ⌫̄ flux. Here we have assumed an E0.40 energy dependence for �⌫N

as predicted for the 1–6 PeV region in Ref. [12], and we have included only the charged-
current cross section since the neutral-current contribution appears with lower visible energy.
The simple Fermi shock-acceleration mechanism yields ↵ = 2.0, whereas an earlier statistical

5

s = M2
W = 2meE⌫ , so ER =

M2
W

2me
= 6.3PeV

⌫̄e + e� ! W�

16
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Expected event number scales with Prob(Bert, Ernie, Big  Bird)

18
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Expected event number above 2 PeV:

19
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Most conservative/probable is  
(1) spectral break or spectral end at 2-3 PeV; 
and next is  
(2) Nature playing a statistical trick on us 

New particle physics includes:  
(3) Particle resonances, which would fail a filled-in “gap”; 

But what if  
(4) sigma gets stronger (need ~mb for DM/C   B target)  

® Resonance(s) ? (mini “Z-bursts”), or 
(5) Lorentz invariance fails (also, Pakvasa talk), signified by  

® an Energy cutoff,   or  
® Gamma cutoff, for neutrinos ?!

⌫

20
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�⌫ =
�

E⌫
2 PeV

� ⇣
0.05 eV

m⌫

⌘
⇥ 0.4 · 1017

MPlanck
vweak

= 1.2⇥1028eV
247GeV = 0.5⇥ 1017

�max

⌫ = M
Planck

/M
weak

Mass-Scales and Energy Cutoff 
           in terms of Boost Factor

whereas

Suggests

;

and a possible connection  
to Gravity/spacetime foam.

Learned & TJW (2014)

No other massive particle can probe    ’s this high ! �

Anchordoqui, Barger, Goldberg, Learned, Marfatia, Pakvasa, Paul, TJW (2014)

22
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Emax

⌫ =
m⌫ MPlanck

M
weak

= 2.5
⇣ m⌫

0.05 eV

⌘✓
M

Planck

1.2⇥ 1028 eV

◆✓
247GeV

v
weak

◆
PeV .

Neutrino Energy Maximum: 

J.G.Learned and T.J. Weiler, arXiv:1407.0739

In what frame? 

Nature provides THE preferred frame, the Cosmic Rest Frame. 
So    
can be written as  

And                 transforms as usual four-vector.

Emax

⌫

(pmax

⌫ )�

uCRF

� (pmax

⌫ )� , where uCRF

� = (1,~0).
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Reasons (excuses): 
1- LI is “emergent”  
    low-energy symmetry; 
2- Weak int’n “size” is Higgs  
    vev fluctuation, contracted  
    by Lorentz to Planck size: 
a) spacetime foam 
b) strong gravity/geometry 
c) extra dim’ns open up 
d) Planck scale LIV 
e) …make your own model  
   (like Bj);  
   doesn’t matter,  
   as it is an Xptl issue!

Learned & TJW (2014)

25
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Engel, Seckel, Stanev:
charged pion decayneutron decay

26
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Not only are many PeV neutrinos (and electrons) 
forbidden, but also the neutron, muon, and  
charged pion are stabilized by E(lepton)max 

    M e- 

⌫̄e

m

Boost  (   ) direction�

} Qµ

QLAB
0 = �Q̄0 �

p
�2 � 1 Q̄ ⇡ �(Q̄0 � Q̄) = � Q2

Q̄0+Q̄
> �Q2

2Q̄0

So, ELAB
M = M� <

⇣
2Q̄0M
Q2

⌘
QLAB

0

implies absolute stability if EM > M2�m2

m2
e

(Ee + E⌫)
max

Anchordoqui, Barger, Goldberg, Learned, Marfatia, Pakvasa, Paul, TJW (2014)
27
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Sufficient (but not necessary) conditions for 
absolute stability:

Denton, Marfatia  
& TJW (2015)

Estability
M

(Ee+E⌫)

n ! p e� ⌫̄e
m2

n�m2
p

m2
e

9.7⇥ 103

µ ! ⌫µ e ⌫e
m2

µ

m2
e

4.3⇥ 104

⇡± ! � e± ⌫e
m2

⇡±
m2

e
7.5⇥ 104

⇡± ! ⇡0 e± ⌫e
m2

⇡±�m2
⇡0

m2
e

4.5⇥ 103

⌧ ! ⌫⌧ e ⌫e
m2

⌧
m2

e
1.2⇥ 107

max
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LHC 

IceCube'present'and'future'/'Olga'Botner' 5'2015:05:03'

THE ν SPECTRUM 

•  atmospheric ν’s dominate < 100 TeV 
•  astrophysical ν’s (perhaps) > 100 TeV 

 Greisen-Zatsepin-Kuzmin 
 cosmogenic ν’s 

•  produced  
   < 100 Mpc from source 
 
•  carry information on 

•  location   
•  cosmological  
    evolution of  
the UHE CR sources 

!  many model uncertainties 
     and constraints 

p+γCMB → Δ+ →  nπ
+ → nµν%

pπ0 → γ γ%

”guaranteed” flux 

100 
νµ events  
per km2yr 

WB bound 
Astrophysical ν’s 

Cosmogenic's another “no-show” ?

29
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Necessary Condition much harder (in progress) 

dLIPS(3) = 1
32⇡3 dE1 dE2

3-body phase space is

30

Ee

E⌫

E⇡

E⇡

⇣
m2

e
m2

⇡

⌘

Emax

e

Emax

⌫

PS

forbidden corners, 
implies longer lifetime 

⇠ E⇡

(Ee + E⌫)max
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May receive help  
from IceCube Gen-2,  
to answer questions: 

31
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Expect 5-10 increase in effective area, 
  =>  5-10 increase in EVENT RATE:

32
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In Summary:
Multi-PeV and Glashow resonance rates not yet in danger, 
but worth watching. 

Glashow resonance can reveal     source dynamics on other side of 
Universe (Marfatia’s talk). 

If events above a few PeV do not arrive, then either/or  

 (a) Nature cuts off/breaks the sources  
(        for pion chain); 

(b)           is anomalously large at ~PeV  (~ mb); 

 (c) new fundamental physics at scale 

Ep ⇠ 20E⌫

�⌫ ⇠ 1017.

⌫

�⌫N

(includes resonant mini-bursts, CFS; DiFH; … Hernandez,TJW)

33

(as advocated at the end of this talk)
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Extra Slides

34
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54 events/4 year data

LHC 

IceCube'present'and'future'/'Olga'Botner' 26'2015:05:03'

$

 
•  zenith distribution consistent with 
         isotropic astrophysical flux 
$

D
O

W
N

G
O

IN
G

 

•  first evidence for an extra-terrestrial flux 
    shown at IPA2013 [IceCube,'Science'342'(2013)]'

 [IceCube,'Phys.Rev.Le_.'113:101101'(2014)] 
•  3 yrs: 37 events in 988 days 
•  bkg. 8.4±4.2 atm. µ and 6.6+5.9 ν$
  

•  4 yrs: 54 events 
 

•  mostly νe CC and NC cascades 

”Bert” 
1.04 PeV 

Aug. 2011 

”Ernie” 
1.14 PeV 
Jan. 2012 

”Big Bird” 
2 PeV 

Dec. 2012 

5.7σ$

ASTROPHYSICAL NEUTRINOS 

∼ 7 σ$
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Glashow Resonance - Formulas:

✓
N

T⌦

◆

Res

=
Np

2me
(⇡MW�W )�peak

Res

dF⌫̄e

dE⌫̄e

����
E⌫̄e=6.3PeV

, (1)

�peak
Res =

24⇡B(W� ! ⌫̄ee�) B(W� ! had)

M2
W

= 3.4⇥ 10�31cm2 .
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The “Resonometer” of Cosmic Nu Source Models:  
Barger, Fu, Learned, Marfatia, Pakvasa, TJW, arXiv’d today

TABLE I: Neutrino flavor ratios at source, component of ⌫̄e in total neutrino flux at Earth after
mixing and decohering, and consequent relative strength of Glashow resonance, for six astrophysical
models. (Neutrinos and antineutrinos are shown separately, when they di↵er.)

Source flavor ratio Earthly flavor ratio ⌫̄e fraction in flux (R)

pp ! ⇡± pairs (1:2:0) (1:1:1) 18/108 = 0.17

w/ damped µ± (0:1:0) (4:7:7) 12/108 = 0.11

p� ! ⇡+ only (1:1:0) (0:1:0) (14:11:11) (4:7:7) 8/108 = 0.074

w/ damped µ+ (0:1:0) (0:0:0) (4:7:7) (0:0:0) 0

charm decay (1:1:0) (14:11:11) 21/108 = 0.19

neutron decay (0:0:0) (1:0:0) (0:0:0) (5:2:2) 60/108 = 0.56

the ratio of 1 : 2. Since ⇡� production is suppressed and the ⇡+ mode produces no ⌫̄es at
the source, only a small amount of ⌫̄e arises from mixing [8]. If, in addition, the µ+s in p�
mode are damped, then no antineutrinos are produced at all at the source, and so even with
mixing there will be no ⌫̄es at Earth.

Charmed particles decay promptly (e.g. the D± has a lifetime of 1.0 ⇥ 1012 s) and
semileptonically to e± or µ± (e.g., the D± has a 34% branching ratio to these modes).
Lepton universality ensures that equal numbers (modulo small mass di↵erences) of ⌫e, ⌫̄e,
⌫µ, and ⌫̄µ are produced, while production of ⌫⌧ and ⌫̄⌧ is kinematically suppressed. Thus,
⌫̄es produced in charm decay will arrive at Earth.

Finally, there may be sources that inject a nearly pure neutron flux [9]. Such would be the
case if Fe is emitted and subsequently dissociated to protons and neutrons, with the charged
protons then degraded in energy, or swept aside, by a magnetic field at the source. Such
would also be the case if the cosmic accelerator entrains and accelerates charged protons,
with cosmic-ray escape occurring via p

entrained

! n+ ⇡+. This escaping (and pointing) beta
beam decays to pure ⌫̄e, leading to a large amount of ⌫̄e arriving at Earth, even after mixing.

Each of these six models are possible, as are combinations of the six. For our purposes,
we consider each model in isolation, and show how the rate for Glashow resonant events
can serve as a barometer (“resonometer”) distinguishing among these six source models.

3

(Kaons change little)
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Glashow event rates vs. continuum: 
TABLE II: Ratio of resonant event rate around the 6.3 PeV peak to non-resonant event rate above
Emin

⌫ = 1, 2, 3, 4, 5 PeV. The single power-law spectral index ↵ is taken to be 2.0 and 2.3
for the non-parenthetic and parenthetic values, respectively. As an example, the single power-law
extrapolation from the three events observed just above 1 PeV predicts a mean number of observed
resonance events around 6.3 PeV equal to the first numerical column times 3.

Emin

⌫ (PeV) 1 2 3 4 5

pp ! ⇡± pairs 0.33 (0.29) 0.50 (0.53) 0.64 (0.77) 0.76 (1.0) 0.87 (1.2)

damped µ± 0.22 (0.18) 0.33 (0.34 ) 0.42 (0.50) 0.49 (0.64) 0.56 (0.79)

p� ! ⇡+ only 0.14 (0.12) 0.22 (0.23 ) 0.28 (0.33) 0.33 (0.43) 0.38 (0.53)

damped µ+ 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

charm decay 0.37 (0.32) 0.56 (0.60) 0.72 (0.86) 0.85 (1.1) 0.98 (1.4)

neutron decay 1.1 (0.94) 1.7 (1.8) 2.1 (2.5) 2.5 (3.3) 2.9 (4.0)

⌫
1

decay on L/E scales of astrophysical interest. In the case of a normal hierarchy (with
mass ordering m⌫1 < m⌫2 < m⌫3), the ⌫

2

and ⌫
3

mass eigenstates may decay completely to
⌫
1

, whose flavor content ratios are |Ue1|2 : |Uµ1|2 : |U⌧1|2 = 4 : 1 : 1 for both ⌫ and ⌫̄. The
⌫̄e content of the neutrino flux at Earth is then 1/3 which may be an enhancement. On the
other hand, if the mass hierarchy is inverted (with m⌫3 < m⌫1 < m⌫2), then both ⌫

1

and ⌫
3

are stable and a variety of final flavor ratios are possible, depending on the intial ratios of
⌫
1

, ⌫
2

, and ⌫
3

, and the decay mode of ⌫
2

.
Another possibility for deviations from standard flavor mixes [17] arises in scenarios of

pseudo-Dirac neutrinos [18], in which each of the three neutrino mass eigenstates is a doublet
with tiny mass di↵erences less than 10�6 eV (to evade detection so far).2 The smallness of the
mass di↵erence tells us that the mixing angle between the active state with SU(2) couplings,
and the sterile state without, is necessarily maximal. For cosmically-large L/E, the flux of
each active flavor is therefore reduced by a half. Of course, if all three flavors are reduced by

2 In fact, observing an energy-dependence of flavor mixes of high energy cosmic neutrinos is the only known

way to detect mass-squared di↵erences in the range (10�18 , 10�12) eV2.
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FIG. 1: Cross sections for the resonant process, ⌫̄e + e� ! W� ! hadrons, and the non-resonant
process, ⌫e +N ! e� + hadrons, in the 1–10 PeV region.

energy is 6.3PeV (1��W/MW )2 ⇡ 6.3PeV (1�0.052) = 6.0PeV. The numbers of expected
resonant events is greatly reduced from the ratio of resonant to non-resonant cross sections
by the additional factors. The cross section ratio at 6.3 PeV is 240: see Fig. 1. The �W

MW

ratio is 1/38. The ↵-dependent factor
h
(↵� 1.40)

�
1PeV

6.3PeV

�↵�1.40
i
yields about 0.2 for both

↵’s of interest, 2.0 and 2.3. The end result is about 2R for the ratio of resonant events to
non-resonant events above 1 PeV. More precise numbers are listed in the table.

Since three down-going shower events have been observed at IceCube in the 1-2 PeV
region, the expected number of Glashow events is found by multiplying the first numerical
column of Table II by three. These expected resonant event numbers are 1.0 (0.9), 0.7 (0.5),
0.4 (0.4), 0 (0), 1.1 (1.0), and 3.3 (2.8), for the six models, and for ↵ = 2.0 (2.3), respectively.
Since no 6.3 PeV events are observed,1 all models remain viable except perhaps the final
one, where neutron decay to pure ⌫̄e predicts some resonance events at Earth. In terms of
Poisson statistics, when hNi events are expected, the probability that none are observed is
P (0|hNi) = e�hNi; thus, the six models yield Poissonian occurrence probabilities of 37%,
50%, 67%, 100%, 33%, and 4% for ↵ = 2, and slightly larger probabilities for ↵ = 2.3.

For the sake of completeness, we briefly consider the possibility of exotic neutrino prop-
erties that modify the flavor mix of neutrinos, specifically neutrino decay and pseudo-Dirac
neutrino oscillations.

1 We note that simple fits to the shower/track ratio of the data [16] favor a flux with enhanced ⌫e + ⌫̄e, a

result seemingly in serious tension with the absence of resonance events.
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region, the expected number of Glashow events is found by multiplying the first numerical
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one, where neutron decay to pure ⌫̄e predicts some resonance events at Earth. In terms of
Poisson statistics, when hNi events are expected, the probability that none are observed is
P (0|hNi) = e�hNi; thus, the six models yield Poissonian occurrence probabilities of 37%,
50%, 67%, 100%, 33%, and 4% for ↵ = 2, and slightly larger probabilities for ↵ = 2.3.

For the sake of completeness, we briefly consider the possibility of exotic neutrino prop-
erties that modify the flavor mix of neutrinos, specifically neutrino decay and pseudo-Dirac
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1 We note that simple fits to the shower/track ratio of the data [16] favor a flux with enhanced ⌫e + ⌫̄e, a
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