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Motivation	
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Figure 1
Overview of the cosmic ray spectrum. Approximate energies of the breaks in the spectrum commonly
referred to as the knee and the ankle are indicated by arrows. Data are from LEAP (4), Proton (5), AKENO
(6), KASCADE (7), Auger surface detector (SD) (8), Auger hybrid (9), AGASA (10), HiRes-I monocular
(11), and HiRes-II monocular (11). Scaling of LEAP proton-only data to the all-particle spectrum follows
(12).
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J. Beatty and S. Westerhoff, Ann. Rev. Nucl. Par. Sci. 59 (2009)	


•  Cosmic ray sources: 
Nature’s particle 
accelerators (up to 
1020 eV!)	


•  Sources unknown	


•  Probes of both 
astrophysics and 
fundamental particle 
physics	
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Cosmic Ray Acceleration and Neutrino Production	


Similar processes (incl. p+p) happening in:	

•  cosmic ray sources (ambient light, gas)	

•  outer space (cosmic microwave background)	

•  Earth’s atmosphere (N, O, etc. nucleus)	


p+γ→ p+π 0,n+π +

π + → µ+ + νµ

µ+ → e+ + νe + νµ

Fermi shock acceleration:  dN/dE ~ E-2 

astrophysical source 
neutrinos	

cosmogenic neutrinos	

atmospheric neutrinos	
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1:2:0	  flavor	  ra+o	  at	  source	  



Neutrinos as Quantum Gravity Probes	

•  Non-standard neutrino oscillations from Lorentz 

Invariance Violation	

– AMANDA-II and IceCube limits with atmospheric 

neutrinos* ���
	


•  Propagation effects (more later)	

–  dissipative effects in an emergent spacetime	

–  superluminal vacuum e+e- pair production	

–  quantum decoherence	


•  A distant, high-energy source of neutrinos is ideal	

–  simpler than UHE cosmic rays (unknown nucleons)	

–  complicated by astrophysics	


*PRD	  79	  102005	  (2009),	  PRD	  82	  112003	  (2010)	  
ESQG 2014, Trieste	
 4	
5 Sept. 2014	




ESQG 2014, Trieste	


 
 IceCube	


skiway	


South Pole Station	


IceCube from the Air	


5	


control room	
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The IceCube Detector	
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digital optical module (DOM)	


AMANDA-II Array"
(precursor to IceCube)"
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Detection Principle	
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Northern Sky	

νµ	
 µ

N	   X	  

W	  

cosmic ray	


νa
tm	


atmospheric μ	


astrophysical ν	


atmos ν	


cosmic ray	


Southern Sky	


Cosmic-ray muons: ~3000 / second!	

Atmospheric neutrinos: ~1 / 10 minutes	

Astrophysical neutrinos: ???	
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Event Topologies	

Positions, times, and amplitudes of Cherenkov light deposition: neutrino direction + energy	
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CC	  Muon	  Neutrino	   Neutral	  Current	  /
Electron	  Neutrino	  	  

track (data)	


factor of ≈ 2 energy resolution ���
< 1° angular resolution at high 

energies	


cascade / shower (data)	


≈ ±15% deposited energy 
resolution ���

≈ 10° angular resolution ���
(at energies ⪆ 100 TeV)	


“double-bang” (⪆10 PeV) 
and other signatures 

(simulation)	


(not observed yet)���
���
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Shadow of the Moon	


5 Sept. 2014	
 ESQG 2014, Trieste	
 9	




Cascade Directional Reconstruction	


ESQG 2014, Trieste	
 10	
5 Sept. 2014	




Energy Reconstruction	

Aartsen et al., JINST 9 (2014), P03009	


Interaction Signature Evis/E⌫ ; E⌫ = 1 TeV E⌫ = 10 TeV E⌫ = 100 TeV
⌫e +N ! e+ had. Cascade 94% 95% 97%
⌫µ +N ! µ+ had. Track (+ Cascade) 94% 95% 97%

⌫⌧ +N ! ⌧ + had. ! had. Cascade/Double Bang < 94% < 95% < 97%
⌫⌧ +N ! ⌧ + had. ! µ+ had. Cascade + Track < 94% < 95% < 97%

⌫l +N ! ⌫l + had. Cascade 33% 30% 23%

Table 1: Neutrino interactions with nucleons in IceCube. Evis denotes the median fraction of the neutrino energy
deposited in any present primary lepton and in the EM-equivalent energy of a hadronic cascade at the vertex. In
charged-current interactions (top section of table), nearly all the energy of the interacting neutrino is deposited in such
light-producing particles. In neutral-current interactions (bottom), a large fraction of the neutrino energy leaves with
the outgoing neutrino (Fig. 1) [5]. Note that some of Evis may escape the detector: muon tracks at these energies
have lengths of multiple kilometers, and ⌧ leptons will decay before ranging out, depositing only a fraction of Evis in
the detector. Events in IceCube are observed as a combination of cascades (near-pointlike particle showers) and long
tracks, as are left predominantly by muons. “Double Bang” refers to two cascades joined by a short track, a signature of
charged-current ⌫⌧ interactions at high energies (& 1 PeV) where the separate production and decay cascades of the ⌧
are resolvable in IceCube. Due to the long lengths of muon tracks above 1 TeV, most observed neutrino-induced muons
have production vertices outside the detector and the initial hadronic cascade is not observed.

(a) A muon that started in the detector and deposited 74 TeV
before escaping, carrying away its remaining energy.

(b) A cascade that deposited 1070 TeV in the detector. Its en-
ergy can be determined directly since the cascade is completely
contained in the instrumented volume.

Figure 2: Examples of neutrino event topologies in IceCube from [12]. Each panel is a schematic view of the detector,
with each photomultiplier represented by a sphere whose volume is proportional to the collected charge. The smaller
upper panels show projections of the detector along its z, x, and y axes, respectively.

4

•  ~15% resolution on 
deposited (visible) energy	


•  NC interactions have large 
fraction of invisible energy	


•  Visible energy may leave 
detector (muons, 
uncontained cascades)	


Jakob van Santen - ISVHECRI 2014, CERN

Neutrino event signatures
10

Charged-current νμ Neutral-current / νe Charged-current ν τ

Up-going track Isolated energy 
deposition (cascade) 

with no track

“Double-bang”

Factor of ~2 energy resolution 
< 1 degree angular resolution

15% deposited energy resolution 
10 degree angular resolution (above 100 TeV)

(none observed yet)

(data) (data) (simulation)
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Neutrino Energy Spectra at Earth	


Jakob van Santen - ISVHECRI 2014, CERN

Neutrino spectra at Earth
14

Atmospheric pion/kaon 
component: 
‣ Steeply falling spectrum (1 

power steeper than primary 
cosmic rays) 

‣ Strongly dominated by νμ 

‣ Peaked at the horizon 

!
Atmospheric charmed meson 
component: 
‣ Spectrum should primary 

cosmic rays 
‣ Equal parts νμ and νe 

‣ Isotropic 

‣ Not yet conclusively observed 
!
Astrophysical component: 
‣ Spectrum harder than primary 

cosmic rays 
‣ Equal parts νμ , νe, ντ 
‣ Isotropic? 

Benchmark diffuse 
astrophysical 
neutrino flux

IceCube DeepCore νe 
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First Two High-energy Neutrinos Observed	

Two cascade events in extremely high-energy data sample 	

(background estimation: 0.14 events; 2.8σ, P = 0.29%)	


3 Jan 2012: 96k PE, 312 DOMs	
9 Aug. 2011: 70k PE, 354 DOMs	
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“Ernie” ~1300 TeV	
“Bert” ~1100 TeV	


Phys. Rev. Lett. 111, 021103 (2013)	
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How to find more?	
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•  High-energy starting 
event (“HESE”) search	

– May 2010 to May 2013���
	


•  Veto layer excludes 
atmospheric muons and 
some atmospheric 
neutrinos���
	


•  Sensitive to all flavors, all 
directions	


courtesy C. Kopper	
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Muon Background Estimation From Data	
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•  Add one layer of DOMs to 
“tag” known background events	

–  use these to evaluate veto 

efficiency	


•  Can be checked at lower 
energies where background 
dominates	


•  Estimated muon background:	

–  2.8 ± 1.4 events / year	


•  Remaining background is 
atmospheric neutrinos	

–  2.2 +2.0

-0.5 events / year 	


5 Sept. 2014	




Results: 2 years of data (2010-2012)	

•  28 events in 662 days	


–  7 tracks, 21 showers	


•  Estimated backgrounds:	

–  4.6+3.7

-1.2 atm. neutrinos	

–  6.0±3.4 atm. muons	


•  Significance over 
background-only 
hypothesis: 4.1σ

•  First evidence for a high-
energy astrophysical 
neutrino flux	


Science	  342,	  1242856	  (2013)	  	  
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Results: 3 years of data (2010-2013)	

•  37 events in 988 days	


–  8 tracks, 28 showers, 1 
double track (two air 
showers)	


•  Estimated backgrounds:	

–  6.6+5.9

-1.6 atm. neutrinos	

–  8.4±4.2 atm. muons	


•  Significance over 
background-only 
hypothesis: 4.8σ

•  Full likelihood fit: 5.7σ	


Phys. Rev. Lett. 113, 101101 (2014)	

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.

IceCube	  Preliminary	  
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A Few Events	
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declination: -0.4°	

deposited energy: 71TeV	


declination: -13.2°	

deposited energy: 82TeV	


declination: 40.3°	

deposited energy: 253TeV	
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Highest-energy Event	
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2 PeV event - “Big Bird”	




Angular Distribution	


Earth	  absorp+on	  

atmospheric	  
neutrino	  self-‐

veto	  
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Angular Distribution (higher energy)	
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Skymap (3 years)	


shower	  events	  
p-‐value:	  7%	  

all	  events	  
p-‐value:	  84%	  
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Events with Edeposited > 1 PeV	
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Deposited Energy Spectrum	

•  Harder than any expected 

atmospheric background	


•  Merges well into background at 
low energies	


•  Potential cutoff at ~2-5 PeV?	

–  0 events / 3 expected	


–  or simply a softer spectrum	


•  Best-fit per-flavor E-2 flux:���
(0.95 ± 0.3) ×10-8 E-2 GeV cm-2 s-1 sr-1	


IceCube	  Preliminary	  
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Glashow Resonance	


HESE Analysis Effective Area	


cc̄, bb̄, tt̄, ⌧±,W±, Z,H±, H0 (1)

di = p̄1i � p̄0i , i = 1...128 (2)

rk =

P128
i=2(di � d̄)(di+1 � d̄)

P128
i=1(di � d̄)2

(3)

|d̄|/�d̄ < N (4)

�d̄ = �d/
p
128 (5)

⌫̄e + e� ! W� (6)

1

Enhancement in cross section at 6.3 PeV	

can eventually constrain cutoff / spectral slope	
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Unfolded Neutrino Energy Spectrum	


•  Unfold deposited 
energy to true 
neutrino energy, 
fitting for 
backgrounds	


•  Assumes 1:1:1 flavor 
ratio, 1:1 nu/anti-nu	


IceCube	  Preliminary	  

Best-fit power law: E2φ(E) = 1.5 × 10−8 (E/100TeV)−0.3 GeV cm−2 s−1 sr−1 	


Spectral	  determina+on	  depends	  on	  unknown	  charm	  atmospheric	  neutrino	  flux	  
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Lorentz-violating Particle Interactions	


Energy-loss mechanisms during propagation:	

	

	

	

	


vacuum pair emission	

Cohen and Glashow,  
PRL 107, 181803 (2011)	


vacuum Cherenkov	

Coleman and Glashow,	

Phys. Lett. B 405,  249 
(1997)	


neutrino splitting	

Mattingly et al., JCAP 
2010 (02), 007	


cc̄, bb̄, tt̄, ⌧±,W±, Z,H±, H0 (1)

di = p̄1i � p̄0i , i = 1...128 (2)

rk =

P128
i=2(di � d̄)(di+1 � d̄)

P128
i=1(di � d̄)2

(3)

|d̄|/�d̄ < N (4)

�d̄ = �d/
p
128 (5)

⌫̄e + e� ! W� (6)

⌫ ! ⌫e+e�

⌫ ! ⌫�

⌫ ! ⌫⌫⌫̄

(7)

1
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1
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i=2(di � d̄)(di+1 � d̄)

P128
i=1(di � d̄)2

(3)

|d̄|/�d̄ < N (4)

�d̄ = �d/
p
128 (5)

⌫̄e + e� ! W� (6)

⌫ ! ⌫e+e�

⌫ ! ⌫�
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(7)

1
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Constraints from IceCube Events	

Existence of HE neutrinos leads to limits on superluminal velocity	


	

	

	


Cutoff can be modeled as vacuum pair emission (or astrophysics!)	

	

	

	


F. Stecker & S. Scully, arXiv:1404.7025	
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V. THE ICECUBE RESULTS

The IceCube data [5] are plotted in Figure 3. They
are consistent with a spectrum given by E2

ν (dNν/dEν) ≃
10−8 GeVcm−2s−1sr−1 up to an energy of ∼2 PeV, the
energy of the so-called ”Big Bird” event. No neutrino
induced events have been seen above 2 PeV. [22]
IceCube has not detected any neutrino induced events

from the Glashow resonance effect. In this effect, elec-
trons in the IceCube volume provide enhanced target
cross sections for electron antineutrinos through the W−

resonance channel, ν̄e + e− → W− → shower, at the
resonance energy Eν̄e = M2

W /2me = 6.3 PeV [23]. This
enhancement leads to an increased IceCube effective area
for detecting the sum of the νe’s, i.e., νe’s plus ν̄e’s by a
factor of ∼ 10 [6]. It is usually expected that 1/3 of the
potential 6.3 PeV neutrinos would be νe’s plus ν̄e’s un-
less new physics is involved [24]. Thus, the enhancement
in the overall effective area expected is a factor of ∼3.
Taking account of the increased effective area between 2
and 6 PeV and a decrease from an assumed neutrino en-
ergy spectrum of E−2

ν , we would expect about 3 events at
the Glashow resonance provided that the number of ν̄e’s
is equal to the number of νe’s. Even without consider-
ing the Glashow resonance effect, several neutrino events
above 2 PeV would be expected if the E−2

ν spectrum
extended to higher energies. Thus, the lack of neutrinos
above 2 PeV energy and at the 6.3 PeV resonance may be
indications of a cutoff in the neutrino spectrum. Hope-
fully, the acquisition of more data will clarify this point.
In the next section we consider the physics implications
of both the cutoff and no-cutoff scenarios for the neutrino
spectra.

VI. CONCLUSIONS AND DISCUSSION

The results of our calculations show that there is a
high-energy drop off in the propagated neutrino spectrum
resulting from the opening of the VPE channel above
threshold. Furthermore, the redshifting effect pushes the
cutoff in the energy spectrum below the non-redshifted
rest-frame threshold energy. As discussed before, we as-
sume that the neutrino production rate follows the star
formation rate in redshift space. This rate peaks at a
redshift between 1 and 2. The neutrinos emitted during
this past era of enhanced stellar and galactic activity are
then redshifted by a factor of 2 to 3. The redshifting
effect dominates the shape of the resulting spectra re-
gardless of threshold energy. This is because the mean
propagation time is very short compared with the total
travel time with the exception of rest-energy thresholds
greater than 10 PeV as follows from equations (1) - (3)
(See table I). Furthermore, the mean propagation time
is also short for all energies greater than the threshold,
with the exception of only those very near threshold, as
illustrated in Figure 2 for a rest-energy threshold of 10
PeV. In the case of rest-energy thresholds greater than

—
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—
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FIG. 3. Calculated neutrino spectra with VPE and redshift-
ing compared with the IceCube data both including a sub-
traction of atmospheric charm ν’s at the 90% C.L. (cyan)
and omitting such a subtraction (black) [5]. Curves from left
to right are spectra obtained with rest-frame threshold ener-
gies of 1, 2, 4, 10, 20 and 40 PeV. The corresponding values
of δνe are given by equation (3).

10 PeV, the particles very near threshold will simply red-
shift below it without decay. This has little impact on
their final observed energies at z = 0.

Our calculated neutrino spectra follow our assumed
E−2 power-law form below ∼0.2 of the the redshifted
VPE threshold, have a small pileup effect up to the red-
shifted threshold energy, and have a sharp high energy
cutoff at higher energies, as shown in Figure 3. The
pileup is caused by the propagation of the higher energy
neutrinos in energy space down to energies within a fac-
tor of ∼5 below the threshold. This is indicative the fact
that fractional energy loss from the last allowed neutrino
decay before the VPE process ceases is 0.78 [2]. The
pileup effect is similar to that of energy propagation for
ultrahigh energy protons near the GZK threshold [25].

Our results yield the best constraints LIV in the neu-
trino sector to date, viz., δνe = δν − δe ≤ 5.2 × 10−21.
This is because our results for our rest-frame thresh-
old energy cases below 10 PeV as shown in Figure 3
are inconsistent with the IceCube data. Our result
for a 10 PeV non-redshifted threshold, corresponding to
δνe = 5.2 × 10−21, is just consistent with the IceCube
results, giving a cutoff effect above 2 PeV. We note that
the present best upper limit on δe is 5× 10−21 [7]. Thus
for the conservative case of no-LIV effect, e.g., if one
assumes a cutoff in the intrinsic neutrino spectrum of
the sources or one assumes a steeper assumed PeV neu-
trino spectrum proportional to E−2.3

ν [5, 24], we find
the new constraint on superluminal neutrino velocity,
δν = δνe + δe ≤ 1.0 × 10−20. However, the steeper
spectrum scenario has been placed into question [26].

Interestingly, for an E−2
ν power-law neutrino spectrum,

we find the possibility that the apparent cutoff in the
observed spectrum above ∼2 PeV can conceivably be an
effect of Lorentz invariance violation (see Figure 3). (An-

3

V. THE ICECUBE RESULTS

The IceCube data [5] are plotted in Figure 3. They
are consistent with a spectrum given by E2

ν (dNν/dEν) ≃
10−8 GeVcm−2s−1sr−1 up to an energy of ∼2 PeV, the
energy of the so-called ”Big Bird” event. No neutrino
induced events have been seen above 2 PeV. [22]
IceCube has not detected any neutrino induced events

from the Glashow resonance effect. In this effect, elec-
trons in the IceCube volume provide enhanced target
cross sections for electron antineutrinos through the W−

resonance channel, ν̄e + e− → W− → shower, at the
resonance energy Eν̄e = M2

W /2me = 6.3 PeV [23]. This
enhancement leads to an increased IceCube effective area
for detecting the sum of the νe’s, i.e., νe’s plus ν̄e’s by a
factor of ∼ 10 [6]. It is usually expected that 1/3 of the
potential 6.3 PeV neutrinos would be νe’s plus ν̄e’s un-
less new physics is involved [24]. Thus, the enhancement
in the overall effective area expected is a factor of ∼3.
Taking account of the increased effective area between 2
and 6 PeV and a decrease from an assumed neutrino en-
ergy spectrum of E−2

ν , we would expect about 3 events at
the Glashow resonance provided that the number of ν̄e’s
is equal to the number of νe’s. Even without consider-
ing the Glashow resonance effect, several neutrino events
above 2 PeV would be expected if the E−2

ν spectrum
extended to higher energies. Thus, the lack of neutrinos
above 2 PeV energy and at the 6.3 PeV resonance may be
indications of a cutoff in the neutrino spectrum. Hope-
fully, the acquisition of more data will clarify this point.
In the next section we consider the physics implications
of both the cutoff and no-cutoff scenarios for the neutrino
spectra.

VI. CONCLUSIONS AND DISCUSSION

The results of our calculations show that there is a
high-energy drop off in the propagated neutrino spectrum
resulting from the opening of the VPE channel above
threshold. Furthermore, the redshifting effect pushes the
cutoff in the energy spectrum below the non-redshifted
rest-frame threshold energy. As discussed before, we as-
sume that the neutrino production rate follows the star
formation rate in redshift space. This rate peaks at a
redshift between 1 and 2. The neutrinos emitted during
this past era of enhanced stellar and galactic activity are
then redshifted by a factor of 2 to 3. The redshifting
effect dominates the shape of the resulting spectra re-
gardless of threshold energy. This is because the mean
propagation time is very short compared with the total
travel time with the exception of rest-energy thresholds
greater than 10 PeV as follows from equations (1) - (3)
(See table I). Furthermore, the mean propagation time
is also short for all energies greater than the threshold,
with the exception of only those very near threshold, as
illustrated in Figure 2 for a rest-energy threshold of 10
PeV. In the case of rest-energy thresholds greater than
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FIG. 3. Calculated neutrino spectra with VPE and redshift-
ing compared with the IceCube data both including a sub-
traction of atmospheric charm ν’s at the 90% C.L. (cyan)
and omitting such a subtraction (black) [5]. Curves from left
to right are spectra obtained with rest-frame threshold ener-
gies of 1, 2, 4, 10, 20 and 40 PeV. The corresponding values
of δνe are given by equation (3).

10 PeV, the particles very near threshold will simply red-
shift below it without decay. This has little impact on
their final observed energies at z = 0.

Our calculated neutrino spectra follow our assumed
E−2 power-law form below ∼0.2 of the the redshifted
VPE threshold, have a small pileup effect up to the red-
shifted threshold energy, and have a sharp high energy
cutoff at higher energies, as shown in Figure 3. The
pileup is caused by the propagation of the higher energy
neutrinos in energy space down to energies within a fac-
tor of ∼5 below the threshold. This is indicative the fact
that fractional energy loss from the last allowed neutrino
decay before the VPE process ceases is 0.78 [2]. The
pileup effect is similar to that of energy propagation for
ultrahigh energy protons near the GZK threshold [25].

Our results yield the best constraints LIV in the neu-
trino sector to date, viz., δνe = δν − δe ≤ 5.2 × 10−21.
This is because our results for our rest-frame thresh-
old energy cases below 10 PeV as shown in Figure 3
are inconsistent with the IceCube data. Our result
for a 10 PeV non-redshifted threshold, corresponding to
δνe = 5.2 × 10−21, is just consistent with the IceCube
results, giving a cutoff effect above 2 PeV. We note that
the present best upper limit on δe is 5× 10−21 [7]. Thus
for the conservative case of no-LIV effect, e.g., if one
assumes a cutoff in the intrinsic neutrino spectrum of
the sources or one assumes a steeper assumed PeV neu-
trino spectrum proportional to E−2.3

ν [5, 24], we find
the new constraint on superluminal neutrino velocity,
δν = δνe + δe ≤ 1.0 × 10−20. However, the steeper
spectrum scenario has been placed into question [26].

Interestingly, for an E−2
ν power-law neutrino spectrum,

we find the possibility that the apparent cutoff in the
observed spectrum above ∼2 PeV can conceivably be an
effect of Lorentz invariance violation (see Figure 3). (An-

Maximum	  velocity	  difference	  upper	  limit:	  

Pair-‐produc+on	  thresholds	  of	  1	  to	  40	  PeV	  
10	  PeV	  required	  for	  consistency	  with	  IceCube	  
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Constraints on Planck-Scale Dissipative Effects 	


•  Modified dispersion relationship in generic LV scenario also 
induces dissipative effects	


•  Use Analogue Gravity formalism to model spacetime “fluid”	


S. Liberati and L. Maccione, PRL 112, 151301 (2014)	


3

the perfect fluid limit is related to the behavior of the
“spacetime fluid” close to the Planck scale, it is natural
to rescale the coe�cients of Eq. (4) by suitable powers of
the Planck energy so to make the coe�cient dimension-
less and make explicit the suppression of higher powers
terms (assuming, as a matter of naturalness, that the re-
maining dimensionless coe�cients are a priori roughly of
the same magnitude).

Let us start truncating the above dispersion relation to
the lowest order, n = 2, so regaining (3), with a suitably
rescaled coe�cient as described above. We get

!2 = c2k2 � i�2c
2 k3

MPl
, (5)

where �2 = (4⌫2MPl)/3c is the dimensionless coe�cient
controlling the magnitude of the Lorentz violation (LV)
and MPl = 1.22⇥ 1019 GeV.

We have neglected extra — non-derivative expansion
generated — dispersive e↵ects at the same k3 order
(e.g. the CPT odd dimension five operators character-
izing the EFT photon dispersion relation [12]), however
they are not relevant in this context. Indeed, taking the
best constraint ⇠ . 10�16 on such operators [13], the
maximal correction to the photon energy in the ultra rel-
ativistic limit is !/k� 1 ' ⇠/2k/MPl ⇠ 4⇥ 10�31 at 100
TeV. On the other hand, the constraints we shall place
on � are so strong so to not invalidate the aforementioned
constraints on modified dispersion.

Computing the rate.— A major obstruction for casting
an observational constraint on Eq. (5) consists in the fact
that dissipative e↵ects would imply to work with a non-
unitary EFT. This could be avoided by resorting to a
system-environment Ansatz [3, 14] but in this case we
would work with a more complicate system for which the
results can be even model dependent. We will instead
follow the lead of [3] for obtaining a generic estimate of
the energy loss rate.

Dispersive e↵ects in vacuum are fully specified by the
imaginary part of the self-energy. The energy loss rate �
can be readily obtained by inverse Fourier transforming
the retarding Green function corresponding to the dis-
persion relation of Eq. (5). In our case, � can then be
written as

�2c
2 k3

MPl
⌘ 2!� , (6)

where � represents the energy loss rate in the under-
damped regime � ⌧ k. Assuming ! ⇠ k for our
purposes, we can identify the energy loss rate � ⇡
�2k

2/(2MPl). This result agrees with what one would
find by applying näıvely the well known relations for un-
stable particles in the Breit–Wigner formalism. Being
the lifetime ⌧ = ~/�, we have now all the necessary in-
formation to cast our constraint.

Constraints on “spacetime viscosity”.— For an ultra-
relativistic particle with momentum p traveling over a

long distance D, a constraint is obtained by requiring its
lifetime ⌧ to be larger than the propagation time D/c,
that is ⌧ � D/c or c~/� � D.
Let us consider the observed 80 TeV photons from the

Crab nebula (see [15] for an up-to-date compilation of
spectral data) which is at a distance DCrab ' 1.9 kpc.
We then obtain (see also Fig. 1)

�2  2c~
DCrab(80 TeV)2

MPl ⇡ 1.3⇥ 10�26 , (7)

Noticeably, in the standard model of the Crab nebula,
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FIG. 1. Mean free path of photons subject to dissipation
versus energy. The blue, dotted horizontal line represents
the distance of the Crab nebula, while the green long-dashed
horizontal line is for the reference distance of Mkn 501.

such very high-energy photons are produced by inverse
Compton scattering of electrons and positrons acceler-
ated and propagating in the nebula. Therefore, the same
constraint can be applied for such leptons, by assum-
ing, conservatively, that they have at least the same
energy as the produced photons (by energy conserva-
tion), and by properly rescaling the propagated distance
to a parsec, which is the typical size of the nebula.
Hence, the constraint is weakened by a factor 103 for
electrons/positrons.
A constraint of order 2⇥10�27 can be obtained for neu-

trinos, given the detection of a bunch of extraterrestrial
neutrinos with energies between 30 and 250 TeV by Ice-
Cube [16–18]. Their energy spectrum is consistent with
a single power-law [19]. Assuming conservatively that
they are of galactic origin, we can set their propagation
distance D ' 8 kpc (this is approximately the distance
between the Earth and the galactic center). Taking then
for definiteness E⌫ ' 100 TeV, the constraint for neu-
trinos would be about 6 times better than the one we
placed for photons.
Even stronger constraints can be placed if extra-

galactic objects are considered. For example, the Mkn
501 has been observed up to 24 TeV [20]. Its redshift is
estimated as z = 0.034, which corresponds to an e↵ective
distance1 of ⇠ 147 Mpc. The implied constraint on �2 is

1
The e↵ective distance is computed as D = 1/H0

R z
0 dz0(1 +
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results can be even model dependent. We will instead
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such very high-energy photons are produced by inverse
Compton scattering of electrons and positrons acceler-
ated and propagating in the nebula. Therefore, the same
constraint can be applied for such leptons, by assum-
ing, conservatively, that they have at least the same
energy as the produced photons (by energy conserva-
tion), and by properly rescaling the propagated distance
to a parsec, which is the typical size of the nebula.
Hence, the constraint is weakened by a factor 103 for
electrons/positrons.
A constraint of order 2⇥10�27 can be obtained for neu-

trinos, given the detection of a bunch of extraterrestrial
neutrinos with energies between 30 and 250 TeV by Ice-
Cube [16–18]. Their energy spectrum is consistent with
a single power-law [19]. Assuming conservatively that
they are of galactic origin, we can set their propagation
distance D ' 8 kpc (this is approximately the distance
between the Earth and the galactic center). Taking then
for definiteness E⌫ ' 100 TeV, the constraint for neu-
trinos would be about 6 times better than the one we
placed for photons.
Even stronger constraints can be placed if extra-

galactic objects are considered. For example, the Mkn
501 has been observed up to 24 TeV [20]. Its redshift is
estimated as z = 0.034, which corresponds to an e↵ective
distance1 of ⇠ 147 Mpc. The implied constraint on �2 is

1
The e↵ective distance is computed as D = 1/H0

R z
0 dz0(1 +

dissipa+ve	  term	  

LV	  parameter	   energy-‐loss	  rate	  
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Limits on Dissipation	


For IceCube (conservatively):	

Eν ~ 100 TeV,  D ~ 8 kpc (if galactic)	


S. Liberati and L. Maccione, PRL 112, 151301 (2014)	


cc̄, bb̄, tt̄, ⌧±,W±, Z,H±, H0 (1)

di = p̄1i � p̄0i , i = 1...128 (2)

rk =

P128
i=2(di � d̄)(di+1 � d̄)
P128

i=1(di � d̄)2
(3)

|d̄|/�d̄ < N (4)

�d̄ = �d/
p
128 (5)

⌫̄e + e� ! W� (6)

⌫ ! ⌫e+e�

⌫ ! ⌫�

⌫ ! ⌫⌫⌫̄

(7)

�2 . 2⇥ 10�27 (8)

1

upper limit on dissipative LV parameter:	


factor of ~6 better than limit using gamma rays from Crab nebula	


Limits can be dramatically improved if we	

can demonstrate extragalactic nature! 	

(D ~ 10 to 100 Mpc)	
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Quantum Decoherence	

•  Heuristic picture: foamy structure of space-time (interactions with virtual 

black holes) may not preserve certain quantum numbers (like ν flavor)	

–  Pure states interact with environment and decohere to mixed states	


•  Observable effect on neutrino oscillations with characteristic exponential 
behavior :	


•  Limits using atmospheric neutrinos with AMANDA-II (PRD 79 102005 (2009))	


6

Pνα→νβ
=

1

3
+

[

1

2
e−γ3 d (U2

α1 − U2
α2)(U

2
β1 − U2

β2) +
1

6
e−γ8 d (U2

α1 + U2
α2 − 2U2

α3)(Uβ1 + U2
β2 − 2U2

β3)

]

, (9)

where γ3 and γ8 are eigenvalues of the decoherence ma-
trix for antineutrinos. Note that in Eq. (9) we set the
CP violating phase to zero, so that all mixing matrix
elements become real. Furthermore, under the assump-
tions that CPT is conserved and that decoherence effects
are negligible at present experiments, the values of the
mixing angle combinations appearing in Eq. (9) can be
well determined by the usual oscillation analysis of solar,
atmospheric, LBL and reactor data [34]. In what follows,

we will assume that CPT is conserved both by neutrino
masses and mixing as well as in decoherence effects. Note
however that since the decoherence effects in the present
study primarily affect antineutrinos, our results will hold
for the antineutrino decoherence parameters exclusively
if CPT is violated only through quantum-gravity effects.

Now, we require further γ3 = γ8 ≡ γ ( = γ3 = γ8 under
CPT conservation) so that Eq. (9) can be rewritten for
the case of interest as:

Pνe→νµ = Pνµ→νe = Pνe→νµ = Pνµ→νe =
1

3
+ fνe→νµe−γ d ,

Pνe→ντ = Pντ→νe = Pνe→ντ = Pντ→νe =
1

3
+ fνe→ντ e−γ d ,

Pνµ→ντ = Pντ→νµ = Pνµ→ντ = Pντ→νµ =
1

3
+ fνµ→ντ e−γ d , (10)

Pνe→νe = Pνe→νe =
1

3
− (fνe→νµ + fνe→ντ ) e−γ d ,

Pνµ→νµ = Pνµ→νµ =
1

3
− (fνe→νµ + fνµ→ντ ) e−γ d ,

Pντ→ντ = Pντ→ντ =
1

3
− (fνe→ντ + fνµ→ντ ) e−γ d .

We make this simplification only to emphasize the pri-
mary signature of quantum decoherence, namely that af-
ter travelling a sufficiently long distance the flavor mix-
ture is altered to the ratio 1 : 1 : 1, regardless of the
initial flavor content. Consequently, if a flux of antineu-
trinos were to be observed from the Cygnus spiral arm
with a flavor ratio ̸= 1 : 1 : 1, strong constraints can be
placed on the decoherence parameter γ.

Using the results of the up-to-date 3-ν oscillation anal-
ysis of solar, atmospheric, LBL and reactor data [34] we
obtain the following values and 95% confidence ranges

fνe→νµ = −0.106+0.060
−0.082 ,

fνe→ντ = −0.128+0.089
−0.055 , (11)

fνµ→ντ = 0.057+0.011
−0.035 .

The numbers given in Eq. (11) are obtained using the
same techniques as described in Ref. [34] but including
the final SNO salt phase data [35].

We assume a phenomenological parametrization for
the eigenvalues of the decoherence matrix [3],

γ = κn (Eν/GeV)n, (12)

with the integer n ∈ [−1, 3]. This allows a straightfor-
ward comparison with existing limits. Equipped with
Eqs. (10), (11) and (12), we now proceed to determine
the sensitivity of IceCube to decoherence effects.

IV. SENSITIVITY REACH AT ICECUBE

In deep ice, neutrinos are detected through the obser-
vation of Čerenkov light emitted by charged particles pro-
duced in neutrino interactions. In the case of an incident
high-energy muon neutrino, for instance, the neutrino in-
teracts with a hydrogen or oxygen nucleus in the deep ice
and produces a muon traveling in nearly the same direc-
tion as the neutrino. The blue Čerenkov light emitted
along the muon’s kilometer-long trajectory is detected
by strings of PhotoMultiplier Tubes (PMTs) deployed
at depth shielded from radiation. The orientation of the
Čerenkov cone reveals the neutrino direction. There may
also be a visible hadronic shower if the neutrino is of suf-
ficient energy.

The Antarctic Muon And Neutrino Detector Array
(AMANDA) [36], using natural 1 mile deep Antarctic ice
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QD from Galactic Neutron Source	


•  Standard hadronic 
source: 1:2:0 oscillates to 
1:1:1 regardless of QD	


•  But a source of anti-
electron neutrinos could 
provide strong limits	

– 0.56:0.24:0.20 expected	

– 1:1:1 after QD	


Cygnus	  OB2	  region	  
courtesy	  of	  J.	  Knoedlseder	  

Anchordoqui	  et	  al.,	  Phys.	  Rev.	  D	  72	  065019	  (2005)	  ESQG 2014, Trieste	
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Some Open Questions	

•  Is there a “cutoff ”?  	


•  What is the flavor ratio?  	


•  Are the events 
isotropic, i.e. likely 
extragalactic?	


•  What are the sources?	
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Extending to Lower Energies	


Jakob van Santen - ISVHECRI 2014, CERN

Improved veto techniques
25
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Deposited Energy Spectrum	


Jakob van Santen - ISVHECRI 2014, CERN

Results: energy spectrum 27
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IceCube preliminary

‣ 283 cascade and 105 track 
events in 2 years of data 

‣ 106 > 10 TeV, 9 > 100 TeV (7 of 
those already in high-energy 
starting event sample) 

‣ Conventional atmospheric 
neutrino flux observed at 
expected level with starting 
events 

‣ Astrophysical excess continues 
to lower energies in the 
southern sky 

‣ Deviation from model at 30 TeV 
(statistical fluctuation) 

‣ Model-dependent upper limit on 
flux from charmed meson 
decay: 1.4 x ERS prediction

ERS: Enberg, Reno, Sarcevic, Phys. Rev. D 78: 043005

•  283 showers, 105 
tracks observed in 2 
years of data	


•  Astrophysical excess 
continues to lower 
energies (~10 TeV)	


•  No atmospheric charm 
component observed, 
upper limit set	


•  Best-fit spectrum is 
E-2.49 	
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Unfolded Energy Spectrum	


Unfolded neutrino spectrum from 2-year ���
energy-dependent veto analysis 	

	

Grey points: HESE 3-year spectrum	
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Northern Hemisphere Muon Neutrinos	


•  Conventional analysis 
of up-going track-like 
events	

– Earth as a filter for 

cosmic-ray muons	

–  sensitive to muon 

neutrinos only���
	


•  ~35000 neutrinos in 
two years of data 
(mostly atmospheric)	


Event Selection

Chris Weaver—April APS Meeting 2014

• Keep only events which come up through the earth—these should all be neutrinos

• Select for very high quality events so that direction and energy reconstruction are 
as good as possible

• Keep events in a small angular range above the geometric horizon, using the ice 
overburden and a harsh energy cut to eliminate background

• Final sample has an estimated purity of 99.9% neutrinos
8
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νμ Diffuse Flux	


•  Best-fit E-2 flux: 0.96 × 10-8 

GeV cm-2 s-1 sr-1���
	


•  Atmospheric-only hypothesis 
disfavored at 3.9σ 


•  Supporting evidence for 
isotropy and 1:1:1 flavor ratio���
	


•  With free spectral index: 
best-fit power law is E-2.2	




3

Parameter Fit Result Prior
Conventional flux normalization 0.94+.05

�.04 times the HKKMS07 flux Must be non-negative
Prompt flux normalization 0.53+1.46

�.53 times the ERS prompt flux Must be non-negative
Astrophysical flux normalization 9.6+.4

�.3 ⇥ 10�19GeV�1 cm�2 sr�1 s�1 Must be non-negative
Cosmic ray spectral index change �0.028+.013

�.011 Gaussian: 0± 0.05
Detector optical e�ciency +18.4+.5

�.7% Gaussian: +9.9± 3
Kaon production normalization 1.15+.09

�.08 times the HKKMS07 flux Gaussian: 1± 0.1

TABLE I. Best fit parameters when an E�2 astrophysical flux is included. The listed error ranges are 68% confidence intervals.
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FIG. 1. The distribution of reconstructed zenith angles of
events in the final sample, compared to the expected distri-
butions for the best fit model parameters.
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FIG. 2. The distribution of reconstructed muon energies of
events in the final sample, compared to the expected distri-
butions for the best fit model parameters. Only statistical
errors are shown.

file likelihood, although using the �2 approximation [18].192

The best fit for the astrophysical component is a flux193

�(E⌫) = 9.6 ⇥ 10�19 GeV�1 cm�2 sr�1 s�1
�

E⌫
100TeV

��2
,194

and while the best fit prompt component is also non-195

zero (at 0.53 times the benchmark flux), but since it196

FIG. 3. Likelihood profile of astrophysical flux power-law in-
dex and normalization. While E�2 is within the 68% contour
it is not the best fit.

is essentially everywhere subdominant it is poorly con-197

strained and the best-fit value does not fit better than198

zero at a statistically significant level. The significance199

of the non-zero astrophysical flux can be evaluated by200

examining the likelihood ratio compared to a version of201

the fit in which this component is constrained to zero (in202

which case the fitted prompt atmospheric normalization203

rises to 3.7 times the ERS model); doing so in full detail204

with an ensemble of trials to establish the distribution205

of this test-statistic yields a p-value of 5.3 ⇥ 10�5 or a206

significance of 3.9�.207

Since the true flux need not have a spectral index of208

exactly 2, the fit was repeated allowing the index to209

float freely; this leads to a result of �(E⌫) = 1.45 ⇥210

10�18 GeV�1 cm�2 sr�1 s�1
�

E⌫
100TeV

��2.18
. The other pa-211

rameters of the fit do not change significantly except the212

prompt atmospheric normalization, which falls to zero.213

This result can be seen in Fig. 3, which shows the confi-214

dence regions for di↵erent values of the astrophysical flux215

normalization and spectral index.216

The template for the astrophysical flux can also be217

replaced with a model based on a calculation for a par-218

ticular class of sources. Here we consider a small num-219

ber of representative models. One candidate source type220
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Looking Forward: IceCube HEX	


•  IceCube High-energy 
extension	

– high-statistics energy 

spectrum	

– high-energy track 

events to pinpoint 
sources	


•  Extended surface 
veto	
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What We’ve Seen	

•  IceCube has observed a diffuse flux 

of high-energy astrophysical neutrinos	


•  Flavor ratio consistent with 1:1:1	

–  quantitative analysis underway	


•  No evidence of anisotropy	

–  at least partially extragalactic?	


•  Astrophysical component measured 
at lower energies, and in muon 
neutrino sample	

–  some tension in energy spectrum	

–  reality more complicated than simple 

hypothesis?	
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Implications for QG Phenomenology	


•  Observation of O(PeV) neutrinos can constrain:	

–  superluminal propagation	

– dissipative effects from underlying spacetime 

structure	


•  Expect limits to improve...	

– as we observe higher-energy events	

–  if events are extragalactic	


•  Ongoing analyses will help us understand the 
astrophysics	
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Deposited vs. Neutrino Energy	


Here each Ei is the energy deposition by a particular sub-
source i and ⇤i is the expected light yield in a particular
photomultiplier and time bin from light source i. Our
likelihood (Eq. 1) can then be rewritten in terms of vector
operations:

lnL = k ln
�
Ei⇤i + ⇢

�
� Ei⇤i � ⇢� ln (k!)

= k ln
⇣
~E · ~⇤+ ⇢

⌘
� ~E · ~⇤� ⇢� ln (k!) ,

(9)

and summing over time bins j:

P
j lnL =

P
j kj ln

⇣
~E · ~⇤j + ⇢j

⌘

�
P

j

⇣
~E · ~⇤j � ⇢j

⌘
�

P
j (ln kj !) .

(10)

Like Eq. 3, this has no analytic maximum for ~E, but can
be solved to first order (the approximately Gaussian error
regime applicable at high energies):

kj = ~E · ~⇤j + ⇢j . (11)

Introducing the matrix ⇤ for the predicted light yield
at every point in the detector from every source position
at some reference energy, this can be rewritten in terms of
a matrix multiplication:

~k � ~⇢ = ⇤ · ~E. (12)

Equation 12 can be inverted by standard linear alge-
braic techniques to find the best-fit ~E. We want, however,
to incorporate additional physical constraints. In partic-
ular, negative energies are unphysical and should not be
present in the solution even though a matrix inversion may
often yield solutions with negative terms. The solution
is to use a non-negative least squares algorithm [20] to
achieve a high-quality fit to the data (Fig. 17) by use of
a linear deposition hypothesis with possible light sources
every few meters along the track. This first-order linear
solution can be further refined to exactly maximize Eq. 9
by the use of algorithms used in positron emission tomog-
raphy reconstructions. Here we use the Non-Monotonic
Maximum Likelihood (NMML) algorithm [25], achieving
resolution on total deposited energy along muon tracks of
⇠ 10 � 15% (Fig. 18), comparable to that achieved for
deposited energies with cascade events (Fig. 13).

Additional physical constraints can be included by the
use of regularization terms in the likelihood (Eq. 9). Al-
though most uses for regularization (preventing ringing,
in particular) are eliminated by the non-negativity con-
straint, such terms can still be useful as additional weak
penalties. We use Tikono↵ regularization to accomplish
two goals. Adding a term proportional to the norm of the
first derivatives of the dE/dx vector (a first-order penalty)
can be used to restrict fluctuations in muon energy loss.
More commonly we apply an extremely weak ridge penalty
on ||dE/dx|| to break inherent degeneracies in the solution
to Eq. 9 between nearby low-energy events and distant
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Figure 17: Reconstruction of the energy deposition of a
simulated 5 PeV single muon using unfolding with a 15
meter cascade spacing. For this event, the total recon-
structed energy loss within the detector di↵ers from the
true value by less than 1%.

high-energy events when only small numbers of photons
on the detector boundary are observed. In such cases, the
weak penalty causes the fit to prefer the nearby, low-energy
solution.

9. Interpretation of Segmented Energy Losses

The mean energy loss rate of a muon (hdE/dxi) is
roughly proportional to its energy above ⇠ 1 TeV, and its
accurate measurement is thus the focus of most existing
IceCube muon energy reconstructions. However, IceCube
can only observe a fraction of the muon track at these en-
ergies and therefore statistically robust methods for the
estimation of hdE/dxi must be used. A simple average
(top panel of Fig. 19) provides poor muon energy resolu-
tion with large non-Gaussian tails due to statistical bias
from large stochastic losses in the detector. The segmented
energy loss rates computed in the previous section, how-
ever, can be used to develop more robust estimators. The
most common approach is to use the truncated mean in-
stead of a straight average to reduce the e↵ects of outliers;
other techniques that use information about the likelihood
of large losses may further improve resolution.

9.1. Measuring the resolution of an energy proxy

All the observables discussed here (total energy loss,
mean energy loss rate, truncated mean energy loss rate)
are related to the energy of the underlying muon but are
not themselves energies. In order to be able to discuss the
resolving power of these observables, we require a way to
measure the resolution of proxy observables with disparate
ranges and units. We can construct such a measure for
each proxy observable by simulating events and building
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Unfolding of dE/dx along muon track	
 Muon dE/dx vs. neutrino energy	


(a) Reconstructed total energy deposition as a function of true
total energy deposition.

(b) Slices of the reconstructed total energy distribution shown
in (a) at fixed true total energy depositions of 104, 105, and
106 GeV.

Figure 18: Reconstruction, using unfolding with 2.5 meter
cascade spacing, of the total energy deposition of simulated
⌫µ interactions with known directions and vertices that are
inside the instrumented volume. Observation of such in-
detector starting muon events allows positive identification
as a charged-current ⌫µ interaction where all energy from
the neutrino is deposited in the detector. High precision
reconstruction of charged particle energies in such events
then allows neutrino energy reconstruction limited only by
instrumental resolution.

(a) Mean energy loss rate determined from true Monte Carlo in-
formation (top panel), the single-muon template method (mid-
dle) panel, and multi-source unfolding (bottom panel).

(b) Slices of the reconstructed energy loss rate distributions
shown in (a) at fixed muon energies of 104, 105, and 106 GeV.

Figure 19: Mean energy loss rate of through-going muons
as a function of the muon energy at the point where it
enters the detector volume. While the unfolding method
reproduces well the fluctuations in the true energy loss
rate above a few TeV (the similarity in hdE/dxi between
“Monte Carlo truth” and “Unfolding”) , these fluctuations
limit the usefulness of the mean loss rate as a proxy for
the energy of through-going muons.
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