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Discovery of antimatter 
(Carl Anderson, 1932) 

• Cosmic rays in cloud chamber
• Long before the start of particle 

accelerators 
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Particle shower
In cloud chamber, 10 GeV proton
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1020 eV charged particles do exist
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We know their energy spectrum over 11 
orders of magnitude

Their sources (especially at the highest 
energies) are still mostly unknown

Charged particles diffuse and deflect 
during propagations

Expected neutrinos 



Discovery of neutrinos 
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You need a slab of lead of 
1,000,000,000,000 meters to 
scatter a 1 GeV neutrino

Link to paper

https://science.sciencemag.org/content/124/3212/103


W boson mass? – a shifted resonance energy

1960

1977

~2 TeV
~5 PeV



Neutrino flux

~ 100 trillion neutrinos pass 
through your body every second
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Neutrino interaction 
with matter

Deep inelastic neutrino-nucleon scattering

• Charged current and neutral current interactions 
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Neutrino-electron scattering 
at a neutrino energy of 6.3 PeV, the centre-of-mass energy 
(80.5 GeV) is large enough to produce a real W boson

The Glashow resonance
A factor of 300 boost
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Neutrino cross 
section

~MeV neutrinos need ~1 light 
year of lead to interact
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High energy events are likely to come from southern sky 

11
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In-earth flux attenuation



THE ICECUBE NEUTRINO OBSERVATORY  

Cherenkov detector in ice, 4pi acceptance 12
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S:B~1:10million
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The diffuse neutrino flux
with HESE (high-energy starting events)

Does the spectrum stop?
Why no Glashow resonance?
-> Need to explore event selection dedicated at PeV range  
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Highest energy event ~2 PeV



PeV Energy Partially-contained Events (PEPE)

17
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Selection
Partial contained PeV events “PEPE” – BDT based event selection
• Large background from atmospheric muons

Train BDT on 11 features

18
Signal Background



A boosted decision tree based method
Supressing background to 1 in 10 million

19
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X2 previous search 
sensitivity at the 
Glashow resonance 
energy

20
20



BDT scores above 4 PeV

21

BDT threshold 0.5
One event above 4 PeV with score 0.65



Unblinded result – one event with multi PeV

The highest energy cascade (partially contained)

Best-fit vertex outside detector

47

Event vertex

Top view

22
22

* Energy reconstruction
* Direction reconstruction
* Background rate 
* Glashow probability 
* Systematics 



Energy reconstruction – resimulations and 
approximate Bayesian calculation (ABC) method

23
23

𝚯 = (𝑥, 𝑦, 𝑧, 𝜃, 𝜙, 𝐸, 𝑡) 𝑋 = 𝑞!"# (𝑡)

Physics model (emission, 
absorption, scattering)

Maximize ℒ(𝚯|X$%&%)



Energy reconstruction systematics
Considerations for this event’s energy reconstruction
1. Parametrization of bulk ice scattering and absorption
2. Ice anisotropy
3. Energy scale calibration

Six horizontal and six tilted LEDs on each DOM
“Flasher” data used for calibration

24

– sim
-- data

NIMA 711 (2013) 73-89



Ice model calibration and uncertainties
Fit for bulk scattering and absorption parameters vs depth
Constraints can be placed on sca/abs scaling factors (+/- 5%)

25



Reconstructed energy for different bulk ice models

26

Five distinct bulk-ice models
• Direct resimulation (as opposed 

to using look up tables)

Linearly interpolate to obtain 
𝐸(𝑠𝑐𝑎, 𝑎𝑏𝑠) and propagate to obtain 
bulk-ice error

Vertex and direction reco’d as well



Ice anisotropy systematic
Glacial ice exhibits anisotropic light attenuation

Exact causes unknown, but modeling ice as birefringent has been recently 
put forth as a possible explanation for some of the features

See: arxiv:1908.07608 
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Reconstructed energy for different anisotropies
Produced three discrete reconstructions for 3 different ice anisotropy 
models, each with bulk-ice systematic included

Obtain energy uncertainty due to 
bulk-ice+anisotropy

28



Energy-scale systematic
Rely on MIPs to calibration overall 
energy scale
• Constant energy loss, know light 

emission
• High stats

Compare charge in data to MC as a 
function of distance to DOM
à Current estimate is +/- 10% 

uniform uncertainty

Final reconstructed visible energy: 
𝟔. 𝟎𝟓 ± 𝟎. 𝟕𝟐 PeV

29



The most likeliy neutrino energy 

30
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Early muons in 
hadronic cascade!

W-boson decays

W decays primarily hadronically

Hadrons then decay to lower energy muons

These muons travel ahead of Cherenkov wavefront, depositing early hits

46Expected arrival time assuming Ñ/Ü

Hadronic 
cascade

Muon

charge per bin

IceCube Preliminary

31
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angular resolution of 
hadronic cascade

32
32

Improved by a factor of 5 compared to the 
traditional cascade reconstruction 



Leading muon energy

33

Simulate muons with varying 
energies along reconstructed 
direction

Count how many strings observe 
early pulses

Data observed Nstr=1,
𝐸!,#$%& = 26.4'().+,)-.. GeV



Atmospheric muon background rejection
With leading muon energy, can constrain atmospheric muon background
1. Take surface muon flux (calculated with MCEq)
2. Propagate to depth to get flux of muons intersecting with cylinder 

around IceCube
3. Ask how many 6 PeV muons lose ~all its energy over 20m distance

Conservative estimate
~1.1e-7 events expected
à reject atm. muon hypothesis

34

Depth

Surface

Depth+20m

𝑃(𝐸!
" < 100 GeV|𝐸!# , 𝑙#$%)



Atmospheric 𝜈 background rejection
Can also constrain atmospheric 𝜈 background

A ~6 PeV neutrino produced in the atmosphere is produced alongside high-
energy muons

35

Vertex

Top view

Even though vertex outside, direction 
points down and towards detector à
should see high-E muons if atmospheric

Expect 2E-7 
atmospheric neutrinos 
in 4.6 years of live-
time with similar 
signature as data



Summary thus far
Shower energy: 6.05 ± 0.72 PeV
Early pulses observed on three DOMs on nearest string
Leading muon energy: 26.4'().+,)-.. GeV
Combining two pieces à particle shower induced by astrophysical 𝜈/𝜈̅

36
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Interaction channels and visible energy

Hadronic portion can produce secondary muons à early pulses!
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𝜈̅e

e–

𝑊'

W- Res
hadronic

π, K, p 
…

νe e–

d

W+

CC DIS

u
π, K, p 
…

νl

Z

NC DIS
π, K, p 
…

νl

W-boson to hadrons 67%
95% of total energy detectable

EM and hadronic shower
EM typically dominates 
(inelasticity)

Only hadronic shower visible
Large missing fraction 



The leading muon 
energy is consistent with 
mu from W hadronicly 
decayed shower

38
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Secondary muons
A function of the hadronic energy component
à 6.3 PeV hadronic shower is more consistent with data than CC 

(assuming QGSJET-01C)

Muon energetics are well understood, but hadronic models more difficult
à DPMJETIII, EPOS-LHC, SIBYLL, QGSJET-01C

Uncertainties are large and not well-constrained by data at PeV energies

Decide to evaluate based on reconstructed visible energy (~6.05 PeV) alone

39



Expectation rates
Dominant DIS background is CC nue

NC suppressed as flux drops off

Resonance clearly visible

Assuming single-power-law 
astrophysical flux ~ 𝐸').+/

• Latest global-fit best-fit

40



Likelihood ratio test

41

Assuming energy is sampled from inhomogenous Poisson point process

Single free parameter 𝑆 with null 𝑆 = 0

Construct likelihood ratio Γ

𝑝 = 0.01



What does nuebar mean for astronomy?

42
42

Muon damped: strong B field and synchrotron
losses before muon decay

By measuring nu/nubar -> probe source environment directly



With one event it is still difficult 
(but Gen2 would help)

43
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Result strongly depends on 
spectrum shape
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Towards to the 
highest energies

10 PeV key for linking with ultra high cosmic rays

45
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Towards IceCube-Gen2

47

Gen2
120 new strings
240 m inter-string distance
80 OMs per string
8 km3 volume

IceCube
86 strings
125 m inter-string distance
60 OMs per string
1 km3 volume

10x more Glashow resonance events



Conclusion

• First hint of Glashow resonance after 60 years of theory prediction 
(only possible with accelerators from nature)
• Consistent with standard model (W boson mass)
• Open a new window to study particle physics from extreme sources 

with nu/nubar ratio
• Future Gen2 is going to be important to make statistical significant 

conclusions on pp/pgamma

48
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