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Overview
• Main Takeaway  
• Motivation  
• Why tau neutrinos?  
• Tau neutrino backgrounds  
• Tau appearance  
• Conclusion 
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Main Takeaway: 

Earth-going high-energy electron and muon 
neutrinos have a non-negligible probability of 

producing tau neutrinos 
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Astrophysical neutrinos 
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IceCube Collaboration, PhysRevD.104.022002

High Energy Starting Event sample (HESE): 
Vetos events that start outside specified volume and with 

reconstructed energy about 60 TeV

•IceCube has observed an 
astrophysical flux through 
HESE sample  

•Some evidence of 
astrophysical sources  

•However we’re plagued by low 
event counts at high energies 

•Only two tau neutrino 
candidates 
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Why can’t we see tau neutrinos that 
well?

• Crash course in IceCube morphology  
• Muons produce tracks 
• Electrons/taus = cascades  
• Taus also = “double bangs”  

• Only resolvable in IceCube if tau is 
energetic enough 

• For the most part, electron and tau 
events are degenerate! 

5

6

10.1 10.2 10.3 10.4 10.5 10.6 10.7

Time [µs]

0

2

4

6

8

10

C
ha
rg
e
[p
e]

OM(20, 22): 76.8 pe

10.0 10.1 10.2 10.3 10.4 10.5 10.6

Time [µs]

0

5

10

15

20

C
ha
rg
e
[p
e]

OM(20, 23): 122.5 pe

9.9 10.0 10.1 10.2 10.3 10.4 10.5

Time [µs]

0

5

10

15

20

25

30

35

40

C
ha
rg
e
[p
e]

OM(20, 24): 242.0 pe

9.8 9.9 10.0 10.1 10.2 10.3 10.4

Time [µs]

0

20

40

60

80

100

120
C
ha
rg
e
[p
e]

OM(20, 25): 699.5 pe

9.8 9.9 10.0 10.1 10.2 10.3 10.4

Time [µs]

0

50

100

150

200

250

300

350

C
ha
rg
e
[p
e]

OM(20, 26): 2175.2 pe

9.8 9.9 10.0 10.1 10.2 10.3 10.4

Time [µs]

0

50

100

150

200

250

300

350

C
ha
rg
e
[p
e]

OM(20, 27): 1506.9 pe

9.9 10.0 10.1 10.2 10.3 10.4 10.5

Time [µs]

0

50

100

150

200

250

C
ha
rg
e
[p
e]

OM(20, 28): 944.1 pe

10.0 10.1 10.2 10.3 10.4 10.5 10.6

Time [µs]

0

20

40

60

80

100

C
ha
rg
e
[p
e]

OM(20, 29): 579.7 pe

10.0 10.1 10.2 10.3 10.4 10.5 10.6

Time [µs]

0

10

20

30

40

50

C
ha
rg
e
[p
e]

OM(20, 30): 337.6 pe

single cascade double cascade exp. data reco with bright DOMs reco without bright DOMs

10.1 10.2 10.3 10.4 10.5 10.6 10.7

Time [µs]

0

2

4

6

8

10

C
ha
rg
e
[p
e]

OM(20, 22): 76.8 pe

10.0 10.1 10.2 10.3 10.4 10.5 10.6

Time [µs]

0

5

10

15

20

C
ha
rg
e
[p
e]

OM(20, 23): 122.5 pe

9.9 10.0 10.1 10.2 10.3 10.4 10.5

Time [µs]

0

5

10

15

20

25

30

35

40

C
ha
rg
e
[p
e]

OM(20, 24): 242.0 pe

9.8 9.9 10.0 10.1 10.2 10.3 10.4

Time [µs]

0

20

40

60

80

100

120

C
ha
rg
e
[p
e]

OM(20, 25): 699.5 pe

9.8 9.9 10.0 10.1 10.2 10.3 10.4

Time [µs]

0

50

100

150

200

250

300

350

C
ha
rg
e
[p
e]

OM(20, 26): 2175.2 pe

9.8 9.9 10.0 10.1 10.2 10.3 10.4

Time [µs]

0

50

100

150

200

250

300

350

C
ha
rg
e
[p
e]

OM(20, 27): 1506.9 pe

9.9 10.0 10.1 10.2 10.3 10.4 10.5

Time [µs]

0

50

100

150

200

250

C
ha
rg
e
[p
e]

OM(20, 28): 944.1 pe

10.0 10.1 10.2 10.3 10.4 10.5 10.6

Time [µs]

0

20

40

60

80

100

C
ha
rg
e
[p
e]

OM(20, 29): 579.7 pe

10.0 10.1 10.2 10.3 10.4 10.5 10.6

Time [µs]

0

10

20

30

40

50

C
ha
rg
e
[p
e]

OM(20, 30): 337.6 pe

single cascade double cascade exp. data reco with bright DOMs reco without bright DOMs

10.1 10.2 10.3 10.4 10.5 10.6 10.7

Time [µs]

0

2

4

6

8

10

C
ha
rg
e
[p
e]

OM(20, 22): 76.8 pe

10.0 10.1 10.2 10.3 10.4 10.5 10.6

Time [µs]

0

5

10

15

20

C
ha
rg
e
[p
e]

OM(20, 23): 122.5 pe

9.9 10.0 10.1 10.2 10.3 10.4 10.5

Time [µs]

0

5

10

15

20

25

30

35

40

C
ha
rg
e
[p
e]

OM(20, 24): 242.0 pe

9.8 9.9 10.0 10.1 10.2 10.3 10.4

Time [µs]

0

20

40

60

80

100

120

C
ha
rg
e
[p
e]

OM(20, 25): 699.5 pe

9.8 9.9 10.0 10.1 10.2 10.3 10.4

Time [µs]

0

50

100

150

200

250

300

350

C
ha
rg
e
[p
e]

OM(20, 26): 2175.2 pe

9.8 9.9 10.0 10.1 10.2 10.3 10.4

Time [µs]

0

50

100

150

200

250

300

350

C
ha
rg
e
[p
e]

OM(20, 27): 1506.9 pe

9.9 10.0 10.1 10.2 10.3 10.4 10.5

Time [µs]

0

50

100

150

200

250

C
ha
rg
e
[p
e]

OM(20, 28): 944.1 pe

10.0 10.1 10.2 10.3 10.4 10.5 10.6

Time [µs]

0

20

40

60

80

100

C
ha
rg
e
[p
e]

OM(20, 29): 579.7 pe

10.0 10.1 10.2 10.3 10.4 10.5 10.6

Time [µs]

0

10

20

30

40

50

C
ha
rg
e
[p
e]

OM(20, 30): 337.6 pe

single cascade double cascade exp. data reco with bright DOMs reco without bright DOMs

Ph
ot

oe
le

ct
ro

ns

bright DOM

bright DOM
10.1 10.2 10.3 10.4 10.5 10.6 10.7

Time [µs]

0

2

4

6

8

10

C
ha
rg
e
[p
e]

OM(20, 22): 76.8 pe

10.0 10.1 10.2 10.3 10.4 10.5 10.6

Time [µs]

0

5

10

15

20

C
ha
rg
e
[p
e]

OM(20, 23): 122.5 pe

9.9 10.0 10.1 10.2 10.3 10.4 10.5

Time [µs]

0

5

10

15

20

25

30

35

40

C
ha
rg
e
[p
e]

OM(20, 24): 242.0 pe

9.8 9.9 10.0 10.1 10.2 10.3 10.4

Time [µs]

0

20

40

60

80

100

120

C
ha
rg
e
[p
e]

OM(20, 25): 699.5 pe

9.8 9.9 10.0 10.1 10.2 10.3 10.4

Time [µs]

0

50

100

150

200

250

300

350

C
ha
rg
e
[p
e]

OM(20, 26): 2175.2 pe

9.8 9.9 10.0 10.1 10.2 10.3 10.4

Time [µs]

0

50

100

150

200

250

300

350

C
ha
rg
e
[p
e]

OM(20, 27): 1506.9 pe

9.9 10.0 10.1 10.2 10.3 10.4 10.5

Time [µs]

0

50

100

150

200

250

C
ha
rg
e
[p
e]

OM(20, 28): 944.1 pe

10.0 10.1 10.2 10.3 10.4 10.5 10.6

Time [µs]

0

20

40

60

80

100

C
ha
rg
e
[p
e]

OM(20, 29): 579.7 pe

10.0 10.1 10.2 10.3 10.4 10.5 10.6

Time [µs]

0

10

20

30

40

50

C
ha
rg
e
[p
e]

OM(20, 30): 337.6 pe

single cascade double cascade exp. data reco with bright DOMs reco without bright DOMs

10.1 10.2 10.3 10.4 10.5 10.6 10.7

Time [µs]

0

2

4

6

8

10

C
ha
rg
e
[p
e]

OM(20, 22): 76.8 pe

10.0 10.1 10.2 10.3 10.4 10.5 10.6

Time [µs]

0

5

10

15

20

C
ha
rg
e
[p
e]

OM(20, 23): 122.5 pe

9.9 10.0 10.1 10.2 10.3 10.4 10.5

Time [µs]

0

5

10

15

20

25

30

35

40

C
ha
rg
e
[p
e]

OM(20, 24): 242.0 pe

9.8 9.9 10.0 10.1 10.2 10.3 10.4

Time [µs]

0

20

40

60

80

100

120

C
ha
rg
e
[p
e]

OM(20, 25): 699.5 pe

9.8 9.9 10.0 10.1 10.2 10.3 10.4

Time [µs]

0

50

100

150

200

250

300

350

C
ha
rg
e
[p
e]

OM(20, 26): 2175.2 pe

9.8 9.9 10.0 10.1 10.2 10.3 10.4

Time [µs]

0

50

100

150

200

250

300

350

C
ha
rg
e
[p
e]

OM(20, 27): 1506.9 pe

9.9 10.0 10.1 10.2 10.3 10.4 10.5

Time [µs]

0

50

100

150

200

250

C
ha
rg
e
[p
e]

OM(20, 28): 944.1 pe

10.0 10.1 10.2 10.3 10.4 10.5 10.6

Time [µs]

0

20

40

60

80

100

C
ha
rg
e
[p
e]

OM(20, 29): 579.7 pe

10.0 10.1 10.2 10.3 10.4 10.5 10.6

Time [µs]

0

10

20

30

40

50

C
ha
rg
e
[p
e]

OM(20, 30): 337.6 pe

single cascade double cascade exp. data reco with bright DOMs reco without bright DOMs

bright DOM

Time

°1.0 °0.8 °0.6 °0.4 °0.2 0.0 0.2 0.4

Energy Asymmetry

10°2

10°1

100

E
ve

nt
s

in
26

35
da

ys

Single, no brights Double, no brights Double, with brights Data

°1.0 °0.8 °0.6 °0.4 °0.2 0.0 0.2 0.4

Energy Asymmetry

10°2

10°1

100

E
ve

nt
s

in
26

35
da

ys

Single, no brights Double, no brights Double, with brights Data

°1.0 °0.8 °0.6 °0.4 °0.2 0.0 0.2 0.4

Energy Asymmetry

10°2

10°1

100

E
ve

nt
s

in
26

35
da

ys

Single, no brights Double, no brights Double, with brights Data

°1.0 °0.8 °0.6 °0.4 °0.2 0.0 0.2 0.4

Energy Asymmetry

10°2

10°1

100

E
ve

nt
s

in
26

35
da

ys

Single, no brights Double, no brights Double, with brights Data

°1.0 °0.8 °0.6 °0.4 °0.2 0.0 0.2 0.4

Energy Asymmetry

10°2

10°1

100

E
ve

nt
s

in
26

35
da

ys

Single, no brights Double, no brights Double, with brights Data

°1.0 °0.8 °0.6 °0.4 °0.2 0.0 0.2 0.4

Energy Asymmetry

10°2

10°1

100

E
ve

nt
s

in
26

35
da

ys

Single, no brights Double, no brights Double, with brights Data

°1.0 °0.8 °0.6 °0.4 °0.2 0.0 0.2 0.4

Energy Asymmetry

10°2

10°1

100

E
ve

nt
s

in
26

35
da

ys

Single, no brights Double, no brights Double, with brights Exp. Data

FIG. 3. Double cascade event #2 (2014). The reconstructed
double cascade vertex positions are indicated as grey circles,
the direction indicated with a grey arrow. The size of the cir-
cles illustrates the relative deposited energy, the color encodes
relative time (from red to blue). Bright DOMs are excluded
from this analysis.

lected 10 times more light than the average DOM for an
event. They were excluded from the analysis as they can
bias the reconstruction at the highest measured energies,
but are used for the comparison of predicted photon
count PDFs in the figure. The predicted photon count
PDFs differ remarkably between the single and double
cascade hypothesis, with the single cascade hypothesis
disfavored. For event #1, the predicted photon count
PDFs differ less between the hypotheses, as can be seen
in Figure 5 in the Supplemental Material.

A posteriori analysis of ⌫⌧ candidates. To quantify the
compatibility with a background hypothesis (i.e. not ⌫⌧ -
induced) for the actual ⌫⌧ candidate events observed, a
targeted MC simulation for each event was performed.
See Table III in the Supplemental Material for details on
the restricted parameter space. These new MC events
were filtered and reconstructed in the same way as the
initial MC and data events. In total, ⇠ 2 · 107 “Double-
Double”-like events and ⇠ 1 · 106 “Big-Bird”-like events
from the targeted simulation pass the HESE selection
criteria.
We define the tauness, P⌧ , as the posterior probability
for each event to have originated from a ⌫⌧ interaction,
which can be obtained with Bayes theorem:

P (⌫⌧ | ~⌘evt) ⇡ N⌫⌧P⌫⌧ (~⌘evt)

N⌫⌧P⌫⌧ (~⌘evt) +N⇢⇢⌫⌧P⇢⇢⌫⌧ (~⌘evt)
⌘ P⌧ ,

(2)
where N⌫⌧ and N⇢⇢⌫⌧ are the expected number of events
stemming from ⌫⌧ and non-⌫⌧ interactions. P⌫⌧ and P⇢⇢⌫⌧

are the PDFs for the ⌫⌧ and non-⌫⌧ components in the pa-
rameter space vector of each event, ~⌘evt. The differential
expected number of events at the point ~⌘evt, N⌫⌧P⌫⌧ (~⌘evt)
and N⇢⇢⌫⌧P⇢⇢⌫⌧ (~⌘evt) is approximated from the targeted sim-
ulation sets using a multidimensional kernel density es-
timator (KDE) with a gaussian kernel and the Regular-
ization Of Derivative Expectation Operator (rodeo) al-
gorithm [47]. The eight dimensions used in evaluating
the tauness include the six dimensions of the restricted
parameter space that the resimulation was carried out
in: total deposited energy Etot, three dimensions for the
vertex position (x, y, z ) and two dimensions for the direc-
tion (✓,�). Further, a region of interest is defined in the
parameters not restricted during resimulation but used
in the double cascade classification before: double cas-
cade length Ldc and energy asymmetry AE [48]. Thus,
~⌘evt = (Etot, x, y, z, ✓,�, Ldc, AE).
We sample the posterior probability in the flavor com-
position, obtained by leaving the source flavor compo-
sition unconstrained and taking the uncertainties in the
neutrino mixing parameters into account. When using
the best-fit spectra given in [30] but varying the source
flavor composition over the entire parameter space (i.e.
⌫e : ⌫µ : ⌫⌧ = a : b : 1 � a � b with 0  a, b  1
and a + b  1 at source) and the mixing parameters
in the NuFit4.1 [14] 3� allowed range, the tauness is
(97.5+0.3

�0.6)% for “Double Double” and (76+5
�7)% for “Big

Bird.”
To perform the flavor composition measurement using
the multidimensional KDE, the likelihood is modified
compared to the analyses in [30]. In the joint likelihood
for the three topologies, LE↵ = LSC

E↵LT
E↵LDC

E↵ [30], LDC
E↵

is replaced by the extended unbinned likelihood for the
double cascade events,

LDC
Rodeo = e�

P
c Nc

Y

evt

 
X

c

NcPc(~⌘evt)

!
, (3)

where c are the flux components used in the fit, c =
⌫astro,↵, ⌫conv,↵, ⌫prompt,↵, µatm for the flavors ↵ = e, µ, ⌧ .
NcPc(~⌘evt) is computed using the rodeo algorithm intro-
duced above.
The result of the flavor composition measurement is
shown in Figure 4. The fit yields

d�6⌫

dE
=7.4+2.4

�2.1 ·
✓

E

100 TeV

◆�2.87[�0.20,+0.21]

· 10�18 · GeV�1 cm
�2

s�1 sr�1,

(4)

with a best-fit flavor composition of ⌫e : ⌫µ : ⌫⌧ = 0.20 :
0.39 : 0.42. Comparing this result with previously pub-
lished results of the flavor composition also shown in Fig-
ure 4 clearly shows the advantages of the ternary topol-
ogy classification. The best-fit point is non-zero in all
flavor components for the first time, and the degeneracy
between the ⌫e and ⌫⌧ fraction is broken. The small sam-
ple size in this analysis leads to an increased uncertainty

IceCube et al., arXiv:2011.03561
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But why does seeing them matter? 
• Assuming standard oscillations we 

should expect 1:1:1 ( )  
• Yet, no bonafide evidence of tau 

component (only two tau neutrino 
candidates)  

• This leaves room for possible BSM 
scenarios 

νe : νμ : ντ

6IceCube Collaboration, arXiv:2011.03561
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Why does seeing  
them matter?

7

● Current experiments are limited by their effective volumes to detect EeV 

● Earth-skimming (EAS) experiments have been designed to probe GZK flux

●  interacts in Earth, produces , decays in air 

● Projected performance shows they’ll be able to detect cosmogenic 

ν

ντ τ
ν
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Backgrounds as previously understood
• Astrophysical taus basically were 

thought to be background-less  
• Rarely produced in atmosphere 

• Prompt -> 1-5% Branching Ratio  
• Conventional ->  

• Standard oscillations are 
suppressed at energies greater 
than 100 GeV 

• So if tau observed = astrophysical 
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Our analysis
Electron and muon neutrinos produce  as they propagate through Earth. 

How? 
τντ

9
Image Credit: Jack Pairin 

Glashow Resonance W Boson Production Top Production 
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Contribution of these channels vs DIS

• Secondaries are 
produced by on-
shell W-bosons 
which decay to 

 10% of the 
time 
ντ + τ
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Deep Inelastic Scattering = DIS 
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Effects on IceCube’s HESE sample
• 1-20% contribution above 1 PeV  
• Becomes dominant background 

above 300 TeV 
• Our capacity to reject non tau 

component is reduced given 
secondary taus 
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Varying the ratio x:1-x:0
•  produced from  and  

alone can contribute as much as 
5 - 50% for E > 10 PeV 

• However this doesn’t depend 
much on relative composition of  

 and  
• The variation in primary 

spectrum plays a larger role 

ντ νμ νe

νμ νe
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Angular Dependence
• Expected tau neutrinos @ detector for 

different fluxes  
• Astrophysical takes best fit from Northern 

Tracks (NT) and HESE (assuming 1:1:1) 
• Secondary taus assume different ratios of 

 (also takes best fit from NT/HESE) 

• Non primary tau flux is greater than prompt 
at 300-500 TeV

νe/νμ
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Flavor compositions: 1:1:1 vs 1:1:0? 
• In general we assume 1:1:1 ratio  
• EAS experiments are sensitive to this flux  
• However if we assume 1:1:0 then EAS 

experiments will still observe taus due to our 
background  

• Measurement of GZK flux is degenerated 
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Conclusions

• HE  and  produce  as they propagate through Earth  
• Reduces our capability to reject non-tau astrophysical neutrinos  
• EAS experiments, if they observe taus, will not be able to determine if they 

come from a 1:1:1 or 1:1:0 flux as a result of this new background 

• Our paper: Garcia-Soto et al., PhysRevLett.128.171101 

νe νμ ντ
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Thank you! Questions? 
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Backups 
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Tau appearance as a function of angle
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MC chain 

• NuPropEarth handles neutrino 
propagation through Earth  

• GENIE calculates relevant neutrino 
cross sections  

• Proposal calculates tau energy 
losses 

• TAUOLA simulates tau decay 
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ντνµ νe

https://github.com/pochoarus/NuPropEarth

https://github.com/GENIE-MC/Generator

https://github.com/tudo-astroparticlephysics/PROPOSAL/tree/6.1.6

https://tauolapp.web.cern.ch/tauolapp/


