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Abstract

For some models, the detection of MeV neutrinos from core-collapsed Supernovae (CCSNe)
is limited to tens of kpc in IceCube and a few Mpc in Hyper-Kamiokande (Hyper-K). However,
we could increase the detection probability by just searching farther in space because there are
more stars in a larger volume. The telescope in the Zwicky Transient Facility (ZTF) can detect
optical signals from supernovae up to 100 Mpc. This report is the second part of the project, it
aims to investigate the ability for the IceCube and Hyper-K detectors to detect neutrinos from
the distant supernovae that have been detected by the ZTF. The conditions are the number
of the average energy of a supernova model, the dark noise rate of a Digital Optical Module,
the luminosity of supernovae and the size of the IceCube detector. For IceCube, when tuning
the average energy of the supernova we found a maximum of 200 counts for 100 MeV, the
maximum energy considered. The result also showed that the noise rate of each DOM should
be less than 1 Hz to achieve 2σ results. The luminosity has been scaled for 5σ result, which
equalled to the sum of the luminosity of 100 supernovae for 100 MeV model. Moreover, a
detector of 11000 times volume of IceCube is needed to have a 5σ for 100 MeV model. On the
other hand, the Hyper-K detector could measure 3 counts for the same model with average
neutrino energy 100 MeV at 10 Mpc.

Glossary

CCSN a core-collapsed Supernova. 3

CCSNe Core-collapsed Supernovae. 1

DOM Digital Optical Module. 1, 6

Hyper-K Hyper-Kamiokande. 1–4

LL Lawrence-Livermore. 3

PMT Photo Multiplier Tubes. 2, 3

SNEWpy Supernova Neutrino Early Warning Models for Python. 3

ZTF Zwicky Transient Facility. 1–3
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1 Introduction

ZTF measures the optical signal from supernovae up to 100 Mpc (see fig. 3). The closest supernova
detected is around 10 Mpc. However, given the size of the modern detectors and low cross section
for detection, we only expect to see neutrinos from a CCSN inside our galaxy (for IceCube) or
Andromeda (for Hyper-K).

1.1 Detection mechanism of IceCube and Hyper-K

Both IceCube and Hyper-K use water/ice Cherenkov Detectors that detect neutrinos. When
neutrinos interact with ice/water, photons and charged particles will be created. The detectors
collect photons and the ionization energy loss by the charged particles.

IceCube is a long-string water (ice) Cherenkov detector with more than 1 Gt of ultra-transparent
ice at the South Pole. Digital Optical Modules (DOMs) are the sensors to detect the Cherenkov
radiation created by charged particles produced from neutrino interactions. 5160 DOMs are located
below 1500m of ice in order to shield them from radioactive radiation. Neutrinos from supernovae
cannot be detected as a single event because of their low energies. Nevertheless, the neutrinos can
be detected as the sum of the count from all PMTs on top of the low dark noise (286Hz). [3]

On the other hand, photosensors in Hyper-K are on the edges of the detector. Hyper-K detects
the Cherenkov light cone on the photosensors as a ring. Weak Cherenkov light can be measured
because of the high density of the DOMs. Hyper-K can detect neutrinos of all favor down to 3
MeV. Its event-by-event sensitivity provides directional information about the supernova. [6]

For the detailed detection mechanism of the two detectors please refer to the first part of this
project.

1.2 Simulation of the measurement

The detection count of a MeV core-collapsed Supernova(CCSN) neutrinos can be simulated with
a given model in a detector like IceCube and Hyper-K. For IceCube, the significance of the result
is highly dependent on the number of neutrinos detected and the Photo Multiplier Tubes (PMT)
dark noise. According to the IceCube Collaboration’s paper, [1] the simulation of the detection
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count with Lawrence-Livermore (LL) model which assumed a spherically symmetric supernova
with 20 times the mass of the sun [9] and IceCube detector was predicted to have a result with a
significance of two hundred for a supernova at 10 kpc.[1] Whereas, for Hyper-K, it can reconstruct
every neutrino interaction by measuring the Cherenkov light ring. It will have tens of thousands
of counts for a supernova at 10 kpc and could be considered background free.[6] Although the
measurements at tens of kpc are promising in both detectors (see fig 1 and 2), the ability to
measure distant neutrinos drops drastically due to inverse square law. At 100 kpc, the significance
will below 5σ in IceCube. Whereas Hyper-K could detect a few neutrinos from a supernova at 1
Mpc (see fig 2). Nevertheless, what if the model is inaccurate? What condition would it take for
us to detect a neutrino signal?

In this project, we have considered the nearest supernova of the ZTF catalogue, which is
around 10 Mpc. (see fig 3 The probability of supernova occurrence is proportional to the cube
of the distance. Therefore as the distance shortens, the chance of discovering a supernova will
decrease significantly (see fig. 4). Using the value 10 Mpc, We have simulated the count detected
by IceCube with the LL model in the entire supernova event(0-9 seconds) using SNEWpy. [4] The
resulting count is 0.82 which is too low to detect because of the 286Hz IceCube’s PMT dark noise.
To improve the prospects of detection, we have investigated different conditions. They are the
neutrino average energies of the supernova model, the noise of the PMT, luminosity and the size
of the IceCube. At the end of the project, we also extend our results to include another neutrino
experiment, Hyper-K.

Figure 1: The measurement of the CCSN neutrino count measured by IceCube. The figure shows the
statistical significance of the measurement versus the distance of the supernovae from Earth. The density
of the data points reflect the star distribution.[1]
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Figure 2: (Left) For 10 MeV neutrino energy threshold, the detection probability of supernova neutrinos
versus distance at Hyper-K with 1 tank. (Right) The same for Hyper-K with 2 tanks. Black, green, and
blue curves show the detection efficiency resulting in requiring more than or equal to one, two, and three
events per burst, respectively. Solid, dotted, and dashed curves are for neutrino oscillation scenarios of no
oscillation, N.H., and I.H., respectively.[6]

Figure 3: The supernovae were detected by ZTF within 400 Mpc in two and a half years. The number
started to decline from around 150 Mpc due to the detection limit of the telescope. [5]
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Figure 4: The graph shows the core-collapse supernova count expectation. The dashed line is the mathe-
matical limit, whereas the shacked region is the count expectation according to our galaxies distribution.
At 4 Mpc, the count of detecting one CCSN is around 0.3. [6]

2 Supernova Model and SNEWpy output

To study the measurement of distant supernovae, the average energy of the neutrinos in the su-
pernova model, dark noise rate of a Digital Optical Module, combined Luminosity of supernovae
and the size of IceCube detector are the conditions that I would like to investigate. To investigate
these conditions, we need to understand the interaction between the supernova neutrinos and the
detector. SNEWpy is a software that is written in python. [4] The inputs to run a simulation using
SNEWpy are the parameters (luminosity and average energies of different types of neutrinos, and
pinch values ) of the supernova model, the distance. It then calculates the detected neutrino count
measured by the detector in a specific time window. IceCube and Hyper-K are built-in parameter
in SNEWpy. Note that the result in SNEWpy has already been background subtracted.

For the supernova model, LL model was used. The total energy emitted using this model is
2.9× 1053 erg, of which one-sixth of it is carried by ν̄e with an average energy of 15.5 MeV.[1] The
pinch values which determine the shape of the Luminosity spectrum are 2.3, which corresponds
to Fermi-Dirac distribution.[8] Using this model and SNEWpy, the counts for various interaction
channels and the total count for the whole burst (0-9s) will be calculated and displayed. A sample
result is shown in fig 5.
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Figure 5: The inputs are LL model, IceCube, 10 kpc and no oscillation. It shows the five most important
interaction channels. nc:Neutral Current, e:elastic scattring, ibd:Inverse Beta Decay, nue016:ν16e O and
nuebar016:ν̄e

16O. Interaction with ν̄e contribute ∼ 95% of the count. [1]

From the ZTF catalogue[5], the nearest supernova is around 10 Mpc. If we assume everything
(like the type of detector and supernova model) are the same in the simulation except changing the
distance of the supernova, the detected neutrino count is diluted according to the inverse square law,
which would be 0.82. This number is too small compared with the dark noise (286Hz/DOMs*5160
DOMs*9 s = 13,281,840) existing in the IceCube detector. Therefore if IceCube detects a neutrino
from 10 Mpc, the signal will be far below one standard deviation (1σ significance). In the next
section, I will introduce the noise, signal and significance in more detail.

3 Reproducing Lawrence-Livermore model significance

To make sure the work I will be doing in this project is correct, in this section, I am going to intro-
duce the statistical method that can show an experiment result is trust-able, and to reproduce the
significance demonstrated in fig 1, where the statistical significance for measurement of neutrinos
from supernovae at 10 kpc should be around 200 for 0.5s binning of the measurement device and
assuming no neutrino oscillation. Note that our simulation used a simplified model and the noise
is calculated from 9s binning.

To calculate the significance, the null hypothesis is the background noise and the other hypoth-
esis is the combination of signal and the noise. Defining the significance:

Z ≡ Xi − µ
σ

=
signal

σ
(1)

where Xi, µ and σ are the measurement value, the mean value of null hypothesis and the standard
deviation of the null hypothesis correspondingly.

Here, Xi is signal and the background noise; µ is the background noise, so Xi − µ gives the
second equality in equation (1), where the signal count can be directly obtained from the SNEWpy.
For measurement of neutrinos from a supernova at 10 kpc detected by IceCube detector, the signal
count is 824690 with LL model and 9s binning. Note that our simulation is simplified to give the
total count from the whole burst, which happens roughly around 9s.[1] On the other hand, the
noise standard deviation σ is given by the sum of each DOM’s noise:

σ =
√

5160 ∗ 286 ∗ 9 ∗ 1.27 ∼= 4628 (2)

Any data collected as a histogram using finite binning follows Poisson distribution. For Poisson
distribution, the standard deviation of each bin is the square root of the mean value of the bin. Also,
another factor of 1.27 is needed to account for any correlated background in real measurement.[1]
For 5160 DOMs with each DOM’s noise rate of 286 Hz, the noise standard deviation σ is then
round up to 4628.
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The significance is then:

Z ≡ Xi − µ
σ

=
signal

σ
=

824690

4628
∼= 178 (3)

In figure 1, Z should be read 50% lower in the plot for real 10s binning. [1] Therefore the significance
should be (∼ 100). [1] Comparing the value and the Z in equation (3), the difference is mainly
due to the rough approximation of the noise in 9s binning, which is in fact larger.[1] Nevertheless,
the number shows that the estimation agreed with the same order for supernovae at 10 kpc and
we will use the method for further study with supernovae at 10 Mpc. Next, I will investigate the
significance we could have for the 10 Mpc supernovae.

3.1 How many neutrinos from 10 Mpc does it take to be a high signifi-
cance result?

Recall that the standard deviation for the noise measurement in IceCube is 4628, which could be
used to quantify how significant a measurement is. For a two-tail test with the result following
Gaussian distribution, a measurement value Xi ≥ 2σ is within 95% confident level. Similarly, we
could also have 3σ and 5σ levels to make our measurement more rigorous. Often, a 3σ result is
considered evidence of the hypothesis and a 5σ result is considered a discovery. Table 1 shows the
count needed for achieving the significance values in our simulation.

count
2σ 9256
3σ 13884
5σ 23140

Table 1: The detected neutrino count needed for achieving the significance in the simulation with 9s
IceCube detector binning values

The count simulated for a supernova at 10 Mpc is 0.82 in the 9s burst, which is much lower than
the background noise of a detector (286Hz). Therefore one cannot have a credible measurement.
To have a measurement with high statistical significance, there needs to be an increase in detected
neutrinos or an decrease in the noise of the detector. In the following sections, I will explore some
possibilities that could make a more significant detection of supernova neutrinos out to 10 Mpc.

4 Conditions to improve detection at large distances

The neutrinos detection count depends on several factors. Those factors are the Luminosity of
the supernova, average energy of the supernova neutrinos and distance of the supernova from the
Earth. [7] In the following sections, I will hypothetically vary these factors and assume we could
have those situations in reality.

4.1 High average energy in supernova model

Neutrino flux with higher average energy can have a higher detection count.[1] Note that although
the pinch values of the supernova model are also needed in the model, it is not important in this
project. In the MeV range, the detection count is proportional to Ē3, where Ē is the average
neutrino energy in the model. This is because the number of Cherenkov photons rises with the
average energy of this order.[1] Therefore in this part, we are going to scale the total count by
increasing the average energy. A normal supernova emits tens of MeV neutrinos in the burst, so our
average energy scaling will be only up to 100 MeV to make the simulation more realistic. I define
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the reference count as the one with neutrino average energy value agreed with most experiment
results for a CCSN, which is also the one simulated in fig.5. For simplicity, only the ν̄e’s energy
will be increased in this analysis. This is reasonable because ν̄e contribute the majority of the
detection count according to the simulation in fig 5.

Ē(MeV ) total count
15.5 (reference) 0.825
25 3.460
50 27.683
75 93.429
100 221.460

Table 2: Left column: average neutrino energy of ν̄e; Right column: scaled total neutrino count of a
burst(0-9s) detected by IceCube from a supernova at 10 Mpc using LL model and 9s noise binning.

The result shows that IceCube can detect around 100 counts for Ē = 75 MeV and around 200
counts for Ē = 100 MeV. Comparing the count to the dark noise’s standard deviation (4628), the
counts are only a tiny fraction of the dark noise. Therefore, It is very unlikely to successfully detect
a neutrino by hoping a supernova to emit neutrinos with high average energy. Since the dark noise
is such a high value compared to the simulated neutrino count, let us think reversely and consider
what if the dark noise was low enough for measurement in the next section.

4.2 Possibilities to measure high luminosity

Luminosity is one of the factors in the detection count. It is simply linear to the count. The idea
here is to see how much luminosity could lead to a count with a high significance for measurement
of supernovae in 10 Mpc. Table 3 shows the scaled valued of luminosity for 15.5 and 100 MeV.

count
L(erg),

15.5MeV
ns,

15.5MeV
L(erg),

100MeV
ns,

100MeV
2σ 9256 6.16E+56 1.122E+04 2.29E+54 4.18E+01
3σ 13884 9.23E+56 1.684E+04 3.44E+54 6.27E+01
5σ 23140 1.54E+57 2.806E+04 5.73E+54 1.04E+02

Table 3: (The first two columns is just table 1. The table shows the simulated luminosity required to
attain 2σ, 3σ and 5σ at neutrinos average energies Ē=15.5MeV and Ē=100MeV, where ns is estimated
equivalent number of supernovae.

Compared to the normal luminosity of a CCSN (1053erg)The table shows at least one order
higher luminosity (consider 100MeV) is needed. Although each supernova has a different luminos-
ity, the values do not vary a lot, so it is not likely for a CCSN to emit such high luminosity. Another
possibility is to treat every CCSN as the same so that we can combine every measurement as a
big experiment. The table above demonstrates the numbers. For 15.5MeV, ns would be at least
11000 to attain 2σ. Whereas, only 42 would be needed to have 2σ result for 100MeV. Moreover,
100 supernovae would be needed to get a 5σ result. Suppose we detected one supernova each year,
there would be enough data in 100 years. Furthermore, increasing the sensitivity of the DOMs
could also speed up the experiment time.

4.3 Increasing the size of IceCube

Starting again from equation 1, the signal is proportional to the number of DOMs (N). Since noise
measurement follows Poisson distribution, the standard deviation σ ∝

√
N . Also, N is linearly
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related to the volume(V) of the detector if we assume the density of the DOMs array is fixed and
same with the existing IceCube. Therefore the significance Z is then :

Z =
signal

σ
∝ N√

N
=
√
N ∝

√
V (4)

As a result, increasing the size of our detector is a possible way to increase the result significance.
The table below shows the volume needed for IceCube to do neutrinos measurement with various
significance values.

Volume needed for
(unit in Vol of IceCube)

Ē(MeV) count Z V(2σ) V(3σ) V(5σ)
15.5 0.8247 0.0002 125969451 283431264 787309066
25 3.4603 0.0007 7155094 16098963 44719340
50 27.6825 0.0060 111798 251546 698740
75 93.4285 0.0202 9815 22084 61343
100 221.4602 0.0479 1747 3930 10918

Table 4: The volume needed for different energies and significance. The first two columns are just table
2. The third column is the statistical significance of the count, Z = count/σ with σ = 4628. The right
three columns shows the volume values needed for doing measurement with achieving 2σ, 3σ and 5σ,
V = (N/Z)2, N = 2, 3 or 5.

For 100 MeV and 5σ result, the volume needed is around 11000 times of the existing IceCube,
which has ground covered area of around 1 km × 1 km. (see fig.6) Assume we fixed the depth of
3km, the length of the ground covered area is ∼ 2

√
V olume, the length of 11000 times larger detector

would be around 60km, which is only a small point in Antarctica (but still a large area). (see fig.7)
To build such an enormous detector, the cost is astronomical, but it sounds like a feasible method
to measure neutrinos from supernovae at 10 Mpc. On the other hand, we could also increase the
density of the of the DOM’s array in order to have a smaller footprint.
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Figure 6: A surface footprint of IceCube. The length of the detector is about 1 km. [2]

Figure 7: Left: Location and geometric scale of IceCube.[10] Right: A satellite overview of the red dot
from Google Earth.

4.4 Low dark noise requirement for DOMs in IceCube

Continuing with the previous section, we could analyse the noise we needed instead of increasing the
neutrino average energy. In other words, how low the noise do we need to have a high significance
result? To think about it, the idea is to fix the scaled counts for each average energy value in
section 4.1 and to make the standard deviation of the dark noise up to a certain level according to
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the count and the significance we need:

σ(N,n) ≡ standard deviation of the dark noise =
N

n
(5)

,where N is count and n is the significance level we need. For example, let the count be N,
then σ(N,2) = N/2, σ(N,3) = N/3 and σ(N,5) = N/5 in order to have 2σ, 3σ and 5σ results
correspondingly. Table 5 shows the σ(n) needed for the neutrino counts in table 2.

Ē(MeV ) count 2σ, σ(n) = 3σ, σ(n) = 5σ, σ(n) =
15.5 0.825 0.4 0.3 0.2
25 3.460 1.7 1.2 0.7
50 27.683 13.8 9.2 5.5
75 93.429 46.7 31.1 18.7
100 221.460 110.7 73.8 44.3

Table 5: The left two columns are the same as table 2. The three right column: values of σ(n) needed to
achieve 2σ, 3σ and 5σ results.

The results show generally the 9s binning noise of all DOMs needed are extremely low. The
number of σ(n) needed to have 3σ result for 100 MeV is 73.8/4628 = 1.4% of the original dark
noise(4628). Converting this number to the noise rate of a DOM, it is 73.82/(5160 ∗ 9) = 0.117Hz
(∼ 2400 times lower than the original noise). Such a low noise is difficult to achieve because of
random radioactive decay. [1] Therefore, due to the technology limitation, hoping for an extremely
low noise detector to catch the CCSN neutrinos from 10 Mpc is not possible at this moment.

5 Another detector – Hyper-Kamiokande

Similar to IceCube, Hyper-K also measures neutrino count. However, it depends on the square
of neutrinos average energy rather than cube in IceCube.[6] Here, like the discussion above with
IceCube, we will simulate the detected neutrino count using SNEWpy with the same LL model
(average energy of 15.5 MeV) for a supernova at 10 Mpc. The result is 0.062. Then, the count
was scaled with increasing energy like in section 4.1. The result in table 6 shows that Hyper-K
would be able to measure 3 neutrinos for a supernova at 10 Mpc with average neutrino energy of
100 MeV.

Ē(MeV) count
15.5 (reference) 0.062
25 0.161
50 0.644
75 1.450
100 2.578

Table 6: The count scaled with R ∼ Ē2.

6 Conclusion

The optical signal from distant CCSNe can be measured by ZTF. However, detection of the neu-
trinos is challenging for most of the supernova model and detectors. ZTF could be used to identify
where to look in the neutrino data. It provides a well-recorded supernova catalogue that is open
to the public.[5] From the catalogue, the nearest supernova is at 10 Mpc. This value was used as
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a parameter in my simulation of how the IceCube detector responds to the CCSN neutrinos. The
simulation was using SNEWpy with a simplified LL model (0-9s burst). A method check has been
done by reproducing the significance value of a simulation of measurement of supernovae at 10 kpc
in R. Abbasi’s paper.[1] The result matches in the same order of magnitude and the difference may
come from the rough approximation of the 9s noise binning. The simulated neutrino count detected
by IceCube was 0.82 for a CCSN at 10 Mpc, which is much lower than the standard deviation
(4628) of the detector’s noise. To improve the detectability, several aspects have been considered.
First, higher average neutrino energy in the LL model does increase the count. But we limited
the value under 100 MeV to make the model is reasonable. As it turned out, a maximum of 200
counts was obtained for 100 MeV. Second, the required values of dark noise have been calculated
for different values of average energies. The result showed that the noise rate should be less than
1 Hz to achieve 2σ results. Third, the luminosity has been scaled with the significance needed,
which equalled 100 supernovae for 5σ and 100 MeV model. Lastly, a detector of 11000 times larger
in volume is needed to have a 5σ for 100 MeV model, or equivalently, the ground surface length
would be 104 times longer than the existing IceCube. On the other hand, the Hyper-K detector
could measure 3 counts for the same model with average neutrino energy 100 MeV at 10 Mpc.
To conclude, measurement of neutrinos from 10 Mpc in IceCube is challenging, but it could be
possible in Hyper-K.
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