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Supernova 1987A

● 25 an�neutrinos detected in 13 s

● Only experimental observa�on to date

● Three detectors involved

– Kamiokande-II (WC)

– Irvine-Michigan-Brookhaven (WC)

– Baksan underground scin�lla�on telescope 
(liquid scin�llator)

● Con.rmed basic picture of core-collapse SN

● A high-sta�s�cs SN measurement would be 
exci�ng

– Core-collapse dynamics & nucleosynthesis

– Neutrinos under extreme condi�ons

– Exo�c physics searches

● Complementary to gravita�onal wave and 
op�cal observa�ons



A “wish list” for a supernova neutrino detector

I. Gil Botella

Challenging to do all of this with just one!



All have a role to play in maximizing the physics potential of the next supernova observation 

In this talk, however, I’ll focus on argon, using water for contrast

K. Scholberg
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K. Scholberg
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K. Scholberg

Nuclear target needed to isolate electron neutrino flux!
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Supernova neutrino detec�on with 
water Cherenkov detectors

● Pure water instrumented with 
photomul�pliers

● Primary reac�on mode:
“inverse beta decay”

● Positron detected using Cherenkov 
radia�on

● Tag neutron to discriminate against 
other reac�on channels

– Loading water with Gd improves 
e9ciency

inverse beta decay
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Supernova neutrinos and DUNE

One of DUNE’s primary 
science goals is to measure 
“the ν

e
 flux from a core-

collapse supernova within our 
galaxy, should one occur 
during the lifetime of the DUNE 
experiment” – DUNE CDR

● Unique νe sensi�vity

– Complementary to other SN 
neutrino detectors

● Other low-energy physics 
measurements may be possible
(e.g., solar neutrinos)

● SN sensi�vity is an important 
design considera�on

Time distribution of supernova

neutrino events in DUNE
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How do oscilla�on experiments handle this problem?

● Generators are an essen�al tool to help relate observed 
event topologies to the neutrino energy

– Detailed simula�ons provide “fake data” used to 
understand energy resolu�on, e9ciencies, etc.

– Hard work to understand systema�c errors

● GENIE, GiBUU, NEUT, and NuWro typically used at 
accelerator energies (100s of MeV and above)

● Standard physics treatment designed for these
energies: what diAerences might be important for 
supernova neutrinos?
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Can we play the same game for supernova neutrinos?

● Trouble starts when we consider how the physical picture 
changes for low energy neutrinos

● At high energies, neutrino-nucleus scaCering is described 
as a direct reac�on: the neutrino scaCers on a single 
nucleon (or a pair of nucleons) inside the nucleus

“Tradi�onal” factoriza�on
scheme for generators at
accelerator energies
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Can we play the same game for supernova neutrinos?

● At tens-of-MeV, on the other hand, compound reac�ons 
are thought to dominate

– Kim & Cheoun, Phys. LeC. B 679, 330 (2009)

● These proceed via the forma�on of a thermally 
equilibrated excited nucleus, which then decays

– For a ~10 MeV neutrino, even transi�ons to low-lying 
nuclear levels become important!

● The compound nucleus idea goes back to Niels Bohr in the 
1930s

“The �rst stage of [a nuclear] collision . . . consists in the 
formation of an intermediate semi-stable system 
composed of the original nucleus and the incident 
particle. The excess energy . . . [is] temporarily stored in 
some complicated motions of all the particles in the 
compound system.”

“Its eventual disintegration must be considered as a 
separate event, independent of the �rst stage of the 
collision process.”



• Yes, with electrons 

• A good example can be seen 
in this measurement of the 
                    reaction  
 

• Compound nucleus model 
(solid line) works very well at 
33 MeV 

• High-energy tail attributable 
to direct reactions begins to 
appear at 60 MeV 

• Obvious at 120 MeV  

60Ni(e, α)e′ �X
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Model of Argon Reac�on Low Energy Yields

● Event generator for 
supernova neutrinos on 40Ar

● Current version does CC 
(dominant channel) 

● Framework allows adding 
new reac�ons, target nuclei, 
etc.

● Widely used by DUNE for 
supernova neutrino 
detec�on studies

Discussed in detail

in my PhD thesis

https://search.proquest.com/docview/2194284425
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MARLEY command-line 
executable running natively on 

my Kindle Paperwhite

● WriCen in modern C++, mostly 
from scratch

● ~10K lines of code

● Distributed independently and as 
part of the LArSoJ framework 
used by many liquid argon 
neutrino experiments
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MARLEY event genera�on /owchart

Nuclear de-excita�on model



12

How can we calculate the loading of the 
nuclear levels?



13

A. Samana
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Coulomb 
correction 
factor
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Fermi matrix element comes from 
time component of nuclear operator

Gamow-Teller matrix element comes 
from spatial components



16

Sources of B(GT) data for 40Ar

● Measurements using (p,n) 
scaCering vs. 40Ti beta decay 
show signi.cant disagreements

● Assump�ons must be made to 
extract B(GT) values either way

● MARLEY chooses to remain 
agnos�c and provides 3 datasets 
(A, B, C)

● Must be supplemented by theory 
at higher energies
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How can we simulate the nuclear
de-excita�ons?
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● If the residual nucleus is in a 
bound state, then tables of 
discrete γ-ray branching 
ra�os are used to 
repeatedly sample 
transi�ons down to the 
ground state

● These tables are largely 
taken from a compila�on 
provided with version 1.6 of 
the TALYS nuclear code

– Some updates have 
been made to 40K based 
on the latest (2017) 
ENSDF evalua�on for
A = 40

MARLEY de-excita�on model: bound states
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MARLEY de-excita�on model: unbound states

● If the residual nucleus is in an unbound state, an exit channel is sampled 
using decay widths from the Hauser-Feshbach sta�s�cal model

– If excita�on energy remains, another de-excita�on step is taken 
aJerwards 

– Only binary decays are taken into account by the model

Hauser-Feshbach model

● Relies on the compound nucleus 
assump�on

● Par�al decay widths depend on

– Ini�al level Ex and Jπ

– Discrete levels

– Con�nuum level density

– Transmission coe9cients
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Hauser-Feshbach Model
W. Hauser and H. Feshbach, Physical Review 87, 366 (1952)

● Commonly used for modeling low-energy nuclear cross sec�ons

● Two key assump�ons:

1. compound nucleus

2. reciprocity theorem (�me-reversal invariance)
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Hauser-Feshbach Model
W. Hauser and H. Feshbach, Physical Review 87, 366 (1952)

● Commonly used for modeling low-energy nuclear cross sec�ons

● Two key assump�ons:

1. compound nucleus

2. reciprocity theorem (�me-reversal invariance)

Parity conservation
Monte Carlo 
implementation





Xγ means “any number of gammas”

Exclusive cross sections

Similar treatment to that used in 

arXiv:nucl-th/0311022 for 16O



Higher neutron emission in particular leads to big spectral distortions!
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• A variety of low-energy studies 
for DUNE are underway using 
MARLEY 
 

• The examples shown here are 
from D. Pershey’s May 2019 
DUNE collaboration meeting talk  
 

• Double peak in the bottom plot 

- Right peak: e + γ only 

- Left peak: neutron emission!


Reconstructed hits from a MARLEY event
DUNE’s use of MARLEY



Improving MARLEY: more detailed cross section model 

• Recent work by the U. Ghent 
group (arxiv 1903.07726) has 
shown the importance of higher-
order multipoles to low-energy 
neutrino cross sections


• Contributions become important 
around ~40 MeV 

• They’re working with me to 
get their calculation into 
MARLEY 

- More strength to high-lying 
states


- New channels (e.g., NC) 

• Full impact of the physics 
improvements on DUNE 
observables remains to be seen


• Stay tuned! 

CRPA calculation
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A. Nikolakopoulos4 June 2019, ECT*

T
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The higher order multipoles give significant strength for low outgoing lepton energies

PRELIMINARY



Improving MARLEY: constraining the models 

  • Muon decay-at-rest ve provide the most 
direct route to constraining MARLEY’s 
cross section models


• Possible sites for such a measurement 
include

- Spallation Neutron Source @ Oak 

Ridge

- Near NuMI target hall @ Fermilab 

• Discussed by C. Grant at the last PINS

C. Grant



Improving MARLEY: constraining the models 

 

• MicroBooNE has demonstrated 
reconstruction of electrons in the relevant 
energy range (from muon decays) 

• Using the flux estimate from  
arXiv:1510.08431, here is the predicted 
event rate

- Not great, but it’s something 
- Note the large theory uncertainty  

• A dedicated experiment could achieve far 
higher statistics and a high impact for 
DUNE




Improving MARLEY: constraining the models 

 

• COHERENT is pursuing a number 
of useful cross section 
measurements in this energy range  

• Using a theory calculation for the 
different targets for which data are 
expected soon (e.g., Pb, I), their 
data could help constrain 
MARLEY’s general approach 

• Other indirect methods could also 
be helpful (e.g., muon capture on 
40Ar)


NaIvE (NaI)

NIN cubes (Pb, Fe, Cu)



Conclusion

• Through its enhanced sensitivity to 
νe, a large liquid argon detector like 
DUNE can provide a valuable 
window into the complex physics 
of supernovae 

• Despite this great potential, 
modeling neutrino-argon scattering 
at tens-of-MeV is complicated

- Cross section remains 

completely unmeasured! 

• Just like oscillation measurements, 
interpretation of SN νe data in 40Ar 
will require the use of a generator  

• MARLEY represents a first step 
in this direction, with more theory 
engagement and constraining 
measurements to come!

C. Grant
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Backup
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For low-energy CC scattering on a free nucleon, the amplitude may be written as
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(similar long expression for spatial components)

∝

Let’s rewrite the nucleon matrix element in terms of a current 
operator:
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A sum over nucleons is used to evaluate the nuclear 
operator

Exponential comes from 
switch to position space
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A. J. Koning and J. P. Delaroche, Nuclear Physics A 713 3-4 (2003)

Transmission coe9cient 
represents the probability of 
penetra�ng the nuclear surface

● Solve radial Schrödinger equa�on numerically in matching region

● Match to asympto�c solu�on, extract transmission coe9cient

MARLEY transmission coe<cient model
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Cross section 
weighting
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Putting all of the pieces together gives us the following differential cross 
section for a particular nuclear level:

Calculating the cross section is straightforward if we can figure out the 
nuclear matrix elements B(F) and B(GT)

There are two relevant experiments in the literature. Both are indirect 
measurements.
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