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Neutrinos in the Standard Model

• Weakly interacting

- W exchange = “charged current” (CC)

- Z exchange = “neutral current” (NC)


• Detectors typically rely on neutrino-
nucleus interactions

- Far larger cross section than v-e 

scattering


• Intense neutrino sources and massive 
targets still required to do the physics!
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Neutrino physics across energy scales

Rev. Mod. Phys. 84, 1307 (2012) • Many orders of 
magnitude in energy!


• Focus of this talk: O(1) 
to O(10) MeV region


• Enable exciting neutrino 
astrophysics by better 
understanding neutrino 
interactions

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.84.1307
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Core-collapse supernovae: nearly-perfect neutrino bombs

• Deaths of stars > 10 M☉


• 99% of gravitational binding energy 
converted to ~1058 neutrinos


• Many ve produced in initial 
neutronization burst (~10 ms)


• Core cools via all-flavor neutrino 
radiation in ~10 s


• Momentarily outshines visible 
universe (in neutrinos)

Sci. Am. 295, 42-49 (2006)

https://www.scientificamerican.com/article/how-to-blow-up-a-star/
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First and only observation so far: Supernova 1987A
• 25 antineutrino candidates detected in 13 s 

by 3 detectors

- Kamiokande-II (WC)

- IMB (WC)

- Baksan (liquid scintillator)


• Literally hundreds of papers published 
scrutinizing this sparse data set


• Worldwide effort (SNEWS) to be ready for 
the next one


• Complementary to optical and gravitational 
wave observations
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First and only observation so far: Supernova 1987A
• 25 antineutrino candidates detected in 13 s 

by 3 detectors

- Kamiokande-II (WC)

- IMB (WC)

- Baksan (liquid scintillator)


• Literally hundreds of papers published 
scrutinizing this sparse data set


• Worldwide effort (SNEWS) to be ready for 
the next one


• Complementary to optical and gravitational 
wave observations

Recent JWST image 
of SN1987A remnant 
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The Deep Underground Neutrino Experiment (DUNE)

• World’s most powerful neutrino beam (1.2 MW+) and two groups of detectors

- Far detector: 4 × 17 kton LArTPCs (40 kton total fiducial mass)

- Near detector: Multi-component (including liquid and gaseous argon)


• Data taking to begin circa 2028
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Neutrino detection in a liquid argon time projection chamber



Low-energy LArTPC event displays

MICROBOONE-NOTE-1076-PUB

• MicroBooNE: LArTPC experiment at Fermilab (2015-2021)

• MeV-scale event reconstruction under development

J. Instrum. 12 P09014 (2017) 9



Accelerator neutrino oscillations

• Search for CP violation (δCP ≠ 0,π)

• Neutrino mass ordering

• Precision mixing parameters


Supernova physics 

• Measure O(10 MeV) neutrinos from a galactic supernova

• Unique sensitivity to ve component, rich physics potential


Explore physics beyond the Standard Model

• Proton decay, other baryon number violating processes

• Heavy neutral leptons, boosted dark matter

• Various other exotic physics scenarios 10

Primary science goals of DUNE
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Observables for a supernova neutrino analysis

νe

ν̄e

Eur. Phys. J. C 81, 423 (2021)• Physics signatures imprinted on 
time-dependent flux

- Core-collapse dynamics, mass 

ordering, collective oscillations, 
exotic physics searches, …  

• Measure energy, flavor, and time

- Low tens-of-MeV set by 

supernova temperature  

• Distinct information from , , 

- Detection of all highly desirable

νe ν̄e νx

https://doi.org/10.1140/epjc/s10052-021-09166-w


12K. Scholberg

1

Neutrinos under extreme condi%ons: self-interac%on e(ects
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Current main supernova neutrino detector types 

Water Scintillator

Argon Lead

+ some others (e.g. DM detectors)
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K. Scholberg
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K. Scholberg

Nuclear target needed to isolate electron neutrino flux!
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p⁺ + p⁺ → ²H + e⁺ + νe

pp
99,77 % p⁺ + e⁻ + p⁺ → ²H + νe

pep
0,23 %

²H + p⁺ → ³He + γ84,92 %

15,08 %

10⁻⁵ %

³He + p⁺ → ⁴He + e⁺ + νe
hep

³He + ⁴He → ⁷Be + γ

99,9 %

0,1 %

⁷Be + e⁻ → ⁷Li + νe

⁷Be

⁷Be + p⁺ → ⁸B + γ

³He + ³He → ⁴He + 2p⁺
ppI

⁷Li + p⁺ → ⁴He + ⁴He
ppII

⁸B → ⁸Be* + e⁺ + νe

⁸B

⁸Be* → ⁴He + ⁴He
ppIII

Solar neutrino production: proton-proton chain

• Fusion reactions in the sun 
generate low-energy 


-  decay


-  capture

• p-p chain dominant (~99%)

• CNO cycle (~1%)


- Catalytic

- Recently observed for the 

first time by Borexino: 
Nature 587, 577-582 
(2020)

νe

β+

e−

https://www.nature.com/articles/s41586-020-2934-0
https://www.nature.com/articles/s41586-020-2934-0
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Solar neutrino production: CNO cycle

• Fusion reactions in the sun 
generate low-energy 


-  decay


-  capture

• p-p chain dominant (~99%)

• CNO cycle (~1%)


- Catalytic

- Recently observed for the 

first time by Borexino: 
Nature 587, 577-582 
(2020)

νe

β+

e−

γ
ν

ν

1H

γ

1H

1H
1Hγ

15N

14N
15O

12C

13C

13N

4He

γ

ν

Proton

Neutron

Positron

Gamma ray

Neutrino

https://www.nature.com/articles/s41586-020-2934-0
https://www.nature.com/articles/s41586-020-2934-0
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Solar neutrino fluxes

• Gray = pp cycle  

• Colors = CNO cycle  

• 8B and hep fluxes extend 
beyond 10 MeV

- Potentially observable 

in DUNE 

• The hep flux has not yet 
been detected

Nature 587, 577–582 (2020)
p-p chain
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Solar neutrino physics potential of DUNE
• Rate of ~100 events per day in 

40 kton far detector

- Triggering is a challenge 

• 2σ tension between reactor and 
solar measurements of 


- Potentially improved with 
DUNE


• Measure mixing parameters 
and  fluxes 
simultaneously

- CC Ar and v-e scattering

Δm2
21

8B/hep

Phys. Rev. Lett. 123, 131803

100 kton-year 
exposure



Modeling this physics is essential for neutrino calorimetry

IBD: e+ sufficient to infer Ev

8

v-A is much 
more complex

Two-step approach 
1. Nuclear transitions 
2. De-excitations

20



MARLEY overview
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• Event generator focused specifically 
on neutrino energies below ~100 MeV


• “Model of Argon Reaction Low Energy 
Yields”

- Emphasizes ve CC on 40Ar, 

extensible to other channels

• Two dedicated publications so far:


- Physics models: Phys. Rev. C 103, 
044604 (2021)


- Numerical implementation: 
Comput. Phys. Commun. 269, 
108123 (2021)


• Written in C++14, few dependencies
https://www.marleygen.org

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.103.044604
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.103.044604
https://www.sciencedirect.com/science/article/pii/S0010465521002356
https://www.sciencedirect.com/science/article/pii/S0010465521002356
https://www.marleygen.org


• First calculation of cross sections for exclusive final 
states of the reaction 
 
 
at tens-of-MeV energies.


• Flux-averaged 
differential 
cross sections 
shown 
here are for the 
supernova 
model described 
in Phys. Rev. D 97,  
023019 (2018).
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νe + 40Ar → e− + X

Phys. Rev. C 103, 044604 (2021)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.023019
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.023019
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.023019
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.103.044604


MARLEY comparison to other calculations
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•Significant model 
disagreements


•No measurements of 
this important channel 
below 100 MeV


•Constraining theory 
uncertainty will be 
critical for DUNE
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Phys. Rev. D 107, 112012 (2023)

•Toy analysis seeks to 
extract flux parameters 
from simulated DUNE 
supernova neutrino data


•  = energy release (erg) 

•  = mean neutrino 
energy (MeV) 

•  = shape parameter 
(dimensionless)

ε

⟨Eν⟩

α Current understanding of  is inadequate. 
Measuring  (other parameters) to 10% requires 
5% (20%) knowledge of the cross section!

σ(Ev)
ε

Low-energy cross-section uncertainties

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.112012


First indirect constraints from COHERENT
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•Measurement of neutrino-induced 
neutrons at ORNL Spallation Neutron 
Source

-Supernova-like neutrinos from muon 

decay at rest 

• Lead target, neutrons detected using 
liquid scintillator 

Phys. Rev. D 108, 072001 (2023)

https://doi.org/10.1103/PhysRevD.108.072001


First indirect constraints from COHERENT
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•Measurement of neutrino-induced 
neutrons at ORNL Spallation Neutron 
Source

-Supernova-like neutrinos from muon 

decay at rest  

• Lead target, neutrons detected using 
liquid scintillator 

•Best fit to data:  times 
MARLEY prediction

-4-sigma tension!

- Implications for DUNE ambiguous, 

worthy of further exploration!

0.29+0.17
−0.16

Phys. Rev. D 108, 072001 (2023)

https://doi.org/10.1103/PhysRevD.108.072001
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Conclusion

•DUNE has exciting potential 
to expand our 
understanding of the 
cosmos using supernova 
and solar neutrinos  

•Nuclear interaction modeling 
is challenging but essential 
for robust interpretation of 
the data 

•Work is ongoing to lay a 
foundation for future 
success of the program
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