
André	Rubbia	(ETH	Zürich)

The DUNE Science 
program

v1

Supernova	physics	at	DUNE,	Virginia	Tech,	March	11-12th	2016



20.01.16 André Rubbia | The DUNE Science Program

What is DUNE ?
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A rapidly evolving international scientific collaboration merging strengths 
and expertise from all previous efforts (LBNE, LBNO, others), built around 
the organisation model successfully implemented at the LHC

- First formal collaboration meeting April 16th - 18th 2015 
- Conceptual Design Report (4 volumes) June 2015
- Passed DOE CD-1 Review July 2015
- Second collaboration meeting September 2nd - 5th 2015
- DOE CD-3a Review December 2015 → CD3a will trigger FS excavation
- Third collaboration meeting UTA, Texas  January 12th - 15th 2016
- Fourth collaboration meeting SDSMT, South Dakota  May 2016
- Collaboration meetings at FNAL (Sep 16) & CERN (Jan 2017)Fermilab Neutrino Platform 
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DOE HEP Status at HEPAP - 12/9/2015 

Photo taken during 2nd Collaboration meeting
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Santana; Univ. Federal de Goias; 
Observatorio Nacional 
Bulgaria Univ. of Sofia
Canada York University
Colombia Univ. del Atlantico
Czech Republic Charles University, Prague; 
Czech Technical University, Prague; Institute 
of Physics ASCR, Prague
France Lab. d’Annecy-le-Vieux de Phys. 
des Particules; Inst. de Physique Nucleaire 
de Lyon; APC-Paris; CEA/Sacla
Germany Max Planck Inst. for Physics, 
Munich
India Aligarh Muslim University; Banaras 
Hindu University; Bhabha Atomic Research 
Center; Univ. of Delhi; Indian Inst. of 
Technology, Guwahati; Harish-Chandra 
Research Institute; Indian Inst. of Technology, 
Hyderabad; Univ. of Hyderabad; Univ. of 
Jammu; Jawaharlal Nehru University; Koneru 

Lakshmaiah; Univ. of Lucknow; Panjab 
University; Punjab Agri. University; Variable 
Energy Cyclotron Centre
Iran Inst. for Research in Fundamental 
Sciences 
Italy Lab. Nazionali del Gran Sasso, Assergi; 
Univ. di Catania; Gran Sasso Science 
Institute; Univ. di Milano; INFN Sezione di 
Milano Bicocca; INFN Sezione di Napoli; 
Univ. of Padova; Univ. of Pavia, INFN 
Sezione di Pavia; CNI Pisa; Univ. di Pisa
Japan KEK; Kavli IPMU, Univ. of Tokyo
Madagascar Univ. of Antananarivo
Mexico Univ. de Colima; CINVESTAV
Netherlands NIKHEF
Peru PUCP
Poland Inst. of Nuclear Physics, Krakow; 
National Centre for Nuclear Research, 
Warsaw; Univ. of Warsaw; Wroclaw 
University
Romania Horia Hulubei National Institute
Russia Inst. for Nuclear Research, Moscow
Spain Inst. de Fìsica d’Altas Energias, 
Barcelona; CIEMAT; Inst. de Fisica 
Corpuscular, Madrid
Switzerland Univ. of Bern; CERN; ETH Zurich 

List of countries and participating institutions

Turkey TUBITAK Space Technologies 
Research Institute
Ukraine Kyiv National University 
United Kingdom Univ. of Cambridge; 
Univ. of Durham; Univ. of Huddersfield; 
Imperial College of Science, Tech. & 
Medicine; Lancaster University; Univ. of 
Liverpool; University College London; 
Univ. of Manchester; Univ. of Oxford; 
STFC Rutherford Appleton Laboratory; 
Univ. of Sheffield; Univ. of Sussex; Univ. 
of Warwick
USA Univ. of Alabama; Argonne National 
Lab; Boston University; Brookhaven 
National Lab; Univ. of California, Berkeley; 
Univ. of California, Davis; Univ. of California, 
Irvine; Univ. of California, Los Angeles; 
California Inst. of Technology; Univ. of 
Chicago; Univ. of Cincinnati; Univ. of 
Colorado; Colorado State University; 
Columbia University; Cornell University; 
Dakota State University; Drexel University; 
Duke University; Fermi National Accelerator 
Lab; Univ. of Hawaii; Univ. of Houston; Idaho 
State University; Illinois Institute of 
Technology; Indiana University; Iowa State 

University; Kansas State University; 
Lawrence Berkeley National Lab; Los Alamos 
National Lab; Louisiana State University; 
Univ. of Maryland; Massachusetts Institute 
of Technology; Michigan State University; 
Univ. of Minnesota; Univ. of Minnesota 
(Duluth); Univ. of New Mexico; Northwest-
ern University; Univ. of Notre Dame; Ohio 
State University; Oregon State University; 
Pacific Northwest National Lab; Univ. of 
Pennsylvania; Pennsylvania State 
University; Univ. of Pittsburgh; Princeton 
University; Univ. of Puerto Rico; Univ. of 
Rochester; SLAC National Accelerator Lab; 
Univ. of South Carolina; Univ. of South 
Dakota; South Dakota School of Mines and 
Technology; South Dakota Science And 
Technology Authority; South Dakota State 
University; Southern Methodist University; 
Stanford University; Stony Brook 
University; Syracuse University; Univ. of 
Tennessee; Univ. of Texas at Arlington; 
Univ. of Texas at Austin; Tufts University; 
Virginia Tech; Wichita State University; 
College of William and Mary; Univ. of 
Wisconsin; Yale University

About 800 scientists from approximately 150 institutions in 26 countries 
collaborate on the Deep Underground Neutrino Experiment. Collaborators 
encourage and anticipate further international participation.

International collaboration

Keeps growing:

805 Collaborators 
27 Nations 
146 institutions

Finland Jyväskylä 
Greece Athens

Greece and 
Finland 
recently joined
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LBNF/DUNE Overview
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DUNE Experimental Strategy  
 

Wide%band,%high%purity%ºµ%beam%with%peak%flux%
at%2.5%GeV%opera<ng%at%»1.2%MW%and%upgradeable%

•  four%iden<cal%cryostats%deep%underground%
•  staged%approach%to%four%independent%10%kt%LAr%detector%modules%%
•  SingleGphase%and%doubleGphase%readout%under%considera<on%%%

high%precision%%
near%detector%

June 23,2015 Thomas Kutter | Prototype Detector & Beam Test7

Chapter 7: Near Detector Reference Design 7–85

Magnet'
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Figure 7.1: A schematic drawing of the fine-grained tracker design. fig:STT_schematic

LBNE Conceptual Design Report

complex

“Long-Baseline Neutrino Facility (LBNF) and Deep Underground Neutrino 
Experiment (DUNE) Conceptual Design Report Volume 2: The Physics 
Program for DUNE at LBNF” (arXiv:1512.06148)

“Conceptual Design 
Report Volume 4: The 
DUNE Detectors at LBNF” 
(arXiv:1601.02984)

http://arxiv.org/abs/1512.06148
http://arxiv.org/abs/1601.02984
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LBNF/DUNE Far Site @ SURF

5

4850L Facilities (4300 mwe) 

Sanford Underground Research Facility

• Two parallel caverns each with 
two 10 kton detectors

• Separate cavern for utilities and 
cryogenics

• Four membrane tanks each 62m(L) x 14m(w) x 15m(h) 
with steel-frame exoskeleton designed by CERN

• Cryogenic system (w/ LAr purification) designed by 
joint FNAL and CERN

• Four independent and not necessary exactly identical 
10 kton fiducial LAr TPCs. Two operating by 2026.

Davis Campus  
(LZ, Majorana Demo)

Ross Campus  
(CASPAR, Low background, 
Majorana Demo Electroforming 
lab)

New Campus

Surface facilties
(power, cryo systems, compressors, 
control room, waste rock handling system)

http://sanfordlab.org
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DUNE Far Detector choice
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atmospheric 𝛎’s

   LAr-TPC Far Detector technology gives:
• Exquisite imaging capability in 3D 
– ~ few mm scale over large volume detector

• Excellent energy measurement capability: 
– totally active calorimeter

• Particle ID by  dE/dx, range, event topology ,….

in	energy	range:	few	MeV	–	few	GeV LAr-TPC

Far detector is a 40 kt (fiducial mass) liquid argon TPC,  a design optimized for:
• Pattern recognition 
• Energy measurement
• Particle ID

LBNE	
LBNO

SN 𝛎’s

accelerator 𝛎’s
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Far Detector Prototyping Program
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• Basic technology demonstrated by ICARUS, ArgoNEUT/LArIAT, MicroBooNE, 
WA105 but DUNE scale is very different (each module is 40x ICARUS) and 
different in many details → need strong prototyping! 

• DUNE has well-developed plans for a series of detector prototypes that will 
provide input to the process leading to the final design(s) for the DUNE far 
detector modules. 

• ProtoDUNE single- and dual-phase 300 tons prototypes to operate in 2018.

35T @ FNAL
protoDUNE single 

phase@CERN

WA105 – Cryostat Cut-out
protoDUNE dual 
phase@CERN

WA105 3x1x1@CERN

A View of the CERN TPC Prototype

3(APAs(
3(APAs(

Field(
Cage(

CPAs(

Field(
Cage(

3.6m(

3.6m(

Detector(components((
are(same(as(for(DUNE((
far(detector(
(
Keep(op>on(to(reduce(
dri2(distance(to(2.5m(
(reduced(space(charge((
effects)(
!Use(experience(from((
35t(detector(to(inform(
strategy(
(

6/2/2015 Thomas Kutter | FD Prototyping & Test Beam9

• Mitigation of risks associated with 
current detector designs

• Establishment of construction facilities 
required for full-scale production of 
detector components

• Early detection of potential issues with 
construction methods and detector 
performance

• Provide required calibration of detector 
response to particle interactions in 
charged particle test beams
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LBNF neutrino beam
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LBNF 

Overview - “Near Site” – LBNF at Fermilab, Batavia, IL 

12.09.2015 C. J. Mossey | LBNF Far Site Construction Project 30 

• Primary proton beam @ 60-120GeV extracted from Main Injector 
• Initial 1.2 MW beam power, upgradable to 2.4 MW 
• Embankment allows target complex to be at grade and neutrino beam to be 

aimed to Lead, SD 
• Decay region followed by absorber 
• Four surface support buildings 
• Near Detector facility 

• Primary 60-120 GeV proton beam 
extracted from FNAL Main Injector 

• Initial ≈1.2 MW beam power upgradable to ≈2.4 MW 
utilising improvements from PIP-II 

• Near detector hall @ 574 m 
• Fermilab-based design with input and ideas from the 

full international DUNE Collaboration

Neutrino energy (GeV)

3-horn	system,	
CDR	“Optimized”	Design,	
and	the	well-known	NuMI-
like	Reference	Design		

➡ CP sensitivity optimisation maximises lower energies

1300km
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DUNE Near Detector
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NOMAD-inspired Fine-Grained Tracker
• It consists of:
– Central straw-tube tracking system 

with embedded nuclear targets
– Lead-scintillator sampling ECAL
– Large-bore warm dipole magnet
– RPC-based muon tracking systems

• It provides: 
– Constraints on cross sections and the neutrino flux
– A rich self-contained non-oscillation neutrino physics program

Will result in unprecedented samples of ν interactions
– >100 million nu&antinu-interactions over a wide range of energies:

•  Strong constraints on systematics for LBL physics  
•  The ND samples will represent a huge scientific opportunity, e.g.

• Inclusive & exclusive 𝜈 cross section measurements
• Studies of nuclear effects, FSI etc.
• Measurements of the structure of nucleons
• Neutrino-based electroweak theory measurements
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DUNE primary science program
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Focus on fundamental open questions in particle physics and 
astroparticle physics – aim for discoveries:
• 1) Neutrino Oscillation Physics
– CPV in the leptonic sector

• “Our best bet for explaining why there is matter in the universe”
– Neutrino Mass Hierarchy

• “Guaranteed determination of MH (>5sigmas)”
– Precision Oscillation Physics & testing the 3-flavor paradigm

• 2) Nucleon Decay
– Predicted in beyond the Standard Model theories

• “Probe the unification of the fundamental forces”
• 3) Supernova burst physics & astrophysics
– Galactic core collapse supernova, unique sensitivity to νe

• “Information on neutron star or even black-hole formation”
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DUNE - Primary Science Programme
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1. Long baseline neutrino oscillations
- Precise measurement of the L/E behaviour for neutrinos and antineutrinos at L>1000 km 

- High discovery potential for leptonic CPV and guaranteed determination of MH;  
test of 3-𝜈 flavour oscillation paradigm; determine the sector of Θ23

- Complete knowledge of PMNS matrix by precisely determining all parameters including 
CP-phase. Fundamental parameters of the SM → CKM and PMNS matrices to shed light 
on the flavour problem.
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• DUNE measures the energy dependence of electron-appearance and muon-
disappearance oscillation probabilities,  
independently  for neutrinos and antineutrinos

- E.g. Appearance probability for neutrinos

• High neutrino beam power and near + far 
detectors provide precise measurements 
with high statistics and low systematics

with

Aim for discovery!
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DUNE - Primary Science Programme
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1. Long baseline neutrino oscillations
- Precise measurement of the L/E behaviour for neutrinos and antineutrinos at L>1000 km 

- High discovery potential for leptonic CPV and guaranteed determination of MH;  
test of 3-𝜈 flavour oscillation paradigm; determine the sector of Θ23
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• DUNE measures the energy dependence of electron-appearance and muon-
disappearance oscillation probabilities,  
independently  for neutrinos and antineutrinos

- E.g. Appearance probability for neutrinos

• High neutrino beam power and near + far 
detectors provide precise measurements 
with high statistics and low systematics
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Aim for discovery!
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DUNE - Primary Science Programme
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2. Nucleon Decay (and atmospheric neutrinos)
- EW+QCD are all local-gauge QFT with similar structure → GUT ? many hints exist in 

favour (high energy behaviour of couplings; Qe=–Qp, neutrino masses, …) but the 
missing link is the direct observation of a nucleon decay.

- Measurements of branching ratios inform GUT models (SUSY, non-SUSY).

- Signatures of annihilations from n-nbar oscillations can also be searched for.

- DUNE provides a generational advance in atmospheric neutrino detection and study.nonbar transition probability 

, 0

   mixed n-nbar QM state

H   

  ;   

  part different for  and 

n
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n n n n n n
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D-mixing amplitude

All beyond SM
physics is here

D

18

?

SUSY dim-5 n-nbar oscillations

A discovery would be monumental !
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DUNE - Primary Science Programme
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3. Neutrino astrophysics, including supernova detection
- SN burst to verify models of stars’ explosions; but also neutrino physics
- Measurement of the neutrino energy spectra, time distributions and flavor 

composition with large statistics from SN will provide information about: 
- Supernova physics: 

- Core collapse mechanism 
- Supernova evolution in time 
- Cooling of the proto-neutron star 
- Nucleosynthesis of heavy nuclei 
- Black hole formation 

- Neutrino flavour transformation and propagation physics: 
- Flavor transformation in SN core has rich physics affected by my phenomena, 

such as matter & collective effects, sterile neutrinos and in general neutrino 
properties (e.g. anomalous magnetic moment)

- Early alert for astronomers

SN detection provides unique and broad science opportunities !
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LBL oscillation strategy
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Measure neutrino spectra at 1300 km in a wide-band beam
•  Determine MH and θ23 octant, probe CPV, test 3-flavor paradigm       
a  and search for ν NSI in a single experiment
–  Long baseline:

•  Matter effects are large ~ 40%
–  Wide-band beam:

•  Study νµ→νe (νµ→νe) and νµ→νx  (νµ→νx )  over range of energies
•  MH & CPV effects are separable  
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LBL oscillation strategy (II)
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Background processes:

Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–42

the uncertainty is expected in the four-sample fit, so the residual uncorrelated normalization un-1

certainty on the ‹e sample is expected to be reduced to the 1–2% level, such that the 2% residual2

normalization uncertainty used in the sensitivity calculations is also well-justified. Variations on3

these assumptions are explored in Section
sec:syst_var
3.6.3.4

Table 3.8: Normalization uncertainties and correlations for background to the ‹e, ‹̄e, ‹µ, and ‹̄µ data
samples

Background Normalization Uncertainty Correlations
For ‹e/‹̄e appearance:
Beam ‹e 5% Uncorrelated in ‹e and ‹̄e samples
NC 5% Correlated in ‹e and ‹̄e samples
‹µ CC 5% Correlated to NC
‹· CC 20% Correlated in ‹e and ‹̄e samples
For ‹µ/‹̄µ disappearance:
NC 5% Uncorrelated to ‹e/‹̄e NC background
‹· 20% Correlated to ‹e/‹̄e ‹· background

tab:bgnormsys

3.6.3 E�ect of Variation in Uncertainty5
sec:syst_var

Figure
fig:exp_systs
3.23 shows DUNE sensitivity to determination of neutrino mass hierarchy and discovery of6

CP violation as a function of exposure for several levels of signal normalization uncertainty. As7

seen in Figure
fig:exp_systs
3.23, for early phases of DUNE with exposures less than 100 kt · MW · year, the8

experiment will be statistically limited. The impact of systematic uncertainty on the CP-violation9

sensitivity for large exposure is obvious in Figure
fig:exp_systs
3.23; the ‹e signal normalization uncertainty10

must be understood at the level of 5% ü 2% in order to reach 5‡ sensitivity for 75% of ”CP values11

with exposures less than ≥900 kt · MW · year in the case of the Optimized Design. Specifically,12

the absolute normalization of the ‹µ sample must be known to ≥5% and the normalization of the13

‹e sample, relative to the ‹̄e, ‹µ, and ‹̄µ samples after all constraints from external, near detector,14

and far detector data have been applied, must be determined at the few-percent level. This level15

of systematic uncertainty sets the capability and design requirements for all components of the16

experiment, including the beam design and the near and far detectors.17

Signal and background normalization uncertainties remain relatively unimportant for the mass18

hierarchy measurement, even at large exposure, when considering minimum sensitivity for 100% of19

”CP values. This is because the minimum sensitivity occurs in the near-degenerate region where it is20

di�cult to determine whether one is observing ”CP = +fi/2 in the normal hierarchy or ”CP = ≠fi/221

in the inverted hierarchy. Spectral analysis will help resolve this near-degeneracy, but is dependent22

on as-yet unexplored uncertainties in the spectral shape, which are expected to be dominated by23

energy-scale uncertainty. Figure
fig:escale_syst
3.24 shows the impact on MH and CP-violation sensitivity of24

one possible energy-scale variation, in which energy bins are adjusted by N[E]æN[(1+a)E], while25

keeping the total number of events fixed. This is only one possible type of energy-scale uncertainty;26

more comprehensive study of energy-scale uncertainty is in progress and will be included in future27

analyses of experimental sensitivity.28

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report

Signal:  5% (abs. !μ norm.) ⊕ 2% (!e norm.) for both 
neutrinos and antineutrinos sample

CPV$&$MH$:$Systema0c$errors$presented$in$CDR$
A"er%fits%to%both%near%and%far%detector%data%and%all%external%constraints.%

From%CDR%Volume%2%“Physics”:%

External experimental and theoretical input (nu cross-sections, 
hadroproduction, detector test beams, SBN) and DUNE ND important 

ingredients to achieve these levels.
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LBL science discovery potential
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Opportunities for early discoveries !

5σ	CPV		
Discovery

Rapidly reach scientifically interesting sensitivities:
– e.g. in best-case scenario for CPV (δCP = +π/2) :

• Reach 3σ CPV sensitivity with 60 – 70 kt.MW.year 
– e.g. in best-case scenario for MH :

• Reach 5σ MH sensitivity with 20 – 30  kt.MW.year 

DUNE 40 kton * 1.2 MW beam
≈ 50 kt.MW.year per year
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CPV sensitivity
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 Sensitivities depend on multiple factors:	
▪ CPV parameter δ, other mixing angles e.g. θ23	
▪ Beam spectrum, …

Beam focusing choiceCP coverage 25%, 50%, 75%

Reference beam

>3σ, 75% coverage>3σ, 75% coverage
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MH, δCP and sin2θ23 Sensitivities
Mass hierarchy coverage
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Nucleon decay searches in DUNE

For	a	20kton	exposure	of	 
10	years	(200	kton×year)

19

Mode LifeGme	(90%C.L.)
p➞νK+ >3×1034	yrs

p➞e+γ,	p➞µ+γ >3×1034	yrs

p➞µ–π+K+ >3×1034	yrs

n➞e–K+ >3×1034	yrs

p➞µ+K0,	p➞e+K0 >1×1034	yrs

p➞e+π0 >1×1034	yrs

p➞µ+π0 >0.8×1034	yrs

n➞e+π– >0.8×1034	yrs

JHEP 0704 (2007) 041 

DUNE	provides	a	generaXonal	advance	in		
detecXon	method: 
Exploit	tracking	and	calorimetry	for	unbiased,	exclusive	
final	state	reconstrucXon	of	decay	products	with	precise	
kinemaXcs,	low	thresholds	(no	Cherenkov	threshold)

• Phenomenology	is	rich	and	there	are	many	
possible	decay	modes	(≈90	idenXfied)	

• Proton	decay	modes	
• Neutron	decay	modes	
• n-nbar	oscillaXon	modes	

• Backgrounds	can	be	calculated	using	
atmospheric	neutrino	samples	and	esXmated	
using	side-bands	

• Efficiencies	involving	π’s	in	the	final	states	are	
affected	by	nuclear	uncertainXes	but	constrained	
by	neutrino	cross-secXon	measurements	

• With	LAr	imaging	&	excellent	kinemaXcs,	we	find	
a	≈linear	sensiXvity	improvement	with	exposure	
unXl	1000	kton×year…	or	25	years	of	DUNE…
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Atmospheric neutrinos in DUNE
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• Neutrino oscillation physics complementary to long baseline beam
• Clean νe & νμ CC over all range of energies (GeV,MultiGeV)
• Good neutrino energy and angular reconstruction
• Recoil hadronic system on an event-by-event basis
• Statistical separation of ν and anti-ν by exclusive final states
• νμ➞ντ appearance significance >3σ after 3 years exposure  

(≈12 ντ CC / year)
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FIG. 60: Typical atmospheric ⌫µ and ⌫e QE event in liquid Argon detector (⌫µ + X ! p + ⇡0 + µ� and
⌫e + n ! p + e�). The two (collection) views are shown.
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FIG. 61: Typical atmospheric ⌫µ NC event in liquid Argon detector (⌫µ +p ! ⌫µ +p+⇡0). The two (collection)
views are shown.
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Eνe > 7.48 MeV

• Elastic scattering (ES) on electrons 

• Charged-current (CC) interactions 
on Ar 

• Neutral current (NC) interactions 
on Ar

SN neutrinos signal in LAr

νe + 40Ar → 40K* + e-

νe + 40Ar → 40Cl* + e+

ν + e- → ν + e-

ν + 40Ar → ν + 40Ar* 

Eνe > 1.5 MeV

Eν > 1.46 MeV

Possibility to separate the different channels by a classification of the associated 
photons from the K, Cl or Ar de-excitation (specific spectral lines for CC and NC) 

or by the absence of photons (ES)    

_ _

9

SN ν cross sections on Ar

Low energy neutrinos in DUNE

21

hep-ph/0307222; JCAP 10 (2003) 009; JCAP 08 (2004) 001 
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Supernova burst neutrinos
Expected	event	rates	for	40	kton	and	SN	at	the	
distance	of	10	kpc	:	(no	oscillaXons	included!)

22

• Unique	sensiGvity	to	electron	neutrino	
flavour		(most	other	SN-detectors	detect	
inverse	beta	decays)	
• Peak	of	neutronizaGon	(osc?)	
• Combined	analysis	of	all	reacGon	modes	
–	can	NC	reacGon	be	observed	?	
• OscillaGon	(both	standard	and	
collecGve)	will	potenGally	have	a	large	
effect	
• Neutrino	abs.	mass	via	TOF

Chapter 5: Supernova Neutrino Bursts and Low-energy Neutrinos 5–77
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Figure 5.4: Left: Expected time-dependent signal in 40 kt of liquid argon for the electron-capture
supernova

Huedepohl:2009wh
[?] at 10 kpc, calculated using SNoWGLoBES

snowglobes
[?], showing breakdown of event channels.

Right: expected measured event spectrum for the same model, integrated over time. fig:eventrates
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Figure 5.5: Estimated numbers of supernova neutrino interactions in DUNE as a function of distance
to the supernova, for di�erent detector masses (‹e events dominate). The red dashed lines represent
expected events for a 40-kton detector and the green dotted lines represent expected events for a 10-kton
detector. The lines limit a fairly wide range of possibilities for “Garching-parameterized” supernova flux
spectra (Equation

eq:pinched
5.1) with luminosity 0.5 ◊ 1052 ergs over ten seconds. The optimistic upper line of

a pair gives the number of events for average ‹e energy of ÈE‹eÍ = 12 MeV, and “pinching” parameter
– = 2; the pessimistic lower line of a pair gives the number of events for ÈE‹eÍ = 8 MeV and – = 6.
(Note that the luminosity, average energy and pinching parameters will vary over the time frame of
the burst, and these estimates assume a constant spectrum in time. Oscillations will also a�ect the
spectra and event rates.) The solid lines represent the integrated number of events for the specific
time-dependent neutrino flux model in

Huedepohl:2009wh
[?] (see Figs.

fig:garching
5.3 and

fig:eventrates
5.4; this model has relatively cool spectra

and low event rates). Core collapses are expected to occur a few times per century, at a most-likely
distance of around 10 to 15 kpc. fig:ratesvsdist
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Chapter 5: Supernova Neutrino Bursts and Low-energy Neutrinos 5–77

due to di�erent numerical treatment (e.g., neutrino transport, dimensionality), physics input (nu-
clear equation of state, nuclear correlation and impact on neutrino opacities, neutrino-nucleus
interactions) and oscillation e�ects. In addition, there is intrinsic variation in the nature of the
progenitor and collapse mechanism. Neutrino emission from the supernova may furthermore be
have an emitted lepton-flavor asymmetry [124], so that observed rates may be dependent on the
supernova direction.

Table 5.1: Event rates for di�erent supernova models in 40 kt of liquid argon for a core collapse at
10 kpc, for ‹e and ‹̄e charged-current channels and elastic scattering (ES) on electrons. Event rates
will simply scale by active detector mass and inverse square of supernova distance. No oscillations
are assumed; we note that oscillations (both standard and “collective”) will potentially have a large,
model-dependent e�ect.

Channel Events Events
“Livermore” model “GKVM” model

‹e +40 Ar æ e≠ +40 Kú 2720 3350
‹e +40 Ar æ e+ +40 Clú 230 160
‹x + e≠ æ ‹x + e≠ 350 260
Total 3300 3770

Figure 5.3 gives another example of an expected burst signal, for which a calculation with detailed
time dependence of the spectra is available [125] out to 9 seconds post-bounce. This model has
relatively low luminosity but the standard robust neutronization burst. Note that the relative
fraction of neutronization-burst events is quite high. Figure 5.4 shows the event channel breakdown
for the same model. Clearly, the ‹e flavor dominates. Although water and scintillator detectors
will record ‹e events [126, 127], liquid argon is the only future prospect for a large, clean supernova
‹e sample [128].

The number of signal events scales with mass and inverse square of distance as shown in Fig. 5.5.
For a collapse in the Andromeda galaxy, a 40-kton detector would observe a few events.

5.2 Neutrino Physics and Other Particle Physics

A core-collapse supernova is essentially a gravity-powered neutrino bomb: the energy of the collapse
is initially stored in the Fermi seas of electrons and neutrinos and then gradually leaked out by
neutrino di�usion. The key property of neutrinos that makes them play such a dominant role
in the supernova dynamics is the feebleness of their interactions. It then follows that should
there be new light (< 100 MeV) particles with even weaker interactions, they could alter the
energy transport process and the resulting evolution of the nascent proto-neutron star. Moreover,
additional interactions or properties of neutrinos could also be manifested in this way.

Thus, a core-collapse supernova can therefore be thought of as an extremely hermetic system,
which can be used to search for numerous types of new physics (e.g., [129, 130]). The list includes
various Goldstone bosons (e.g., Majorons), neutrino magnetic moments, new gauge bosons (“dark

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report

δt ~ O(10 ms)



20.01.16 André Rubbia | The DUNE Science Program

Energy spectrum

23

• Spectrum calculated with SNoWGloBES
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• Spectrum assumes 
final state energy 
is fully reconstructed

• Neutrino flavour 
classification assumes 
detection of deexcitations 
photons  
 
 
 
 
 
 
 

• Measurement campaigns 
of low energy cross-
section on Argon needed 
to exploit statistical power 
of SN event burst.

• Fermi (F) transition to 4.38 MeV 
IAS 40K 
• σ precisely known <1%                  

Bahcall, J.N. Rev. Mod. Phys., 50, 881(1978) 

• Gamow-Teller (GT) of various 40K 
levels 
• σ less precisely known ≃ 6%          

Ormand et.al, PLB 345 (1995) 343 

• σGT ≃ 2σF 

• A precise measurement of the solar 
flux can be obtained by 
distinguishing the superallowed 
Fermi transition among the other 
excited states 
• An accurate calibration of the detector 

energy response is mandatory
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Events vs distance
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Chapter 5: Supernova Neutrino Bursts and Low-energy Neutrinos 5–79
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Figure 5.4: Left: Expected time-dependent signal in 40 kt of liquid argon for the electron-capture
supernova [125] at 10 kpc, calculated using SNoWGLoBES [120], showing breakdown of event channels.
Right: expected measured event spectrum for the same model, integrated over time.
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Figure 5.5: Estimated numbers of supernova neutrino interactions in DUNE as a function of distance
to the supernova, for di�erent detector masses (‹e events dominate). The red dashed lines represent
expected events for a 40-kton detector and the green dotted lines represent expected events for a 10-kton
detector. The lines limit a fairly wide range of possibilities for “Garching-parameterized” supernova flux
spectra (Equation 5.1) with luminosity 0.5 ◊ 1052 ergs over ten seconds. The optimistic upper line of
a pair gives the number of events for average ‹e energy of ÈE‹eÍ = 12 MeV, and “pinching” parameter
– = 2; the pessimistic lower line of a pair gives the number of events for ÈE‹eÍ = 8 MeV and – = 6.
(Note that the luminosity, average energy and pinching parameters will vary over the time frame of
the burst, and these estimates assume a constant spectrum in time. Oscillations will also a�ect the
spectra and event rates.) The solid lines represent the integrated number of events for the specific time-
dependent neutrino flux model in [125] (see Figs. 5.3 and 5.4; this model has relatively cool spectra
and low event rates). Core collapses are expected to occur a few times per century, at a most-likely
distance of around 10 to 15 kpc.
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• Band represents range of models (factor of ~10 in rate) 

• Solid line: “Garching” model (Raffelt et al., PRL104, p. 251101, 2010)

≈1 event 
from 

Andromeda

≈105 event 
from 1 kpc
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Summary
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• LBNF/DUNE will be a game-changing program in neutrino physics 
and astro-particle physics
– Definitive 5σ determination of MH
– Broad exploration of leptonic CPV with significant prospects for 

discovery   
– Precisely test 3-flavor oscillation paradigm
– Extend sensitivity to nucleon decay
– Unique measurements of supernova neutrinos (if one should 

occur in the lifetime of the experiment)
– Generational advance in precision neutrino physics at the near 

site
• A strong world-wide collaboration has formed to build the experiment

– LAr TPC Far Detector, 
– Fine-Grained Tracker Near Detector
– MW-class Neutrino Beam 

• The LBNF/DUNE Project is advancing quickly. We look forward to 
further exploring and expanding the DUNE science. 
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