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A long story…



2008 P5

   

US Particle Physics: 
Scientific Opportunities
A Strategic Plan  
for the Next Ten Years

Report of the Particle 
Physics Project 
Prioritization Panel

29 May 2008

       

4   T H E  D E E P  U N D E R G R O U N D  S C I E N C E  A N D  
E N G I N E E R I N G  L A B O R AT O RY — D U S E L

The Deep Underground Science and Engineering Laboratory would offer a major new 
facility for US particle physics. Located in the Homestake mine in Lead, South 
Dakota, DUSEL would be an underground laboratory housing a wide spectrum of 
experiments. When the first parts of the laboratory begin operation around 2013, 
DUSEL would be a key element in the US particle physics program. A large detector 
for long-baseline neutrino physics would be part of the initial suite of experiments, as 
would detectors for dark matter and double beta decay experiments.

               
             

               
          

             
                

            
   

              
         

             
              

      
 

             
         

           
          

              
              

              
            

            
           

          
             

 
           

            

      

 
            

         
              

            
             

             
           

 
           

              
             

              
         

 
  
           

               
              

                
              

            
             

         

     
           

            
             

             
             
               

            

                
              
              

             
            

       

           
           

             
            

     

Recommendation 
  The panel endorses the importance of a deep underground labora-

tory to particle physics, and it urges NSF to make this facility a 
reality as rapidly as possible. Furthermore, the panel recommends 
that DOE and NSF work together to realize the experimental particle 
physics program at DUSEL.

  

  

          
                
          

                 
               

               
              

            
                
            

             

             
                 

              
                  
   

             
           

          
             

           
         

    

            
              

   

            
            

    

            
         

              
          
          

            
          

 
  The panel recommends a world-class neutrino program as a core 

component of the US program, with the long-term vision of a large 
detector in the proposed DUSEL laboratory and a high-intensity 
neutrino source at Fermilab.

             
               

              
               
       

       

            
          

          
         

             

  The panel further recommends that in any funding scenario consid-
ered by the panel Fermilab proceed with the upgrade of the present 
proton source by about a factor of two, to 700 kilowatts to allow for 
an extended physics reach using the current beamline and a timely 
start for the neutrino program in the Homestake mine.

              
             
            

               
            

               
             

       

              
             

         
         

           

            
          

         
           
          

 

             
          

           

              
         

          
         
         

         

   

            
           

        
          

 
         

          
         

         
       





   

The Daya Bay Reactor Neutrino Experiment has measured a non-zero value for the neutrino mixing angle θ13
with a significance of 5.2 standard deviations. Antineutrinos from six 2.9 GWth reactors were detected in six
antineutrino detectors deployed in two near (flux-weighted baseline 470 m and 576 m) and one far (1648 m)
underground experimental halls. With a 43,000 ton-GWth-day livetime exposure in 55 days, 10416 (80376)
electron antineutrino candidates were detected at the far hall (near halls). The ratio of the observed to expected
number of antineutrinos at the far hall is R = 0.940 ± 0.011(stat) ± 0.004(syst). A rate-only analysis finds
sin2 2θ13 = 0.092 ± 0.016(stat)± 0.005(syst) in a three-neutrino framework.

arXiv:1203.1669v2  [hep-ex]  2 Apr 2012

Spring 2012  Game Changer



q13 is large and we PROCEED

   

 

Critical Decision 1 
Approve Alternative Selection and Cost Range 

of the 
Long Baseline Neutrino Experiment (LBNE) Project 

(Line Item Project 11-SC-40) 
at the 

Fermi National Accelerator Laboratory and  
Sanford Underground Research Facility 

Office of High Energy Physics 
Office of Science 

 
 

 
                  

          
            

            
     

 
  

 
                 

                
                

               
    

 
               

                
                

              
          

            
           

              
             

               
          

               
              

          
 

               
     

 
 
 

 

 

Description of Scope Threshold Key Performance Parameter (KPP) Objective KPP 
Primary Beam Power to 
produce neutrinos directed to 
the far detector site  

Capable of delivering 700 kiloWatts , with 
beamline hardware commissioning complete. 

 

Long-Baseline Distance 
between neutrino source and far 
detector 

1,000-1,500 kilometers 
 

Liquid Argon Far Detector   Operational capability installed for a 10 kiloton 
detector and demonstration of threshold 

performance by observation of cosmic ray 
interactions. 

Additional detector mass 
and/or underground siting, 
facilitated by non-DOE in-

kind contributions 

Near Detector Tertiary Muon Detector components tested in 
NUMI beam. 

Near Detector facilitated by 
non-DOE in-kind 

contributions 
 
 

  
 

                
             

            
              

              
    

 
                

             
   

                
              

    
                

              
        

 
             

           
            
            

            
 

             
                

              
              

              
              

            

 

 

 

         

  
  

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

    
     

   
       

 
    

 
                
                 

 
 

Critical Decision Milestone  Schedule 
CD-0    Approve Mission Need 1/8/2010 (Actual) 
CD-1    Approve Alternative Selection and Cost Range 1st Quarter, FY2013 
CD-3a  Approve Long Lead Procurement 3rd  Quarter, FY2015 
CD-2    Approve Performance Baseline 3rd Quarter, FY2016 
CD-3b  Approve Start of Construction 3rd  Quarter, FY2017 
CD-4    Approve Project Completion 3rd    Quarter FY2025 

 
 

 
              

                 
                 

              
 

 
               

               
             
            

            
              

              
           

 
  

 
             

                
              
                

CD-1 for LBNE



European Strategy for Particle Physics – 2013 update
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f) Rapid progress in neutrino oscillation physics, with significant European involvement, has 
established a strong scientific case for a long-baseline neutrino programme exploring CP violation 
and the mass hierarchy in the neutrino sector. CERN should develop a neutrino programme to pave 
the way for a substantial European role in future long-baseline experiments. Europe should 
explore the possibility of major participation in leading long-baseline neutrino projects in the US 
and Japan. 
 

         

                
                  
            

             
             

            
  

 
           

           
                
                

             
                

 
               

         
            
           

              
          

 
               

              
           

             
                

              
      

 
               

            
             

     



Fermilab interim International Executive Board (iIEB) for 
the Long Baseline Neutrino Facility (LBNF), 2014 



2014 P5 Report : 4 recommendations

  

 Report of the Particle Physics Project Prioritization Panel (P5) May 2014

Building for Discovery
Strategic Plan for U.S. Particle Physics in the Global Context

        

         
         

         
          

           
        

        
         

         
         

          
    

            
         

        
          

        
        

       
              

         
        

       
       

          
    

         
            

           
            
           
            

           
          

        
           
           

         
   

       
           

          
          

        
     

  
       

           
        

        
       

         
         

        
       

         
          

        
        
          

        
    

Recommendation 12: In collaboration with international 
partners, develop a coherent short- and long-baseline neu-
trino program hosted at Fermilab.

For a long-baseline oscillation experiment, based on the science 
Drivers and what is practically achievable in a major step for-
ward, we set as the goal a mean sensitivity to CP violation2 of 
better than 3  (corresponding to 99.8% confidence level for a 
detected signal) over more than 75% of the range of possible 
values of the unknown CP-violating phase CP. By current esti-
mates, this goal corresponds to an exposure of 600 kt*MW*yr 
assuming systematic uncertainties of 1% and 5% for the signal 
and background, respectively. With a wideband neutrino beam 
produced by a proton beam with power of 1.2 MW, this exposure 
implies a far detector with fiducal mass of more than 40 kilotons 
(kt) of liquid argon (LAr) and a suitable near detector. The 
minimum requirements to proceed are the identified capa-
bility to reach an exposure of at least 120 kt*MW*yr by the 

                          
                              

                           
 

             

2035 timeframe, the far detector situated underground with 
cavern space for expansion to at least 40 kt LAr fiducial vol-
ume, and 1.2 MW beam power upgradable to multi-megawatt 
power. The experiment should have the demonstrated capa-
bility to search for supernova (SN) bursts and for proton 
decay, providing a significant improvement in discovery 
sensitivity over current searches for the proton lifetime.

          
       
      

          
        

          
         

         
          

        
        

         
         

       
        

        
        

       
           

        
  

          
        

         
         

           
          

          
 

       
        

          
         

          
      

          
        

          
          

       
         

 

      
         

        
       

             
  

       
      

         
       

        
        

       
        

       
        
         
        

         
          

    

         
        

       
       

          
       

           
         



   

             

        
           

         
       

          
       

       

These minimum requirements are not met by the current LBNE 
project’s CD-1 minimum scope. The long-baseline neutrino 
program plan has undergone multiple significant transforma-
tions since the 2008 P5 report. Formulated as a primarily 
domestic experiment, the minimal CD-1 configuration with a 
small, far detector on the surface has very limited capabilities. 
A more ambitious long-baseline neutrino facility has also been 
urged by the Snowmass community study and in expressions 
of interest from physicists in other regions. To address even 
the minimum requirements specified above, the expertise and 
resources of the international neutrino community are needed. 
A change in approach is therefore required. The activity 
should be reformulated under the auspices of a new interna-
tional collaboration, as an internationally coordinated and 
internationally funded program, with Fermilab as host. There 
should be international participation in defining the program’s 
scope and capabilities. The experiment should be designed, 
constructed, and operated by the international collaboration. 
The goal should be to achieve, and even exceed if physics even-
tually demands, the target requirements through the broadest 
possible international participation.

          
        

         
         

           
          

          
 

       
        

          
         

          
      

          
        

          
          

       
         

 

      
         

        
       

             
  

       
      

         
       

        
        

       
        

       
        
         
        

         
          

    

         
        

       
       

          
       

           
         



   

             

        
           

         
       

          
       

       

          
       
      

          
        

          
         

         
          

        
        

         
         

       
        

        
        

       
           

        
  

          
        

         
         

           
          

          
 

Recommendation 13: Form a new international collaboration 
to design and execute a highly capable Long-Baseline 
Neutrino Facility (LBNF) hosted by the U.S. To proceed, a 
project plan and identified resources must exist to meet 

          
      

          
        

          
          

       
         

 

      
         

        
       

             
  

       
      

         
       

        
        

       
        

       
        
         
        

         
          

    

         
        

       
       

          
       

           
         

             

        
           

         
       

          
       

       

          
       
      

          
        

          
         

         
          

        
        

         
         

       
        

        
        

       
           

        
  

          
        

         
         

           
          

          
 

       
        

          
         

the minimum requirements in the text. LBNF is the highest- 
priority large project in its timeframe. 

          
        

          
          

       
         

 

      
         

        
       

             
  

       
      

         
       

        
        

       
        

       
        
         
        

         
          

    

         
        

       
       

          
       

           
         

             

        
           

         
       

          
       

       

          
       
      

          
        

          
         

         
          

        
        

         
         

       
        

        
        

       
           

        
  

          
        

         
         

           
          

          
 

       
        

          
         

          
      

          
        

          
          

       
         

 

Recommendation 14: Upgrade the Fermilab proton accel-
erator complex to produce higher intensity beams. R&D for 
the Proton Improvement Plan II (PIP-II) should proceed 
immediately, followed by construction, to provide proton 
beams of >1 MW by the time of first operation of the new 
long-baseline neutrino facility.

       
      

         
       

        
        

       
        

       
        
         
        

         
          

    

         
        

       
       

          
       

           
         

             

        
           

         
       

          
       

       

          
       
      

          
        

          
         

         
          

        
        

         
         

       
        

        
        

       
           

        
  

          
        

         
         

           
          

          
 

       
        

          
         

          
      

          
        

          
          

       
         

 

      
         

        
       

             
  

       
      

         
       

        
        

       
        

       
        
         
        

         
          

    

Recommendation 15: Select and perform in the short term 
a set of small-scale short-baseline experiments that can 
conclusively address experimental hints of physics beyond 
the three-neutrino paradigm. Some of these experiments 
should use liquid argon to advance the technology and build 
the international community for LBNF at Fermilab. 
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The ICARUS detector was installed in its Fermilab research hall in 2018.

              

      

     
            

            
            

         
          

          
             

             
 

         
              

           
             

        
          

            
            

          
             

    
           

           
            

           
          

       
        
     

         

    

     

           
         

          
            

         
          

        
          

  

             
            
           

         
        

       
    

           
         

         
          

           
             

          
  

This image shows the particle tracks resulting from the interaction of a 
neutrino with liquid argon inside the MicroBooNE detector.
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Critical Decision 1, Approve Alternative Selection and Cost Range 
for the 

Long Baseline Neutrino Facility/Deep Underground Neutrino Experiment  
at  

Fermi National Accelerator Laboratory and  
Sanford Underground Research Facility 

 
Office of High Energy Physics 

Office of Science 
 

  
 

                 
             
            

         
          

 
   

 
               

             
            

            
               

               
    

             
            

                 
             
               

  
 

            
             

              
             

               
             

            
            

              
             

              
             

                

 

 

              
            
            

             
   

 
         

 
Table 2 -LBNF/DUNE Preliminary DOE Schedule 

 
Critical Decision Milestone  Schedule 
CD-0, Approve Mission Need 1/8/2010 (Actual) 
CD-1, Approve Alternative Selection and Cost Range 12/10/2012 (Actual) 
CD-1, Approve Alternative Selection and Cost Range (Update) 1st Quarter, FY2016 
CD-3a (1), Approve Initial Far Site Construction 2nd Quarter, FY2016 
CD-3b (2), Approve Near Site Preparation/Far Site Long Lead Procurement  2nd Quarter FY2019 
CD-2, Approve Performance Baseline 1st Quarter, FY2020 
CD-3(3),  Approve Start of Construction 1st Quarter, FY2020 
CD-4 , Approve Project Completion 4th Quarter FY2030 

       (1)                      
                   
                        
                           
            
                         

 
             
             

             
            
           

          
             

            
 

   
 

                 
               

             
 

                
           

                
                

              
            

                

2015 CD-1R for LBNF/DUNE 



Evolution of accelerator neutrino experiments
• Since the late 1990’s accelerator based neutrino beams have 

been constructed and operated to explore and measure the 
parameters of neutrino mass and mixing; 

   

Table 14.3: List of long-baseline neutrino oscillation experiments

Name Beamline Far Detector L (km) E‹ (GeV) Year
K2K KEK-PS Water Cherenkov 250 1.3 1999–2004

MINOS NuMI Iron-scintillator 735 3 2005–2013
MINOS+ NuMI Iron-scintillator 735 7 2013–2016
OPERA CNGS Emulsion 730 17 2008–2012
ICARUS CNGS Liquid argon TPC 730 17 2010–2012

T2K J-PARC Water Cherenkov 295 0.6 2010–
NOvA NuMI Liquid scint. tracking calorimeter 810 2 2014–



The detector choice: liquid argon TPC



DUNE Collaboration

Today: >1000 people from over 200 institutions from 30 countries



DUNE Physics Goals

   

• Unambiguous, high precision measurements of Dm2
32, dCP, sin2q23, sin22q13 in a single 

experiment
• Discovery sensitivity to CP violation, mass ordering, q23 octant over a wide range of 

parameter values
• Sensitivity to MeV-scale neutrinos, such as from a galactic supernova burst
• Low backgrounds for sensitivity to BSM physics including baryon number violation

May 2018



Neutrino oscillations in DUNE

   

May 2018

At the far detector we measure nµ (nµ) disappearance 
and ne (ne) appearance



Neutrino oscillations in DUNE

   

• The DUNE neutrino oscillation program is exceptional due to several key features of the 
experiment and facility design :
- The 1300 km baseline between Fermilab and SURF location for the far detectors enables an 
unambiguous measurement of the neutrino mass ordering (mass hierarchy)
- The detector’s on-axis location provides for a wide-band energy spectrum of neutrinos to be 
seen in the near and far locations enabling detailed fitting of the oscillation parameters
- The liquid argon detector technology enables precise reconstruction of the neutrino interactions
- The Near Detector complex at Fermilab will support near detectors that will  provide unprecedented 
control of systematic uncertainties in the prediction of the un-oscillated neutrino flux



   

Key components of the long-baseline oscillation analysis

Eventually do the experiment
and collect data

χ 2(δCP ) = 2 Ni
pred (δCP )− Ni

obs + Ni
obs ln

Ni
obs

Ni
pred (δCP )

⎛

⎝⎜
⎞
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⎣
⎢
⎢
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⎦
⎥
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Nbins

∑

Fit the data to the prediction to extract an unknown parameter

Two questions :
How do we make the prediction?  and
What could go wrong ?

Use simulations to predict
Spectrum at far detector
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In DUNE we have unique 

Separation of the mass 

ordering …..

   
 

 
   

DUNE simulation

   



International DUNE Experiment 
- Proposed post-P5 (2015) 

• 40 kT fiducial mass of LAr in 4 detector modules

• “capable” Near Detector

• 1.2 MW proton beam power

   

LBNF/DUNE – Jun-16 Schedule Summary

FY27FY26FY25FY24FY23FY22FY21FY20FY19FY18FY17FY16FY15

Fill & Commission Det #1-2

Sep-16
CD-3a 

Approval

Apr-27
CD-4 (early 
completion)

FY28

ProtoDUNE

DOE Activity

DOE and Non-DOE Activity

Non-DOE Activity

Det #1 Commissioned

Det #2 Commissioned
Cryostat #1 Ready for 
Detector Installation

ProtoDUNE complete

Nov-15
CD-1 Refresh

Approval

Fill & 
Comm
Det. #3-4

Dec-19 
CD-2/3c Project 
Baseline/ Construction 
Approval

Jan-19
CD-3b Approval

Conventional Facilities Preliminary & Final Design

Excavation Cavern 1-4 and UGI
Pre-Excavation/ Reliability Projects

Cryostat #1-2 Construction

Cryostat #3-4 Construction

Cryogenics Equipment

Install Detector #1-2

FS Conventional 
Facilities Complete

Install Detector #3-4

Install & Comm ND in Hall

CF Near Detector Hall

Partial Assembly on Surface at FNAL

NND Design

NND Fab &Assembly

Near Detector Hall Beneficial 
Occupancy – NS CF Complete

Near Detector Complete

CF Preliminary & Final Design
CF Advance Site Prep & Beamline Infrastr.

Install Beamline systems

Beamline Complete

Critical paths 
shown in 

RED

SCHEDULE CONTINGENCY: 
40 months on CD-4

Aug-30
DOE CD-4

40 months

Far Site
N

ear Site

         

RLS PROFILE

CD-3A

BASICALLY UNCHANGED 
SINCE DECEMBER

Aug 2016 IPR

     

     

    

  

DOE Activity

DOE and Non-DOE Activity

Non-DOE Activity

  

  

    
 

 

  

 

 
  
   

 

   

     

    
  

  

  

 

  

  
 

  

    

   

 

  

    
   

  

    
 

  

 

  
  

  
   

 

 

 
 

       

  
  

  

Detector’s 3&4 were
always envisioned
as not part of initial
DOE scope;
Near Detector not
initially in DOE scope
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• LBNF will provide caverns for 4 detector 
modules at SURF

- 1st detector to be installed in NE 
cavern has horizontal drift (like 
ICARUS and MicroBooNE)

- 2nd detector will go into SE cavern 
and has vertical drift (capitalizing on  
elements of the dual phase 
development)        

       
       

    

  
        

      

       
      

      
     

    

   

     
      

  

n’s



ProtoDune @CERN

Excavation progressing @SURF



    

   

       
  

      
     

  

       
       

     
• Near Detector Complex houses a set of 

detectors that work in concert with each 
other to predict the far detector spectrum 
and monitor the beam stability.

• These include 
- A liquid argon TPC (ND-LAr) plus a Muon 

Spectrometer (TMS) ; these can move off-
axis

- An on-axis beam monitor (SAND) ; SAND 
will also make precision measurements of 
multiple channels of neutrino interactions,  
leading to more control of systematics

    

   

     
      

  



The 2x2 ArgonCube detector



2020 Update of the 
European Strategy for 
Particle Physics

   

       

Major developments  
from the 2013 Strategy

        
            

         

        

      
            

            
          

          
 

 
   

 

   
          

          
           

           

         

       

   
   

        
            

         

        

Europe, and CERN through the Neutrino 
Platform, should continue to support long baseline experiments in Japan and the 
United States. In particular, they should continue to collaborate with the United 
States and other international partners towards the successful implementation of 
the Long-Baseline Neutrino Facility (LBNF) and the Deep Underground Neutrino 
Experiment (DUNE).

 
   

 

   
          

          
           

           

         



The Fermilab SBN program
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Address the LSND/MiniBooNE signal with LAr TPCs
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210 LSND 90% C.L.
LSND 99% C.L.
KARMEN 90% C.L.
NOMAD 90% C.L.
BUGEY 90% C.L.
CHOOZ 90% C.L.
MiniBooNE 90% C.L.
MiniBooNE 99% C.L.
ICARUS 90% C.L.
OPERA 90% C.L. (Bayesian)

LSND/MiniBooNE “anomaly”







The first in the line: MicroBooNE



Recent results from MicroBooNE: 
the MiniBooNE excess is likely not due to sterile neutrinos!

MicroBooNE ruled out the most likely 
source of photons as the cause of 
MiniBooNE’s excess events with 95% 
CL and ruled out electrons as the sole 
source with greater than 99% CL, with 
half of its data and more ways yet to 
analyze the data.

SBN will tell us what the origin of the effect is



Conclusions

• A rich and potentially groundbreaking neutrino program underway at
Fermilab

• Several applications of the liquid argon TPC technology: 
«The» neutrino detector

• A lot of opportunities (and fun) for undergrad and grad students, as
well as for PostDocs

• Enjoy your summer studentship! 


