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Outline 
• Scientific Motivation for a new accelerator 

neutrino oscillation experiment.  

• How much flux, energy, event rate can we get ? 
What limitations ? 

• Strategies and Optimization of a new experiment. 

• What is the physics agenda for LBNE ? 

• Description and Status of implementing the 
Long-Baseline Neutrino Experiment (LBNE in 
US). 
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Scientific Motivation
•Broad:  Neutrino Oscillation is a new sensitive 
interference phenomena with as yet unknown 
implications for fundamental physics. An unmatched 
portal into any new nonstandard sector with light 
fermions because neutrinos can mix with neutral spin 
1/2 particles and oscillations over long baselines are 
extraordinarily sensitive to tiny effects. e.g. 1002.4452

•Neutrino Properties: The current picture of neutrino 
properties is based on only a handful of direct 
measurements. Future precision experiments need to 
test the full 3-generation picture and test for models of 
mass and mixing. 

•CP violation:  Demonstration of CP violation may be a 
gateway to the relationship between quarks and leptons 
and the baryon asymmetry of the Universe. 

4
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�Next	  genera*on(s)	  of	  neutrino	  experiments	  cannot	  simply	  focus	  on	  single	  
parameter	  measurements	  –	  even	  δCP

� A	  comprehensive	  program,	  must	  have	  the	  ability	  to
� observe	  spectral	  distor*on	  due	  to	  oscilla*ons	  –	  peak	  and	  valley
� observe	  different	  behavior	  for	  neutrinos	  and	  an*neutrinos	  –	  direct	  
evidence	  of	  CP	  Viola*on

� Known	  non-‐zero	  and	  large	  	  θ13=>	  event	  rate	  is	  high	  enough	  to	  achieve	  this	  
with	  a	  long-‐baseline	  experiment	  (>1000	  km	  with	  a	  broad	  band	  beam)

5

Measurements:
 νe (ντ) appearance	  in	  a	  νµ beam

 νµ disappearance	  from	  a	  νµ beam

Neutrino	  Oscilla*ons	  Strategy
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LBNE Science Objectives
� COMPREHENSIVE	  PROGRAM	  TO	  MEASURE	  NEUTRINO	  OSCILLATIONS

� Discover	  and	  characterize	  CP	  Viola*on	  in	  the	  neutrino	  sector
�…and	  other	  missing	  pieces	  of	  the	  neutrino	  puzzle

� Resolve	  the	  neutrino	  mass	  hierarchy	  unambiguously
� Precision	  measurements	  of	  oscilla*on	  parameters	  (mixing	  angles,	  
mass	  differences)

� Precision	  neutrino	  interac*on	  studies	  (near	  detector)	  
�New	  physics	  (non-‐standard	  interac*ons,	  sterile	  neutrinos)

�…	  and	  other	  fundamental	  physics	  enabled	  by	  massive	  underground	  	  
detectors
� Proton	  decay	  measurement
� Astrophysics	  -‐-‐	  supernova	  ν burst

6

	  Underground	  placement	  makes	  a	  qualita*ve	  improvement	  
by	  reducing	  risk	  and	  opening	  new	  physics	  opportuni*es.	  
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Mary BishaiL/E = 515 km/GeV sin22θ13=0.1

Optimum ?

Precision Neutrino Oscillation Measurements using Simultaneous
High-Power, Low-Energy Project-X Beams

M.Bishai, M.Diwan, S.Kettell, J.Stewart, B.Viren, L.Whitehead, E.Worcester
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Figure 1: Total neutrino-antineutrino asymme-

try in the probability of ⌫µ ! ⌫e appearance

at 1300 km, at the first and second oscillation

maxima, for normal and inverted hierarchy, as

a function of the true value of �CP .

Recent measurements of non-zero sin2(2✓13)[1, 2, 3, 4]
enable the search for CP violation in the neutrino sector
and, ultimately, precision measurement of the CP phase,
�CP , using ⌫µ ! ⌫e oscillations. The search for CP viola-
tion in the neutrino sector is one of the primary physics
goals of LBNE. Phase-I of LBNE[5] will use 708 kW of
120-GeV protons from Fermilab’s Main Injector (MI) to
produce a muon-neutrino or antineutrino beam aimed at
a 10-kT Liquid Argon TPC at a distance of 1300 km.
The spectrum of neutrino energies detected at the far site
in Phase-I is aligned with the first oscillation maximum,
peaking in the E⌫ = (2-4) GeV range.

Figure 1 shows the total neutrino-antineutrino asym-
metry in the probability of ⌫µ ! ⌫e appearance, which
includes contributions from both CP and matter e↵ects,
as a function of �CP , at the first and second oscillation
peaks, for normal and inverted hierarchy. It is clear from
Fig. 1 that the matter e↵ect is large in the first oscillation
maximum, but in the second oscillation maximum, where
E⌫ = (0.2-1.5) GeV, the CP asymmetry is large with very
little matter asymmetry. For this reason, measurement of
⌫µ ! ⌫e appearance at the second oscillation maximum
provides excellent sensitivity to CP violation, independent of the mass hierarchy. Project X[6] will make it
possible to produce high-intensity, low-energy neutrino beams. In this paper, we summarize [7], which argues
that simultaneous, high-power operation of 8- and 60-GeV beams with a 200-kT water Cerenkov detector at
a long baseline would provide sensitivity to ⌫µ ! ⌫e oscillations at the second oscillation maximum, allowing
precise measurements of neutrino oscillation parameters independent of the mass hierarchy.

The kinematics of neutrino beam production dictates that the only way to produce significant yield of
neutrinos at low energies is with high proton-beam power at low energies. With Project X, beam power
from the MI can be maintained at or above 2 MW for proton energies of (60-120) GeV. Upgrading to an
8-GeV pulsed LINAC would provide up to 4 MW of 8-GeV beam power, only 270 kW of which is required
by the MI to produce the 2-MW, 60-GeV beam. In this scenario, the Fermilab accelerator complex could
simultaneously produce 2 MW of 60-GeV protons and 3 MW of 8-GeV protons. The resulting neutrino
beams would have significant flux with E⌫ < 1.5 GeV, which would allow measurement of ⌫µ ! ⌫e oscillation
at the second oscillation maximum at 1300 km.

Here, we consider a 200-kT water Cerenkov detector with reconstruction performance similar to Super-
Kamiokande[8]. The e�ciency of this detector for quasielastic neutrino scattering, which dominates at
low neutrino energy, is ⇠80%. The low-energy background level is significantly reduced relative to higher
energy beams. With five years of running in simultaneous 8- and 60-GeV mode, it would be possible to
measure sin2(2✓13) to within a few percent and �CP with an uncertainty of ±(5 � 10)�. The precision on
sin2(2✓13) from ⌫µ ! ⌫e appearance, coming primarily from the 60-GeV beam, would be competitive with the
precision expected from ⌫̄e disappearance in reactor neutrino experiments, and the two measurements would
be complementary. The 8-GeV data is highly sensitive to �CP but the result is correlated with sin2(2✓13);
in combination with the 60-GeV data, the 8-GeV data would provide a precise measurement of �CP with no
need to rely on external constraints. A combined fit of the 8- and 60-GeV data is also expected to resolve the
✓23 octant degeneracy. Finally, the 8-GeV, 60-GeV, and 120-GeV data would place independent constraints
on neutrino oscillation parameters; new physics could be detected as inconsistent measurements of neutrino
oscillation parameters in these three data sets.

In summary, the cleanest, most dramatic sensitivity to the CP phase comes from measurement of ⌫µ ! ⌫e
oscillation at the second oscillation maximum, at long baseline, with a high-mass far detector. Project X,
with an 8-GeV pulsed LINAC, could produce simultaneous low-energy, high-intensity beams which would
probe this low-energy region, making precision measurements of neutrino oscillation parameters possible.

Baseline Optimization 

Optimum is achieved when the asymmetry due to the 
matter effect is larger than the largest CP effect, but does 
not saturate the total asymmetry.  
At the first maximum at optimum baseline there is no 
degeneracy. 
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LBNE beam/baseline optimization

� The	  LBNE	  design	  with	  1300	  km,	  120	  GeV	  proton	  beam,	  and	  a	  LAr	  TPC	  
detector	  is	  economical	  for	  a	  comprehensive	  oscilla*on	  program

� Any	  other	  choice	  will	  necessitate	  larger	  detectors	  or	  higher	  beam	  intensity	  

Detailed calculation with horn based realistic beam optimization at each baseline and 
assumption of liquid argon TPC of 35 kt.  Assume 120 GeV Protons at 700kW. 

•LeY:	  Frac*on	  of	  δCP	  for	  which	  MH	  can	  be	  determined	  at	  3	  σ	  level	  or	  greater
•Right:	  Frac*on	  of	  δCP	  for	  which	  CPV	  can	  be	  determined	  at	  3	  σ	  level	  or greater	  
(regardless	  of	  knowledge	  of	  MH.)	     
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Fermilab current/future capabilities

• Main Injector is the main source of high energy protons.  
Current values:9.5μsec/2.2 sec, 3.3×1013protons/pulse

• Upgrade project from 400 kW to 700 kW is funded and  
in progress. Upgrade adds energy flexibility for constant 
power 

Accelerator Energy Current Duty Power

Stage Factor Available

CW 3 GeV 1 mA CW 3000

LINAC kW

Pulsed 8 GeV 43 µA 4.33ms/0.1sec 350

LINAC kW

8 GeV 8 GeV 500 µA 6.67ms/0.066sec 4000

Upgrade kW

Main 60 GeV 35 µA 9.5µS/0.7sec 2100

Injector kW

Main 120 GeV 19 µA 9.5µS/1.3sec 2300

Injector kW

TABLE I: Beam conditions and power possible during the Project-X phase. An accumulator ring at 8 GeV

could be used to improve the duty factor. [8]

rays. The duty factor might be more important for the operation of the target/horn system. We
will assume that a ring might be deployed to produce an appropriately short duty factor ⇠ 10�3.

For our calculations of event rates and neutrino spectra, we will use operation at 60 GeV at
2 MW and operation at 8 GeV at 3 MW. We have reduced the power assumption for 8 GeV
running from 4 MW to 3 MW because some of the current (270 kW) will be needed for producing
the simultaneous 60 GeV beam, and the rest might be needed for other experiments. We have
calculated the beam spectra using a GEANT4 simulation of the LBNE beamline with magnetic
horns with a current of 250 kAmps, 2 meter diameter decay tunnel with a length of 280 meters.
The LBNE beamline was designed for high energy operation. There is currently no design to
transport 8 GeV protons to the LBNE target. The 8 GeV beam will require either another beamline
or substantial modifications to the current beamline design. Here we will not investigate these
important technical issues regarding the beamline, but we will argue that simultaneous operation
at 8 and 60 GeV is quite compelling and should be investigated. In the following we focus on the
neutrino spectra and event rates.

The muon neutrino and antineutrino spectra (without oscillations) for 8 GeV and 60 GeV beams
are shown in figure 5 superimposed on the expected ⌫

µ

! ⌫
e

oscillation probability. The event
rate is calculated for the total muon neutrino (and antineutrino) cross section shown in figure
2. The two di↵erent energy spectra are shown to complement each other. The 8 GeV spectrum
covers the low energy region where large CP phase e↵ects exist while the 60 GeV spectrum covers
the higher energy region where the matter e↵ects will dominate. It should be remarked that the
60 GeV beam also has similar numbers of events at low energies as the low energy beam, but
the low energy beam is expected to have somewhat more rate and less backgrounds due to event
mis-reconstruction. The beam contamination in these beams is shown in table II where the total
event rate is tabulated for each component of the beam. The event rate after ⌫

µ

disappearance is
also shown for the muon neutrino component. A few comments are in order regarding this table:

• The event rates have been calculated for the total cross section as in figure 2. In the
next section we will use the tabulated water Cherenkov detector performance for extracting
electron neutrino events and associated backgrounds.

• The 60 GeV beam is very well tuned for the first oscillation maximum and consequently has
a large e↵ect due to muon neutrino disappearance. Almost 75% of the total muon neutrino
events are calculated to disappear. This factor is smaller for the 8 GeV beam because of
multiple oscillation nodes.

• The neutrino contamination in the antineutrino beam is large ⇠ 26% for the 60 GeV beam,
but it is much smaller for the 8 GeV beam. Nevertheless, the event rate for the antineutrino

6

In progress

now

Project X

S. Holmes

Project X parameters
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Oscillation and Beam Spectrum. As 
designed for LBNE 

• With 700 kW of 120 GeV protons from the Main Injector, we have designed a 
beam optimized for the 0.5 to 5 GeV. (yr=2 107sec) 

• Event	  rate	  (an*)neutrino	  2000(700)evts/10kt/yr	  @0.7	  MW
• 	  Electron	  (an*)neutrino	  ~50(~18)/evt/10kt/yr	  	  @0.7	  MW
• The baseline and energy allows us to measure the spectral distortion and 

disentangle MH from CPV.  Measure asymmetries of event rates versus energy 
for both polarities. 
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Sample with bullet points
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Complete conceptual design for all aspects of full-LBNE
This has been costed in a complete way to be ~$1.5B
DOE has asked us to do the project in stages 
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The LBNE New Beam Design (advanced)

12

FNAL	  main	  Injector:	  
Energy:	  60	  to	  120	  GeV	  
cycle:	  1.33	  sec	  
Pulse:	  	  9.6	  micro	  sec
intensity:	  4.9e13/pulse
Constant	  beam	  power	  above	  
80	  GeV

6.5	  1020	  POT/yr	  at	  120	  GeV

Less	  expensive	  and	  becer	  for	  safety	  than	  the	  deep	  design

Near	  hall

Main	  Injector
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1.	  WILSON	  HALL	  -‐	  16	  WEST	  (BEFORE)
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1.	  WILSON	  HALL	  -‐	  16	  WEST	  (AFTER)
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Far Detector Design at depth:
LAr TPC Detector at 4850 ft

• Two detectors in a 
common cavern at 4850 
ft. depth

• Active volume of each 
detector: 
22.4 x 14 x 45.6 m3

• 35 kt fiducial mass
• TPC design:
o3.7 m drift length
o5 mm wire spacing 
othree stereo views
o2X108 anode chambers
o2 X 275k channels
o S/N ~ 10 

15

Beam

Beam

ICARUS	  based	  
TPC	  design
Innova*ons:	  	  
industrial	  cryostat,
cold	  electronics	  

Challenges	  for	  scale	  up	  are	  under	  control	  :	  	  Purity,	  installa*on,	  safety
Thursday, March 14, 13



Status of the Homestake site

The site is now open for 
science with all legal 
issues in good order

Thursday, March 14, 13



17Deep Underground Research Association, 5 March 2013

What is the current status of SURF?
• FY 2012

–Facility
• Facility Dewatered below the 6000 foot level Complete ✓
• Yates promoted to primary access Complete ✓
• Davis Laboratory Outfitting Complete ✓
• Ross Shaft Rehab - design completed and reviewed, 

rehabilitation Initiated (still provides secondary egress)

–Science
• LUX Dark Matter, Majorana Demonstrator Neutrinoless Double Beta Decay, & CUBED  - Installing ✓
• LBNE 10 kt Conceptual Design Completed ✓
• Proposals for DIANA, LZ, LBC under review, some funding announced

• FY 2013 - 15
–Facility

• Ross Shaft Rehab continues, first ~ 400 feet done.

–Science
• LUX and MJD anticipated to be taking data
• LZ R&D funded in the US and Great Britain ✓
• LBNE - CD1 approved December 2012 ✓
• Site-visit by DIANA Project ✓

From: Kevin Lesko 
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18Deep Underground Research Association, 5 March 2013

SURF Science Infrastructure: 4850L 
4850L Sanford Laboratory

Yates
Shaft

#3 Winze#6 Winze
to 8000L

Ross
Shaft

Davis Campus

Ross Campus

Ramp up to
4100L

1000 ft

1000 ft

DIANA
(proposed)

LBNE (u/g)
(proposed)

Underground LBNE detector:
Ventilation issues and conceptual 
design understood.  
Working on updated cost estimate. 
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1300 km expectation with 35 kTon

• With 1300 km the full structure of oscillations is visible in the energy 
spectrum. This spectral structure provides the unambiguous parameter 
sensitivity in a single experiment. Node zero important for new physics.

Long Baseline
Physics with

LBNE-
Homestake vs.

NuMI
Alternatives

Mary Bishai,
Sam Zeller

(for the LBL
Physics
Working
Group)

Oscillation
Basics

Experimental
Assumptions

Spectra and
Event Rates

Sensitivities

Physics
beyond PMNS

Summary and
Conclusions

Disappearance Spectra (Z. Isvan)

L=1300km, LBNE LE
⌫, normal hierarchy ⌫̄, normal hierarchy

Bimodal structure at 1300km = best constraint on �m2
32, sin2 2✓23.

31 / 38
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exp: 11000
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These events 
are very 

important 

For each bin, 
conversion fraction of 

electrons can be 
calculated. Matter 

effect can be 
substracted to obtain 

explicit CP signal. 

Potential surprises:

Matter effect is not 
what is expected !

CPV does not have the 
proper energy 1/E 

dependence. 
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Figure 6–8: The expected spectrum of ‹e or ‹e oscillation events in a 34-kton LArTPC for 5 years
of neutrino (left) and antineutrino (right) running with a 700 kW beam, assuming sin2(2◊

13

) =
0.1 for normal hierarchy (top) and inverted hierarchy (bottom). Backgrounds are displayed as
stacked histograms.

[LABEL: “fig:lar-event-spectrum”]

In Figure 6–12, the result from fits of the expected spectrum of ‹µ/‹̄µ CC in the LBNE LAr-1

FD is shown for di�erent values of �m2

32

and sin2 2◊
23

for neutrinos and antineutrinos. A2

‹µ/‹̄µ CC reconstruction e�ciency of 85% and a NC contamination rate of 0.5% is assumed3

for these measurements. The variation on the precision of the parameters for di�erent values4

of the NC contamination is shown in Figure 6–13. The LAr-FD can achieve <1% precision5

on these parameters.6

6.2.3 Observation of ‹· Appearance7

The LBNE baseline at 1,300 km will be longer than any long-baseline experiment currently8

in operation. As a result, ‹µ oscillations occur at higher energy and in particular the energy9

LBNE Conceptual Design Report

1074

477

279

440

LBNE 35 kTon performance 

Small tau background expected. 
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LBNE staging 
• DOE has asked us to phase LBNE with the first phase ~$850M

• We have chosen to proceed with the most important aspect of 
the experiment:1300 km baseline and the full capability beam.  
To keep the project cost down we chose to consider a 10 kt LAr 
detector on the surface. This is not a final choice. 

• Construction will start on the beam first with site investigation 
to begin this year ! 

• The goal of the first phase is to place this detector underground 
and have a full capability near detector. 

• New partnerships will enable this expanded scope in a timely 
way.  The DOE is very supportive of this strategy.  

Thursday, March 14, 13



LBNE-‐Phase	  1

•	  Hierarchy	  resolu*on	  complete	  in	  combina*on	  with	  other	  data.	  
•	  Preliminary	  measurement	  of	  the	  CP	  phase.	  
•	  Assump*on	  of	  700	  kW	  is	  conserva*ve.	  One	  should	  expect	  con*nuing	  accelerator	  
and	  beam	  improvements	  during	  the	  same	  *me.	  	  
•Large	  improvements	  to	  the	  beam	  are	  possible	  with	  aggressive	  technical	  
improvements.	  

9
Thursday, March 14, 13



LBNE sensitivity will grow with exposure and beam 
upgrades. These are for extremely conservative beam 

design.
Thursday, March 14, 13



LBNE	  long	  range	  neutrino	  plan.	  
LBNE	  and	  Project	  X	  are	  great	  partners.	  

Once the LBNE beamline is built, the long range plan includes: 	

	
 - increasing far detector to 35 kt in phases and 
	
 - increasing beam intensity to 2.3 MW in phases.
This will get us to 5 σ CPV evidence for 50% of the phase space and a 
±(7o-10o) measurement  of the CP phase. (approaching the CKM matrix 
precision)
Definitively solve the octant if θ23 ~ 40 deg. 11
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reason, even a single detected event would be evidence of physics beyond the Standard Model1

and would strongly support the idea of grand unification.2

6.3.1 Proton Decay3

Figure 6–18 shows experimental limits on proton decay, dominated by recent results from4

Super-Kamiokande, compared to the ranges of lifetimes predicted by an assortment of GUTs.5

From the body of literature, two decay modes emerge that dominate experimental designs.6

First, there is the decay mode of p æ e+fi0 that arises from gauge mediation. This is the7

most famous proton decay mode, often predicted to have the highest branching fraction,8

and also demonstrably the most straightforward experimental signature. The total mass of9

the proton is converted into the electromagnetic shower energy of the positron and the two10

photons from fi0 decay, with a net momentum vector near zero. The second key mode is11

p æ K+‹. This mode is dominant in most supersymmetric-GUTs, which also often favor12

several other modes involving kaons in the final state. This is due to the simple fact that the13

interaction would proceed via SUSY-Higgs exchange, which couples most strongly to quarks14

with the largest mass. The strange quark is the heaviest one with mass less than the nucleon15

mass.16

The expected e�ciency and background rates for the main experimental proton decay modes17

are summarized in Table 6–6. For p æ e+fi0, an LArTPC of fiducial mass 34 ktons makes18

no improvement over the projected Super–Kamiokande limit by itself.

Mode E�ciency Background Rate (evts/100 kton-y)
B-L

p æ e+fi0 45% 0.1
p æ ‹K+ 97% 0.1
p æ µ+K0 47% < 0.2

B+L
p æ µ≠fi+K+ 97% 0.1

p æ e+K+ 96% < 0.2
�B = 2

NN̄ æ n(fi) TBD TBD

Table 6–6: [LABEL: “tab:PDK-effic-bg”]
Liquid argon e�ciency and background numbers used for proton decay sensitivity calculations
obtained from the paper by Bueno et al. [26].

19

LBNE will have a unique sensitivity to p æ K+‹̄. The event signature is highly described20

by an LArTPC because the momentum of the kaon will result in a high-ionization density21

which can be compared to the range of the kaon. In addition, the charged kaon decays at22
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Figure 6–18: Proton decay lifetime limits compared to lifetime ranges predicted by Grand Unified
Theories. The upper section is for p æ e+fi0, most commonly caused by gauge mediation. The
lower section is for SUSY motivated models, which commonly predict decay modes with kaons
in the final state. The marker symbols indicate published limits by experiments, as indicated by
the sequence and colors on top of the figure. The expected limits for 10 live years of 34 ktons of
LAr are shown as bands terminating in an open symbol.

[LABEL: “PDK-limits-theory”]

rest to fully reconstructible final states, so high signal e�ciency with low background is1

possible. Figure 6–19 shows a LArSoft [25] simulation of a K+ decay. Reference [26] finds2

that an LArTPC has 97% detection e�ciency for this mode, with a background rate of 0.13

events/100 kton-year.4

The most serious background to p æ K+‹̄ is from cosmogenic neutral kaons undergoing5

charge-exchange in the detector; in [26] this background is reduced using muon-veto detectors6

and fiducial cuts, but for LAr-FD at the 4850L no additional background rejection is required.7

Another background to p æ K+‹̄ could result from misidentified atmospheric pions. For8

this reason, the ability to di�erentiate between kaons, pions, and muons in the LAr-FD9

is important for sensitivity to proton decay. Figure 6–1 shows the particle-identification10

capabilities of an LArTPC.11

Figure 6–20 shows the proton-decay lifetime limit as a function of time for p æ K+‹̄ for12

Super–Kamiokande and LBNE. The LAr-FD can produce significant improvement to the13
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Figure 6–20: Proton decay lifetime limit for p æ K+‹̄ as a function of time for Super-
Kamiokande compared to 14-, 28-, and 42 kton fiducial LArTPCs starting in 2019. LAr-FD
at the 4850L has a fiducial mass of 34 kton. The limits are at 90% C.L., calculated for a poisson
process including background assuming the detected events equals the expected background.

[LABEL: “fig:kdklimit”]

Figure 6–21: LArSoft simulated event, pp̄ annihilation at rest
[LABEL: “fig:PPbaranno5”]

LBNE Conceptual Design Report

Proton
Decay

LAr inclusive 
performance on B-L 

modes might be 
competitive

Measurement is well justified, but any hint of SUSY 
from the LHC or other experiments will  make this a 

must do experiment 25

1035
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Supernova

6–48 Chapter 6: Experimental Capabilities

stalls at the radius of about 200 km, while the material keeps raining in; and the cooling stage,1

in which the hot proto-neutron star loses its energy and trapped lepton number, while the2

re-energized shock expands to push out the rest of the star. All these stages are predicted3

to have distinct signatures in the neutrino signal. Thus, it should be possible to directly4

observe, for example, how long the shock is stalled. More exotic features of the collapse may5

be observable in the neutrino flux as well, such as possible transitions to quark matter or to6

a black hole. (An observation in conjunction with a gravitational wave detection would be7

especially interesting.)8

Supernova neutrinos are emitted in a few tens of seconds duration, with about half in the9

first second, they have energies of a few tens of MeV, and their luminosity is divided roughly10

equally between the three neutrino flavors. In addition to shedding light on the explosion11

mechanisms of the supernova, the detection of supernova-burst neutrinos would allow for a12

wealth of neutrino-oscillation physics measurements ranging from independent determination13

of the neutrino mass hierarchy to the equation of state of matter at nuclear densities, to14

constraints on physics beyond the Standard Model. Neutrinos from a core collapse arrive15

earlier than electromagnetic radiation; the detection of a neutrino signal would provide an16

alert for astronomers, allowing the observation of light-curves in early stages of the supernova.17

The expected rate of core-collape supernovae in the Milky Way is 2–3 per year; in a 20-year18

lifetime, there is a 40% chance for LBNE to observe such an event.19

The sensitivity to physics associated with a supernova burst is determined by the total20

detector mass. Figure 6–22 shows the neutrino event rates as function of observed energy21

for a 34-kton fiducial LArTPC using the Livermore model [27] of supernova-neutrino flux.22

Table 6–7 lists the event rates predicted by both the Livermore model and the GKVM model23

FIXME: Add reference. The primary sensitivity is to the ‹e component.24

Channel Events, “Livermore” model Events, “GKVM” model
‹e +40 Ar æ e≠ +40 Kú 2308 2848
‹̄e +40 Ar æ e+ +40 Clú 194 134

‹x + e≠ æ ‹x + e≠ 296 178
Total 2794 3160

Table 6–7: Supernova burst neutrino event rates for di�erent models in 34 kton of LAr.
[LABEL: “tab:argon_events”]

Figure 6–22 also compares event rates for normal and inverted hierarchies in a 34-kton25

LArTPC, for a late-time slice of the ‹e spectrum in a particular flux model. The di�erence26

between the hierarchies is quite dramatic.27

Initial estimates of cosmogenic backgrounds to the signal of supernova neutrinos in an LAr28

detector at the Sanford Laboratory are documented in reference [?]. The location at the29

4850L will significantly reduce the background level and backgrounds in the LArTPC will30

be well-characterized and can be statistically subtracted from the burst signal.31
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Figure 6–22: Event rates (per 0.5 MeV) in a 34-kton LArTPC as a function of observed energy
for the Livermore model [27] of supernova neutrino flux (left), and comparison of total event
rates (per 0.5 MeV ) for normal and inverted hierarchies, for a late-time slice of a di�erent flux
model in a 34-kton LAr module (right).

[LABEL: “fig:SNspectra”]

6.5 Atmospheric Neutrinos1

Atmospheric neutrinos are unique among sources used to study oscillations: the oscillated flux2

contains neutrinos and antineutrinos of all flavors, and matter e�ects play a significant role.3

Since the oscillation phenomenology plays out over several decades in energy (see Figure 6–4

24) and path length, atmospheric neutrinos are very sensitive to alternative explanations or5

subdominant new physics e�ects that predict something other than the characteristic (L/E)6

dependence predicted by oscillations in the presence of matter. This power has already been7

exploited by the Super-Kamiokande in fits that compare their data binned in terms of energy8

and zenith angle to a host of new physics including CPT violation [28,29], Lorentz invariance9

violation [30,31], non-standard interactions [32], Mass Varying Neutrinos (MaVaNs) [33], and10

sterile neutrinos [34,35,36]. In numerous cases the best limits on exotic scenarios comes from11

the atmospheric neutrino analysis.12

The excellent CC/NC separation and the ability to fully reconstruct the hadronic final state13

in CC interactions in an LArTPC would enable the atmospheric neutrino 4-momentum to14

be fully reconstructed. This would enable a higher-resolution measurement of L/E to be15

extracted from atmospheric-neutrino events in an LArTPC compared to the measurements16

obtained from Super-Kamiokande. Using the expected range of performance parameters17

for the LAr-FD as summarized in Table 6–2, the zenith angle distribution of atmospheric18

neutrinos of di�erent flavors in a 17-kton fiducial LAr-FD module and five years of running19

is shown in Figure 6–25. The atmospheric neutrino flux obtained from the Bartol model as20

LBNE Conceptual Design Report

@10 kpc

Liquid Argon is sensitive to electron neutrinos. Water is sensitive to 
electron anti-neutrinos.  Must have 10 MeV threshold for this physics. 

Need R&D on threshold and spallation backgrounds. 26
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Conclusion
• We started discussing a future US Long-Baseline program after the 

oscillation discovery. In ~2000 we realized that CP violation was not 
an unreasonable goal. 

- CP violation was the stretch goal of the program, and it was found to 
require a large underground detector.  

- 2003 discovery of solar LMA. Critical for feasibility !

- 2008 Decision in US to invest in development of a program.

- 2012 Discovery of 𝛳13~  9  deg.    ➜ CD1 approval for LBNE from DOE.

• The US program now has all the essential elements (optimum baseline, 
high intensity accelerator, operating underground laboratory) for a 
broad attack on the physics of neutrino oscillations and CP violation, 
and nucleon decay and astrophysics with a new technology detector. 

• The LBNE collaboration and project are well-organized and ready to 
construct and operate.  The US/DOE is proceeding with the plan for 
construction in stages. These would be accelerated with additional 
partnerships. 

27
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LBNE	  ul*mate	  dataset	  with	  35	  kt	  and	  2.3	  MW	  (Project	  X)

PredicYon	  for	  3-‐generaYon	  flavor	  oscillaYon	  is	  precise	  and	  testable	  with	  LBNE

NH

IH

10
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Near Detector Design: Straw tube tracker or 
a small Liquid Argon TPC; both magnetized. 

LAr	  Secondary	  
Containment

Magnet	  Coils

Muon
Detectors

Beam

µBooNE-‐type
LAr	  TPC

29
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