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Future Facilities in Europe 
Challenges and Opportunities 
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•  FP7 Design Study of 

  Next generation neutrino oscillation facilities in Europe 

 “Precision facilities”… 

•   CERN to Frejus Superbeam (SB) 

•   Neutrino Factory (NF), in collaboration with IDS-NF 

•   Beta Beams (BB) 

•   Performance of baseline detector / near detector 

•   Physics reach 

The EUROnu Project 2008-2012 
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EUROnu outcome 
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Comparison: performance – cost – safety – risk 
Input to the definition of a Road Map for neutrino physics in Europe 31/7 
(together with other neutrino facilities studies) 
Report to CERN Council  via Stragey Group and ECFA 
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Country Partner 

Belgium Louvain 

Bulgaria Sofia 

France CEA 

CNRS (4) 

Germany MPG (3) 

Italy INFN (3) 

Poland Cracow 

Spain CSIC (2) 

Switzerland CERN 

UK Durham 

Glasgow 

Imperial 

Oxford 

STFC 

Warwick 

Country Associate 

Canada TRIUMF 

France GANIL 

Germany Aachen 

India INO 

Israel Weizmann 

Portugal Lisbon 

Russia IAP, Novgorad 

JINR, Dubna 

Switzerland Geneva 

UK Brunel 

USA Argonne 

Brookhaven 

FNAL 

Virginia Tech 

Muon Collaboration 

Partners 
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EUROnu physics  

5 

•  Precision measurements of neutrino oscillation 
parameters 

•    θ13 , δcp, mass hierarchy 

•     However θ13
 was measured ( > 5σ )	


•  Recent: updates of facilities not yet final 

•   Document for European strategy being prepared 

•  Has to be there for the 31st of July 2012 
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The Superbeam 

EUROnu 

Detector in the Fréjus tunnel 

Superbeam favored by T2K hints 
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4MW accommodation 

Ø  Eb = 4.5 GeV 
Ø  Beam Power = 4MW -> 4x1-1.3MW 
Ø  Repetition Rate = 50Hz -> 12.5Hz 
Ø  Protons per pulse = 1.1 x 1014 

Ø  Beam pulse length = 0.6ms 

7 

Ø  4-horn/target system in order to 
accommodate the 4MW  
Ø  power @ 1-1.3MW, repetition rate 
@ 12.5Hz for each target 



2012-13-06 8 EUROnu 4th meeting, Elena Wildner 8 

EUROnu Super Beam 

Target situation checked 
for radiation 
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The CERN Beta Beam 

Decay Ring: Bρ ~ 500 Tm, B = ~7 T, C = ~6900 m, Lss= ~2500 m, γ = 100, all ions 

CERN Specific,  
Beta Beam favored 
by θ 13 results 
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Choice of beta (+ and -) active isotopes 

10 



Production of Beta Beam isotopes 

11 

Aim 6He and 18Ne: 2 1013/s 

6He production exp. T. Stora, CERN-2010-003, pp. 110-117   

Targets below MWatt is a considerable advantage! 

2012-25-06 GGI, Florence,  Elena Wildner 



18Ne Experiments for Beta Beams 

§ Molten salt loop experiment to produce 18Ne  
§   experiments at CERN & LPSC (Grenoble) 
§  Very positive results from mid June 2012 

2012-25-06 12 GGI, Florence,  Elena Wildner 

18Ne production rate estimated to  1 x1013 ions/s (dc) for 960 kW on target. 



2012-13-06 13 EUROnu 4th meeting, Elena Wildner 13 

Beta Beam 
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The Neutrino Factory… 

EUROnu 
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The Neutrino Factory, NOW 



EUROnu and IDS-NF 
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MERIT: Hg targets 

•  Free mercury jet target 
•  Intercepting a 4‐MW proton beam   
•  Surrounding solenoid of 15 T  

CERN 



EMMA: Linear nonscaling FFAG 
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•  EMMA electron model of muon accelerator 
•  Commissioning without surprises 
•  Proof of principle!  
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Neutrino Factory 
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•  Far detector: 100 kton at 2000-4000 km 
•  Magic detector: 50 kton at 7500 km   
•  Appearance of “wrong-sign” muons 
•  Segmentation: 3 cm Fe + 2 cm scintillator 
•  1 T magnetic field 

iron (3 cm) + scintillators (2cm) 

ν beam 
15 m 

15 m 

B=1 T 

50-100kT 

50-100 m 

Detectors: MIND for NF, 25 GeV 
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MEMPHYS Water Cherenkov detector	
 1 shaft = 215 kt 

Water target 

Possible location: 
extension of Fréjus 
laboratory 

 
Ongoing R&D for single 
photo detection 
 
Synergy with  
HK (Japan) and UNO (USA) 

  

The MEMPHYS Detector 



Near Detectors 

ν beam
3 m

3 m

B>1 T

~20 m

High Res Detector
Mini-MIND

Vertex
Detector
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Control of the systematics for the long baseline neutrino 
oscillation 
 
    * Characterize neutrino beam 

  in addition to moun/ion beam instrumentation 
    * Cross section measurements 
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Fréjus 

Studied Options in LAGUNA   

Synergies essential: Detectors/Beams 
 
The outcome of the detector study may be decisive for the future of 
the neutrino-facilities due to cost of the detector and the cavern. 

2300 km 

130 km 
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Studied Options in LAGUNA   
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C2P 
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C2P: Bi Magic Baseline 
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Studied Options in LAGUNA   
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Studied Options in LAGUNA   
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LBL Challenges and Opportunities !

1

•Physics and Opportunities in Japan & USA
– Stephen Parke,  Fermilab

•Future Facilities in Europe
– Elena Wildner, CERN

• Questions and Discussion
– All of you 

20 mins each !

Organization:
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Part I:

•Light Speed Summary of Long Baseline Physics

•Japanese opportunities: brief

•USA opportunities:  LBNE reconfiguration

2
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using unitarity of U.
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Square of Atmospheric+Solar amplitude:
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Interference term different for ν and ν̄: CP violation !!!
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CP

νµ → νe ⇐⇒ ν̄µ → ν̄e

T � CPT across diagonals � T

νe → νµ ⇐⇒ ν̄e → ν̄µ

CP

CPT across diagonals:

• First Row: Superbeams where νe contamination ∼1 %

• Second Row: ν-Factory or β-Beams, no beam contamination

Even in matter, a vestige of CPT exists:
Instead of switch matter to anti-matter, switch neutrino hierarchy !!!
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However

for ν-Factory: Distinguish µ+
from µ− at 10−4

for β-Beam: Distinguish µ from e in Water Cerenkov or LAr

– Typeset by FoilTEX – 17
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∆Pcp = 2 sin δ sin 2θ13 sin 2θ23 sin 2θ12 cos θ13 sin∆21 sin∆31 sin∆32

∆ij =
δm2

ijL
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31), a = GF Ne/

√
2 ≈ (4000 km)−1

P (ν̄, δm2
31, δ) = P (ν, −δm2

31, δ+π)

dashes ⇔ solid and solid ⇔ dashes

a → −a and δ → −δ

Anti-Nu: Normal Inverted
dashes δ = π/2
solid δ = 3π/2
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2 = (4000 km)−1, ∆ij = |δm2
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⇑
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⇔

∼ ∆31 cot ∆31

– Typeset by FoilTEX – 17

P (νµ → νe) ≈ |
�

Patme−i(∆32+δ) +
�

Psol|2

In Vacuum:
√

Patm =sin θ23 sin 2θ13 sin∆31

√
Psol =cos θ23 sin 2θ12 sin∆21

∆ = δm2L
4h̄cE = 1.27δm2L

4E

For L = 1200 km
and sin2 2θ13 = 0.04
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νµ → νe

Pµ→e =
���

�
j U∗µj Ueje

−im2
jL/2E

���
2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
�� 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

��2

Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
�� 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

��2

Interference term different for ν and ν̄: CP violation !!!
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νµ → νe

Pµ→e =
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j U∗µj Ueje

−im2
jL/2E
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2

Elimate U∗µ1Ue1

using unitarity of U.
Use ∆ij = δm2

ijL/4E = 1.27δm2
ijL/E

Pµ→e =
�� 2U∗µ3Ue3 sin∆31e−i∆32 + 2U∗µ2Ue2 sin∆21

��2

Square of Atmospheric+Solar amplitude:

U∗µ3Ue3 = s23s13c13e∓iδ for ν and ν̄:

Approx. U∗µ2Ue2 ≈ c23c13s12c12 +O(s13):

Pµ→e ≈
�� 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

��2

Interference term different for ν and ν̄: CP violation !!!
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Vacu
um LBL:

Pµ→e ≈ |
√

Patme−i(∆32±δ) +
√

Psol |2

0 when ∆31 = π/2

0 in vacuum

a = GF Ne/
√

2 = (4000 km)−1, ∆ij = |δm2
ij|L/4E

and ± = sign(δm2
31)

⇑
⇑

2θ13
θcrit

∼ (aL)θ13

⇓
⇔

∼ ∆31 cot ∆31
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2
�

PatmPsol cos(∆32 ± δ) = 2
�

PatmPsol cos∆32 cos δ (9)

∓2
�

PatmPsol sin ∆32 sin δ (10)

∆ij = δm2
ijL/4E

cos(∆32 ± δ) = cos ∆32 cos δ ∓ sin ∆32 sin δ (11)

CPC only CPV

P = Psol
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Bi-Probability Figures:

6

What does a large 13 mean? 

For values of sin22 13, >0.02 
the measurement of CP is 
largely independent of sin22 13 
 

A large sin22 13 helps the  
measurement of the mass 
hierarchy at baselines shorter 
than Homestake  but not over 
the full range of CP 
 

A large sin22 13  allows mass 
hierarchy  measurement across 
the full range of CP  with a 
smaller detector at Homestake 

13 
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With Uncertainties:

8

What does a large 13 mean? 

For values of sin22 13, >0.02 
the measurement of CP is 
largely independent of sin22 13 
 

A large sin22 13 helps the  
measurement of the mass 
hierarchy at baselines shorter 
than Homestake  but not over 
the full range of CP 
 

A large sin22 13  allows mass 
hierarchy  measurement across 
the full range of CP  with a 
smaller detector at Homestake 

13 
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Horiz. separation caused by matter effect for NOvA,
The smaller Vert. separation by matter effect for T2K.
It is IMPORTANT that the matter effects are 
significantly different for the two experiments.

Ellipses flatten
 as the (E/L)’s 
become equal.

Neutrino v Neutrino  
Two Expts.  Different  L’s

Same E/L !

Minakata et al hep-ph/0301210

si
n
2 2θ

13

3π/2

π/2

π
δ = 0

δ = 0

3π/2

π/2

π

Horiz. separation caused by matter effect for NOvA,
the smaller Vert. separation by matter effect for T2K.

It is IMPORTANT that the matter effects

are significantly different for the two experiments.

Ellipses flatten as 

the (E/L)’s become 

identical.

Neutrino-Neutrino Comparison:
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Asymmetry:

12

!!"

#$%&'"())*++,-.*"

!!"/0!!10210/" !"#$%&''()*+&$)*+$,)-./01%0()23+4$)51364+7)

Courtesy S. Parke A~1/11 (sin2 13 sin )/(sin22 13+0.002) 

Vacuum, at 1st oscillation maximum 

δm2
21, δm2

32, sin2 θ12, sin2 θ23, sin2 θ13, δ

Should not the mixing angles be called θe2, θµ3 and θe3 respectively?

(GFNe/
√

2)

Avac ≈ 1
11

sin 2θ13 sin δ
(sin2 2θ13+0.002)

νµ → νµ and ν̄µ → ν̄µ

νe → νe and ν̄e → ν̄e

sin2 2θcrit ∼ 1/(aL)2+�

– Typeset by FoilTEX – 2

relative to GF

[ Avac ≡ P −P̄
P+P̄

= Pδ−P0
P0

at ∆31 = π
2 (VOM) ]

– Typeset by FoilTEX – 2

Energy 1/3, 
flux and cross section reduced.

�sin δ�NH − �sin δ�IH = 0.55 (1)

≈ 0.3 sin δ

– Typeset by FoilTEX – 12



Japanese options:



J-PARC P32 (LAr TPC R&D), arXiv:0804.2111 

J-PARC+HK @ Kamioka  
                      L=295km OA=2.5deg 

J-PARC+LAr @ Okinoshima 
                      L=658km OA=0.78deg 

LoI: The Hyper-Kamiokande Experiment 
                                              arXiv:1109.3262v1 

Neutrino 2012 19 

Future LBL plans using J-PARC
Current: T2K 
 J-PARC ~0.75MW 
+ 50kt WC @ 295km 2.5° 



6

The Hyper-Kamiokande (Hyper-K or HK) detector is proposed as a next generation under-

ground water Cherenkov detector that serves as a far detector of a long baseline neutrino oscillation

experiment for the J-PARC neutrino beam and as a detector capable of observing proton decays,

atmospheric and solar neutrinos, and neutrinos from other astrophysical origins. The baseline de-

sign of Hyper-K is based on the well-proven technologies employed and tested at Super-Kamiokande

(Super-K or SK). Hyper-K consists of two cylindrical tanks lying side-by-side, the outer dimensions

of each tank being 48 (W)× 54 (H)× 250 (L) m3. The total (fiducial) mass of the detector is 0.99

(0.56) million metric tons, which is about 20 (25) times larger than that of Super-K. A proposed

location for Hyper-K is about 8 km south of Super-K (and 295 km away from J-PARC) and 1,750

meters water equivalent (or 648 m of rock) deep. The inner detector region is viewed by 99,000

20-inch PMTs, corresponding to the PMT density of 20% photo-cathode coverage (one half of

that of Super-K). The schematic view of the Hyper-K detector is illustrated in Fig. 1. Table I

summarizes the baseline design parameters of the Hyper-K detector.

TABLE I. Detector parameters of the baseline design.

Detector type Ring-imaging water Cherenkov detector

Candidate site Address Tochibora mine

Kamioka town, Gifu, JAPAN

Lat. 36◦21�08.928��N

Long. 137◦18�49.688��E

Alt. 508 m

Overburden 648 m rock (1,750 m water equivalent)

Cosmic Ray Muon flux 1.0 ∼ 2.3 × 10−6 sec−1cm−2

Off-axis angle for the J-PARC ν 2.5◦ (same as Super-Kamiokande)

Distance from the J-PARC 295 km (same as Super-Kamiokande)

Detector geometry Total Volume 0.99 Megaton

Inner Volume (Fiducial Volume) 0.74 (0.56) Megaton

Outer Volume 0.2 Megaton

Photo-multiplier Tubes Inner detector 99,000 20-inch φ PMTs

20% photo-coverage

Outer detector 25,000 8-inch φ PMTs

Water quality light attenuation length > 100 m @ 400 nm

Rn concentration < 1 mBq/m3

48 III PHYSICS POTENTIAL

1
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Mass Hierarchy unkown
(true: Normal Hierarchy)

FIG. 27. 3σ allowed regions for the case the mass hierarchy is unknown. The true mass hierarchy is

the normal hierarchy. Solid (dashed) line shows the contour for true δ = 0(
1
2π). Stars indicate the true

parameter values. Plots with sin
2
2θ13 of 0.01, 0.05, and 0.1 are overlaid. In addition to the region around

the true values, there are fake solutions around δ = π(−π) for true δ = 0(
1
2π) due to degeneracy.
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sin22 13

2
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Hyper-K (560kt FV) / 1.5yrs  + 3.5yrs 1.66MW

FIG. 28. Sensitivity to the mass hierarchy. Blue, green, and red lines correspond to 1, 2, and 3 σ, respectively.

The true mass hierarchy is the normal hierarchy.

of mass hierarchy becomes smaller, as it becomes relatively insignificant compared to the genuine

CP asymmetry.

If we assume that the mass hierarchy is not known, the discovery potential for CP violation

is as shown in Figure 29. For the parameter 0 < δ < π, the exclusion region becomes smaller

compared to the case where mass hierarchy is known (Fig. 24) because of the fake solution coming

from unknown mass hierarchy. However, there are sets of parameters for which CP asymmetry can

be observed, and for −π < δ < 0, there is little effect even if the mass hierarchy is not measured.
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FIG. 26. The ∆χ2 as a function of δ, for the case the mass hierarchy is unknown. sin2 2θ13 is fixed to 0.1.

The true parameters are (sin2 2θ13, δ) = (0.10, 0.5π) and normal hierarchy. In this case, χ2 is calculated with

both normal and inverted hierarchy and the smaller is taken as the minimum value. Due to the parameter

degeneracy, there is a local minimum with inverted hierarchy hypothesis.

a local minimum with the inverted hierarchy hypothesis in addition to the minimum around the

true value with the normal hierarchy hypothesis. If this fake solution is consistent with null CP

asymmetry even though the true solution violates the CP symmetry, then the sensitivity to the

CP violation will be lost for that parameter set.

Figure 27 shows the 3σ allowed regions for the case the true mass hierarchy is normal but

not determined prior to this experiment. Solid red (dashed blue) line shows the contour for true

δ = 0 (12π). Stars indicate the true parameter values. Plots for sin2 2θ13 of 0.01, 0.05, and 0.1 are

shown together. The areas indicated by dashed lines around sin2 2θ13 = 0.1 correspond to the case

shown in Fig. 26. In addition to the region around the true values, there is a fake solution due to

unknown mass hierarchy.

If sin2 2θ13 is as large as ∼ 0.1, the NOνA experiment in United States [47] together with

the T2K experiment will have sensitivity to the mass hierarchy. In addition, for a large value of

sin2 2θ13, Hyper-K itself has considerable sensitivity to the mass hierarchy. Figure 28 shows the

sensitivity to the mass hierarchy from the J-PARC to Hyper-K experiment alone. For each set of

(θtrue13 , δtrue) with normal mass hierarchy (∆m2
32

true
> 0), the inverted hierarchy hypothesis is tested

by calculating ∆χ2 for various sets of (θtest13 , δtest) with ∆m2
32

test
< 0. The J-PARC to Hyper-K

experiment has sensitivity to the mass hierarchy for sin2 2θ13 > 0.05. For sin2 2θ13 = 0.1, the mass

hierarchy can be determined with more than 3σ significance for 46% of the δ parameter space. Also,

the atmospheric neutrino observation will have a sensitivity to the mass hierarchy as described in

Sec. III B. If sin2 2θ13 is too small for those experiments to determine the mass hierarchy, the effect
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hierarchy can be determined with more than 3σ significance for 46% of the δ parameter space. Also,
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Sec. III B. If sin2 2θ13 is too small for those experiments to determine the mass hierarchy, the effect

Mass Hierarchy:
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FIG. 29. Sensitivity to CP violation for the case the mass hierarchy is not known. Blue, green, and red

lines correspond to 1, 2, and 3 σ exclusion of sin δ = 0, respectively. The true mass hierarchy is the normal

hierarchy.
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FIG. 30. Fraction of δ for which sin δ = 0 is excluded with 3 σ significance as a function of true sin
2
2θ13,

with different ratio of ν and ν̄ running time, while total running time is fixed to five years with 1.66 MW.

Normal hierarchy is assumed.

This is because the mass hierarchy can be determined and the degeneracy is resolved for these

parameter sets as shown in Fig. 28. For the case in which the true mass hierarchy is inverted, a

similar argument holds with −π < δ < 0 and 0 < δ < π inverted.

In reality, the mass hierarchy can be determined for wider range of parameters by combining

other experiments and atmospheric neutrino observations with Hyper-K. In conclusion, the knowl-

edge of the neutrino mass hierarchy will have only limited impact on the discovery potential of

leptonic CP violation by a J-PARC to Hyper-K long baseline program as discussed here.

CPV:



USA options:



MINERvA 

MiniBooNE 

MINOS (far) 

MINOS (near) 

Operating 
since 2005 
(350 kW) 

Neutrino program 

NOvA (far) Under construction 
Online 2013 
(700 kW) 

MicroBooNE 
Under construction 
(LAr TPC) 

NOvA 
(near) 
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•LBNE:
– Beamline @ Fermilab: 1-5 GeV, 700 kW ---> 2.1 MW

– Baseline: 1300 km on-axis, Fermilab to Homestake

– Detector: 34 ktons LAr @ 4300 mwe in HomestakeMass H ierarchy Reach 

Adding N OvA & T2K data helps, especially at short baselines. 
6/20/12 LBNE - PAC 15 

CP V iolation Reach 

Hierarchy problem  CP>0 problem (at short baselines) 
 
 
+ N OvA/T2K 

6/20/12 LBNE - PAC 17 

Unoscillated  charged-current spectra with e 
appearance probability curves. 

8 6/20/12 LBNE - PAC 

Ash River LE Soudan LE 

Homestake LE 
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6/20/12 LBNE - PAC 17 

Unoscillated  charged-current spectra with e 
appearance probability curves. 

8 6/20/12 LBNE - PAC 

Ash River LE Soudan LE 

Homestake LE 
https://indico.fnal.gov/conferenceDisplay.py?confId=5622
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Unoscillated  charged-current spectra with e 
appearance probability curves. 

8 6/20/12 LBNE - PAC 

Ash River LE Soudan LE 

Homestake LE 
Unoscillated  charged-current spectra with e 
appearance probability curves. 

8 6/20/12 LBNE - PAC 

Ash River LE Soudan LE 

Homestake LE 

Unoscillated  charged-current spectra with e 
appearance probability curves. 

8 6/20/12 LBNE - PAC 

Ash River LE Soudan LE 

Homestake LE 

All fiducial masses

• 30 kton LAr @ Ash River next to NOvA on surface
– off axis, narrow band beam, little spectral info.

– surface detector (?): no proton decay or supernova nus or atmos nus

• 15 kton LAr @ Soudan next to MINOS at 2100 mwe
– on axis, but spectrum is at higher energy than optimal

– under ground detector, proton decay (K+nu), supernova nus and 
atmos nus.  Broader program.

• 10 kton LAr @ Homestake on surface
– NEW NEUTRINO BEAMLINE required, can be optimize

– surface detector (?): no proton decay,supernova nus or atmos nus

– upgrade potential
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Three options with different strengths 

15 

 ! Ash River! Soudan! Homestake!

Baseline! 810 km! 735 km! 1300 km!

Detector Mass! 30 kt! 15 kt! 10 kt!

Detector position! Surface! Underground 2300 ft! Surface!

Beamline! Existing NuMI! Existing NuMI! New!

?                                ?

? = Can one operate a LAr detector 
on surface for LBL physics ?

Preferred Option,
best upgrade potential,
most expensive
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Mass hierarchy reach 

16 

Mass hierarchy reach 

16 

Atmospheric (31) Mass Hierarchy

100%
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Reach in CP violation 

18 

Reach in CP violation 

18 

CPV

~50%
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Now for European Opportunities:
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