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LAGUNA-LBNO 

Large Apparatus for Grand Unification and 
Neutrino Astrophysics 

Long Baseline Neutrino Oscillations 
•  LAGUNA DS (FP7) 

–  2008 – 2011   
–  ~100 members; 10 countries 
–   3 detector technologies ⊗ 7 sites,  

different baselines (130 → 2300km) 

•  LAGUNA-LBNO  
–  2011 – 2014  
–  ~300 members; 14 countries, 

>40 Institutions 
–  Down selection of sites & detectors 
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Physics 
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Neutrinos from MeV è GeV 
Particle Physics ó Astroparticle 
Neutrino Oscillations (MH, CPV)  

Proton decay 
Atmospheric-, SN- & geo-

neutrinos 

A. Weber, NuInt 2012 



Detector Options 
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•  Prioritisation for neutrino oscillations in light of large θ13 

–  2300 km baseline:  Liquid Scintillator/Argon 
–  130 km   baseline:  Water-Cerenkov 

A. Weber, NuInt 2012 



Several Sites 

•  Primary site 
–  Pyhäsalmi 
–  Traditional high 

energy 
broadband 
neutrino (super-) 
beam 

•  Secondary site 
–  Frejus 
–  Beta beam at 

low energy 
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WCD 

•  Optimised for low energy neutrinos 
–  beta-/super-beam facility at CERN 
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Megaton Mass PHYSics @Fréjus 
•  Water Cherenkov (“cheap and stable”) 
•  Total fiducial mass: 440 kt 
•  Baseline:  

 3 Cylindrical modules 65x65 m 
–  Size limited by light attenuation length 

(λ~80m) and pressure on PMTs 
–  Readout: 12” PMTs, 30% geom. cover 

(#PEs =40%cov. with 20” PMTs) 
•  PMT R&D + detailed study on excavation 

existing & ongoing 
http://www.apc.univ-paris7.fr/APC_CS/Experiences/

MEMPHYS/ 

arXiv: hep-ex/0607026 
Contact: Th. Patzak (APC) 

Modane, France 

Bardonecchia, Italy 

Frejus Tunnel 

Laboratoire 
Souterrain 
de Modane 

4800 
m.w.e. 
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LSc- LENA 

•  Rich physics program (MeV è GeV) 
–  Solar-, geo-, SN-, reactor- neutrinos 
–  Dark matter, proton decay 
–  Work on GeV event tracking on-going  
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LAr-GLACIER 
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anode & charge readout

cathode

field cage

bottom of tank & light 
readout

liquid argon 
volume height

40m

20
m

Double phase LAr LEM TPC 
(GLACIER,2003) (hep-ph/0402110,  
J.Phys.Conf.Ser. 171 (2009) 012020, 
NIM A 641 (2011) 48-57,  
JINST 7 (2012) P08026) 

A. Weber, NuInt 2012 



2-Phase Readout 
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Scaling detector parameters
20 KT 50 KT 100 KT

Liquid argon density at 1.2 bar [T/
m3] 1.383461.383461.38346

Liquid argon volume height [m] 222222

Active liquid argon height [m] 202020

Pressure on the bottom due to LAr [T/
m2] 30.4 (≡ 0.3 MPa ≡ 3 bar)30.4 (≡ 0.3 MPa ≡ 3 bar)30.4 (≡ 0.3 MPa ≡ 3 bar)

Inner vessel diameter [m] 37 55 76

Inner vessel base surface [m2] 1075.2 2375.8 4536.5

Liquid argon volume [m3] 23654.6 52268.2 99802.1

Total liquid argon mass [T] 32525.6 71869.8 137229.9

Active LAr area (percentage) [m2]
824 (76.6%) 1854 (78%)

3634 
(80.1%)

Active (instrumented) mass [KT] 22.799 51.299 100.550

Charge readout square panels 
(1m×1m) 804 1824 3596

Charge readout triangular panels 
(1m×1m) 40 60 72

Number of signal feedthroughs (666 
channels/FT) 416 1028 1872

Number of readout channels 277056 660672 1246752

Number of PMT (area for 1 PMT) 804 
(1m×1m)

1288 
(1.2m×1.2m)

909 
(2m×2m)

Number of field shaping electrode 
supports (with suspension SS ropes 
linked to the outer deck) 44 64 92

A. Weber, NuInt 2012 



Cosmic Rays in 2-Phase 
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Expression of Interest 
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VLBL neutrino oscillation experiment 
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Incremental approach 
 based on Laguna findings 

A. Weber, NuInt 2012 



Experimental Requirements 

•  Beam 
–  Exploit long baseline pattern 
–  L/E analysis of 1st and 2nd 

oscillation maxima 
–  WBB 0.5-8 GeV 

•  Detector 
–  Large mass 
–  Fine sampling for BG 

rejection 
–  Possible added magnetized 

muon detector 
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Appearance Signal NH 
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Appearance Signal IH 
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Beam Parameters 

•  Medium Energy 
–  Oscillation @ 1.5-5 GeV 

•  High beam power  
–  initially 700 kW 

•  Point to Pyhäsalmi 
–  2300 km and 10◦ downwards 

•  Muon monitor & near detector 
•  Initially 

–  From SPS 
7x1013 ppp @ 400 GeV (6s cycle) ó 1x 1020 PoT/y 

–  Later 
upgrade to high power PS 
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Signal 
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Mass Hierarchy 
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CP Sensitivity 
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Figure 1: Write the caption here.

Setups
Fraction of �CP (true)

2 � 3 �
LBNO (5+5) 0.5 (0.54) 0.16 (0.19)

LBNO (5+5) + T2K (5+0) 0.55 (0.62) 0.24 (0.38)

LBNO (5+5) + NO⌫A (3+3) 0.59 (0.62) 0.33 (0.38)

LBNO (5+5) + T2K (5+0) + NO⌫A (3+3) 0.62 (0.67) 0.39 (0.47)

Table 1: Fractions of �CP (true) for which a discovery is possible for CPV. The numbers without
(with) parentheses correspond to NH (IH) as true hierarchy.
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Incremental Approach 
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FIG. 75: ��2 of the CPV discriminant as a function of true �CP for an integrated intensity of 1.5 ⇥ 1021 p.o.t.
The blue curve corresponds to the case with all systematic errors included. The dashed brown curve is the case
where all energy correlated errors are set to zero and the average Earth density error is reduced to 1%.
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FIG. 76: CPV coverage as a function of the integrated exposure.

or HP-PS
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Systematics 
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• We estimate the significance C.L. with a chi2sq method, with which we can 
1) exclude the opposite mass hierarchy and
2) exclude δCP = 0 or π (CPV)

• Minimize chi2sq w.r.t to the known 3-flavor oscillations and the nuisance parameters using 
Gaussian constraints
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TABLE XVIII: Energy correlated and bin-to-bin uncorrelated systematic errors assumed in these sections.

Name MH determination CP determination
Error (1�) Error (1�)

Bin-to-bin correlated:
Signal normalization (fsig) ±5% ±5%
Beam electron contamination normalization (f⌫

e

CC) ±5% ±5%
Tau normalization (f⌫

⌧

CC) ±50% ±20%
⌫ NC and ⌫µ CC background (f⌫

NC

) ±10% ±10%
Relative norm. of “+” and “-” horn polarity (f+/�) ±5% ±5%

Bin-to-bin uncorrelated ±5% ±5%

rate of neutral-current events at two locations, over the baseline of 2300 km. Because NC cross-sections

are identical among the three active flavors, NC event rates are una↵ected by standard neutrino mixing.

However, oscillations into a sterile noninteracting neutrino flavor could result in an energy-dependent

depletion of NC events in LBNO at the far site.

Two independent event samples, in the LAr and the MIND, will be collected and analyzed and

could result in new stringent constraints on sterile neutrinos. Detailed studies will be performed in

view of a LBNO proposal.

5.6.5 Determination of the neutrino mass hierarchy

The sensitivity to determine mass hierarchy assumes a 50%-50% sharing of the running time between

neutrino and antineutrino horn polarity, and a total of 2.25 ⇥ 1020 pot. The electron-like sample is

selected as a primary source of information. The reconstructed energy Erec
⌫ (Figure 68) and the

transverse missing momentum pmiss
T (Figure 71) distributions are used. A binned �2 is constructed

from the Erec
⌫ distribution, with 200 MeV bin width for the energy range of 0–10 GeV and 50 bins

for pmiss
T between 0 and 2 GeV. The systematic uncertainties in the normalizations of signal, the

backgrounds originating from ⌫µ and ⌫̄µ, those from ⌫e and ⌫̄e, and the relative normalization between

positive and negative horn polarity samples are taken into account in a correlated way and the values

are summarized in Table XVIII. The signal normalization systematic error is ±5%, the beam electron

contamination normalization is ±5%, the tau normalization is assumed to be poorly known due to cross-

section uncertainties and are set to ±50%, and the ⌫ NC and ⌫µ CC backgrounds have a systematic

error of ±10%, and the relative norm. of “+” and “-” horn polarity is set to ±5%. In addition, a 5%

bin-to-bin uncorrelated error is added. The �2 is defined as

�2 =
X

+,�

X

i


N i �

⇢
1 ± 1

2
f+/�

�
·
⇣
(1 + fsig) · ni

sig + (1 + fNC) · ni
NC + (1 + f⌫

e

CC) · ni
⌫
e

CC
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the CPV discovery. Additional work is ongoing to further optimize the various components a↵ecting

these sensitivities, in particular the beam focusing tuning. It should also be stressed that the size

of various systematic errors, which at present reasonably assumed to be at the level of 5%, will also

a↵ect the sensitivity, in particular to CPV. An appraisal of these e↵ects is still ongoing and will be

finalized in view of the proposal. They will depend on the ultimate understanding of the far detectors,

of potential calibration campaigns in test beams, on the ultimate performance of the near detector,

from the specific knowledge of secondary particle production at the target, and from related dedicated

hadronproduction measurements, etc. Unless otherwise noted, the oscillation parameters and their

errors assumed in this section are listed in Table XVII.

TABLE XVII: Parameters and assumed 1� errors other than �CP assumed in this section.

Name Value Error (1�)

L 2300 km exact
�m2

21 7.6⇥10�5 eV2 exact
|�m2

32| ⇥10�3 eV2 2.40 ±0.09
sin2 ✓12 0.31 exact
sin2 2✓13 0.10 ±0.02
sin2 ✓23 0.50 ±0.06

Average density of traversed matter (⇢) 3.2 g/cm3 ±4%

Two milestones for the protons-on-target are assumed for the present studies: in the first few

years of running, an integrated proton-on-target intensity corresponding to 2.25 ⇥ 1020 p.o.t. will be

accumulated. This initial phase will be focused on the mass hierarchy determination and CP phase

determination. In total absence of knowledge of the MH, we take the conservative approach of 50%-

50% sharing of the running time between neutrino and antineutrino horn focusing. Hence, we assume

1.125 ⇥ 1020 p.o.t. in neutrino mode and 1.125 ⇥ 1020 p.o.t. in antineutrino mode, which should be

accumulated in a few years of SPS operation.

As shown in Ref. [14], once the MH is determined, the neutrino vs antineutrino sharing can be

further optimized. Typically, if one wishes to collect samples of neutrino and antineutrino events of

similar statistical power, the antineutrino running must be longer in order to compensate for the lower

antineutrino cross-section. However, in addition, antineutrinos will be further suppressed or rather

enhanced depending on the actual mass hierarchy. For the CP-phase determination and CPV search,

a similar argument holds. In this case, we assume an integrated pot of 1.5 ⇥ 1021 p.o.t. and at present

a 25%-75% sharing between neutrino and antineutrino running mode, or 3.75 ⇥ 1020 p.o.t. in neutrino

mode and 1.125 ⇥ 1021 p.o.t. in antineutrino mode.

Control of 
systematic 

errors will be 
fundamental

Conservative 
errors

A. Weber, NuInt 2012 



Matter Effects 
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Matter Effects 
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Effect of Uncertainty 
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= Eproton *NPoT
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Effect of Systematics (II) 

•  From Dusini et al. (arXiv:1209.7010) 
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Near Detector & 
Hadron Production Experiment 
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Summary & Conclusion 

•  Hunt for the MH and CPV requires  
–  Intense beams 
–  Large detectors 
–  Good control of systematics 

•  Next generation of experiments  
–  Cross section uncertainties O(<5%) 

• Neutrinos and anti-neutrinos 
• Electron- and muon-neutrinos 

–  ND important 
•  Limited use for electron cross sections 

–  Hadron production experiments 

•  Large effort in theory and experiments is needed 
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