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Since 2005 substantial financial support 	

from EU for Design Studies 	


(12M€ + 5 M€ from nat.):	

To pave the way for the next generation 	


Long Baseline Neutrino Oscillation 	

Research Facility	


2008 – 2012: EUROnu:   “A High Intensity Neutrino Oscillation Facility in Europe” 	


•  CERN to Frejus superbeam	

•  Neutrino Factory	

•  Beta Beam with higher Q isotopes	


2008 – 2011: LAGUNA:  “Design of a pan-European Infrastructure for Large Apparatus studying Grand Unification and Neutrino 
Astrophysics”	


•  7 underground locations	

•  3 detector technologies: LAr, LSc and WCD	


2011 – 2014: LAGUNA-LBNO:   “Design of a pan-European Infrastructure for Large Apparatus studying Grand 	

Unification and Neutrino Astrophysics and Long Baseline Neutrino Oscillations”	


•  Detailed studies of 3 sites: Fréjus, Umbria and Pyhäsalmi, 130 km, 750 km and 2300 km from CERN	

•  Engineering design, construction and costing for LAr, LSc and WCD	
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Recent Idea: A Superbeam from ESS for leptonic CPV search	


•  The ESS will be a copious source of 
spallation neutrons 

•  5 MW average beam power in the linac 
•  125 MW peak power 
•  14 Hz repetition rate (2.86 ms pulse 

duration, 1015 protons) 
•  4% duty cycle 
•  2.0 GeV protons (up to 3.5 GeV with 

linac upgrades) 
•  >2.7x1023 p.o.t/year 
•  Doubling pulse frequency → 10 MW 

of which  5 MW for neutrino beam 

•  Several mines for locating the underground 
MEMPHYS type Megaton Water Cherenkov 
Detector available in Scandinavia 	


•  Garpenberg Mine:	

•  540 km from Lund	

•  currently  being investigated	

•  1232 m depth	

•  Truck access tunnels, two ore hoist 

shafts	
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Next step: Submission of DS (2015 – 2018?)	
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Superbeam from ESS towards a 550 kt Water Cherenkov detector at the 2nd oscillation maximum	


2nd oscillation max. 
well covered by the 

ESS neutrino 
spectrum 

1st oscillation max. 
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•  Zinkgruvan is better for 2 GeV 
•  Garpenberg is better for > 2.5 GeV 
•  Syst. errors: 5%/10%(signal/backg.)  

Baseline optimization 
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•  Zinkgruvan is better for 2 GeV 
•  Garpenberg is better for > 2.5 GeV 
•  Syst. errors: 5%/10%(signal/backg.)  

Baseline optimization 
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•  GLACIER (Giant Liquid Argon Charge Imaging ExpeRiment, 2003)  
Ø New concept of Double Phase Liquid Argon TPC for CP-violation and future deep underground 

detector, up to 100 kton mass (hep-ph/0402110)  
•   LAGUNA DS (FP7 Design Study 2008-2011)  

Ø  ~100 members; 10 countries 
Ø  3 detector technologies ⊗ 7 sites, different baselines (130 → 2300km) 

•  LAGUNA-LBNO DS (FP7 DS Long Baseline Neutrino Oscillations, 2011-2014) 
Ø  ~300 members; 14 countries + CERN, 4.9 M€ 
Ø  Fully engineered detector designs for 20/50 kt DLAr, 50 kt LSc, 540 kt WCD 
Ø Underground Facility construction and costing (Pyhäsalmi, Fréjus and Umbria) 
Ø  Extended site investigation at Pyhäsalmi mine 

•  LBNO (CERN SPSC EoI for a very long baseline neutrino oscillation experiment, June 2012)  
       - CERN-SPSC-2012-021 ; SPSC-EOI-007) 

Ø An incremental approach with high level physics starting from phase 1 (MH + LCPV + Astro) 
Ø  ~230 authors; 51 institutions 

•  WA105 (CERN experiment, August 2013) 
Ø  kt-scale demonstrator for LBNO @ CERN: engineering and charged particle calibration 

LAGUNA-LBNO:	

A decade of steady progress…	
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Laguna-‐LBNO:	  Large	  Apparatus	  for	  Grand	  Unifica:on	  and	  Neutrino	  Astrophysics	  and	  	  
Long	  Baseline	  Neutrino	  Oscilla:ons	  

Neutrino	  physics	  provides	  us	  with	  surprises	  beyond	  the	  SM!	  

1.	  Accelerator	  based:	   • Mass	  Hierarchy	  
•  δCP	  
• MSNP	  precision	  
•  3	  ν	  or	  3+n	  ?	  

2.	  Non-‐Accelerator	  based:	   •  Proton	  decay	  

3.	  Neutrino	  Astronomy:	   •  Supernova	  neutrinos	  
•  Diffuse	  Supernova	  Neutrinos	  (DSN)	  
•  Solar	  Neutrinos	  
•  Atmospheric	  Neutrinos	  

LAGUNA	  Physics:	  	  

4.	  Dark	  MaUer:	  

large	  θ13	  

?"
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•  Indirect	  from	  WIMP	  annihila:on	  is	  the	  sun	  



LAGUNA-LBNO A. Rubbia – INFN Meeting March 25th, 2014 !10

CERN%

PROTVINO%

PYHÄSALMI%

FREJUS%

LNGS%

CNGS

CN2PY

Site prioritisation

!10

CN2PY&(Pyhäsalmi)&
!  Ini$al':'beam'from'SPS'(500kW'6'750kW)&
!  Long'term:'LP7SPL&+&HP7PS&7&>2MW&

CNGS%&%Umbria%
!  Beam%from%SPS%(500kW)%
!  No%near%detector%

possibility%

CN2FR&(Fréjus)&
!  HP0SPL&+&accumulator&

(5&GeV&–&4&MW)&

•Pyhäsalmi mine (privately 
owned), 4000 m.w.e 
overburden, excellent 
infrastructure for deep 
underground access 

•Fréjus, nearby road tunnel, 
4800 m.w.e. overburden, 
horizontal access 

•Umbria (LNGS extension), 
green site with horizontal 
access, 2000 m.w.e., 
CNGS off-axis beam 

Several sites considered in details

!9"
!"#$%&'%()#*$+)#,-./012.&3#$%1.2#4.5016&)#!$+7898)#9:#;#9<#40=0>?01#7898)#$%1.2)##@1%-=0#

!9"
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A. Rubbia CHIPP Plenary

MEMPHYS 

500 kton water 

GLACIER 

100 kton liquid argon 

LENA 

50 kt scintillator 

 70 m 

• Three techniques proposed (approx. drawn to scale)

Detectors considered in LAGUNA

• Water 
Cerenkov 

[MEMPHYS]
• Liquid 

scintillator 
[LENA]

• Liquid Argon 
TPC 

[GLACIER]

IHEP complex Protvino!
• 70 GeV (450kW)

1st priority

2nd prio
rity

3rd priority
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LAGUNA-LBNO Strategy for MH and LCPV	

•  Very  long baseline (2300 km) to explore the L/E oscillation pattern predicted by the 

3 flavor mixing paradigm over the 1st and 2nd max	


•  Phased experiment to adjust the beam and detector mass with respect to the findings 
of phase n-1 to use resources in the most efficient way (incremental approach).	


•  LBNO has a fully engineered design, construction plan and costing for the 
underground infrastructure, the detector and the beam for all phases of the 
experiment.	


•  Phase I (LBNO20):	

•  24 kt fid. DLAr + SPS beam (750 kW, Ep = 400 GeV)	

•  Guaranteed 5 σ MH determination + 46 % δCP coverage at 3 σ  + p-decay + 

astroparticles	

•  Estimated cost (detector + infrastructure + contingency): ≈ 210 M€ +/- 10%	


•  Phase II (LBNO70):	

•  70 kt fid. DLAr + HPPS beam (2 MW, Ep = 50 GeV) or Protvino beam	

•  80 % δCP coverage at 3 σ + p-decay + astroparticles	
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TECHNICAL TIMESCALE FOR CONSTRUCTION 
LAGUNA-LBNO 20+50KT	


LAGUNA-‐LBNO,	  LAr	  20+50kT@PYHÄSALMI
DB:	  Design	  +	  Build Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

CRITICAL	  DECISIONS	  TAKEN	  BEFORE	  YEAR	  1

EXCAVATION	  (Underground	  Infra	  +	  MDC1)

20KT	  LAR	  TANK	  CONSTRUCTION

DETECTOR	  INSTRUMENTATION

LIQUID	  +	  ON-‐SURFACE	  INFRASTRUCTURE

LIQUID	  HANDLING	  +	  FILLING

COMMISIONING	  +	  START	  OF	  EXPERIMENT

EXCAVATION	  (MDC2)

50KT	  LAR	  TANK	  CONSTRUCTION

DETECTOR	  INSTRUMENTATION

LIQUID	  +	  ON-‐SURFACE	  INFRASTRUCTURE

LIQUID	  HANDLING	  +	  COMMISIONING

COMMISIONING	  +	  CONTINUATION	  OF	  EXPERIMENT
19.3.2014

year	  13 year	  14 year	  15 year	  16 year	  17year	  12year	  1 year	  2 year	  3 year	  4 year	  5 year	  6 year	  7 year	  8 year	  9 year	  10 year	  11
LBNO20: 8 years	




Prepared for submission to JHEP

The mass-hierarchy and CP-violation discovery
reach of the LBNO long-baseline neutrino
experiment

S.K. Agarwalla,o L. Agostino,ao M. Aittola,ae A. Alekou,h B. Andrieu,an D. Angus,w F.
Antoniou, h A. Ariga,b T. Ariga,b R. Asfandiyarov,u D. Autiero,e P. Ballett,w I. Bandac,k

D. Banerjee,a G. J. Barker,r G. Barr,s W. Bartmann, h F. Bay,a V. Berardi,ai I. Bertram,al

O. Bésida,k A.M. Blebea-Apostu,bg A. Blondel,u M. Bogomilov,q E. Borriello,bn S. Boyd,r

I. Brancus,bg A. Bravar,u M. Buizza-Avanzini,ao F. Cafagna,ai M. Calin,d M. Calviani,h

M. Campanelli,at C. Cantini,a O. Caretta,am G. Cata-Danil,bg M.G. Catanesi,ai A. Cervera,f

S. Chakraborty,bn L. Chaussard,e D. Chesneanu,bg F. Chipesiu,bg G. Christodoulou,t

J. Coleman,t P. Crivelli,a T. Davenne,am J. Dawson,ao I. De Bonis,aj J. De Jong,s Y. Déclais,e

P. Del Amo Sanchez,aj A. Delbart,k C. Densham,am F. Di Lodovico,g S. Di Luise,a

D. Duchesneau,aj J. Dumarchez,an I. Efthymiopoulos,h A. Eliseev,ap S. Emery,k K. Enqvist,ak

T. Enqvist,ae L. Epprecht,a A. Ereditato,b A.N. Erykalov,ap T. Esanu,d A.J. Finch,al

M.D. Fitton,am D. Franco,e V. Galymov,k G. Gavrilov,ap A. Gendotti,a C. Giganti,an B.
Goddard, h J.J. Gomez,f C.M. Gomoiu,d,bg Y.A. Gornushkin,j P. Gorodetzky,ao N. Grant,al

A. Haesler,u M.D. Haigh,r T. Hasegawa,bq S. Haug,b M. Hierholzer,b J. Hissa,ae S. Horikawa,a

K. Huitu,ak J. Ilic,am A.N. Ioannisian,x A. Izmaylov,i A. Jipa,d K. Kainulainen,n T. Kalliokoski,n

Y. Karadzhov,u J. Kawada,b M. Khabibullin,i A. Khotjantsev,i E. Kokko,ae A.N. Kopylov,i

L.L. Kormos,al A. Korzenev,u S. Kosyanenko,ap I. Kreslo,b D. Kryn,ao Y. Kudenko,i,l,m V. A.
Kudryavtsev,c J. Kumpulainen,n P. Kuusiniemi,ae J. Lagoda,p I. Lazanu,d J.-M. Levy,an

R.P. Litchfield,r K. Loo,n P. Loveridge,am J. Maalampi,n L. Magaletti,ai R.M. Margineanu,bg

J. Marteau,e C. Martin-Mari,u V. Matveev,i,j K. Mavrokoridis,t E. Mazzucato,k N. McCauley,t

A. Mercadante,ai O. Mineev,i A. Mirizzi,bn B. Mitrica,bg B. Morgan,r M. Murdoch,t

S. Murphy,a K. Mursula,ae S. Narita,br D.A. Nesterenko,ap K. Nguyen,a K. Nikolics,a

E. Noah,u Yu. Novikov,ap H. O’Keeffe,al J. Odell,am A. Oprima,bg V. Palladino,ac Y.
Papaphilippou, h S. Pascoli,w T. Patzak,ao,aob D. Payne,t M. Pectu,bg E. Pennacchio,e

L. Periale,a H. Pessard,aj C. Pistillo,b B. Popov,an,j P. Przewlocki,p M. Quinto,ai E. Radicioni,ai

Y. Ramachers,r P.N. Ratoff,al M. Ravonel,u M. Rayner,u F. Resnati,a O. Ristea,d A. Robert,an

E. Rondio,p A. Rubbia,a K. Rummukainen,ak R. Sacco,g A. Saftoiu,bg K. Sakashita,bq

J. Sarkamo,ae F. Sato,bq N. Saviano,bn,w E. Scantamburlo,u F. Sergiampietri,a,bs

D. Sgalaberna,a E. Shaposhnikova,h M. Slupecki,ae M. Sorel,f N. J. C. Spooner,c A. Stahl,az

D. Stanca,bg R. Steerenberg,h A.R. Sterian,bg P. Sterian,bg B. Still,g S. Stoica,bg T. Strauss,b

J. Suhonen,n V. Suvorov,ap M. Szeptycka,p R. Terri,g L.F. Thompson,c G. Toma,bg

A. Tonazzo,ao C. Touramanis,t W.H. Trzaska,n R. Tsenov,q K. Tuominen,ak A. Vacheret,s

M. Valram,bg G. Vankova-Kirilova,q F. Vanucci,ao G. Vasseur,k F. Velotti, h P. Velten,h

T. Viant,a H. Vincke,h A. Virtanen,n A. Vorobyev,ap D. Wark,am A. Weber,s,am M. Weber,b

C. Wiebusch,az J.R. Wilson,g S. Wu,a N. Yershov,i J. Zalipska,p and M. Zito.k

aETH Zurich, Institute for Particle Physics, Zurich, Switzerland
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Recent update of the LBL physics program:	


Basic	  assump:ons	  :	  
	  
•  Realis:c	  systema:cs	  
•  2300	  km	  baseline	  	  

•  	  SPS	  400	  GeV	  protons	  –	  750	  kW	  beam	  

•  	  HPPS	  50	  GeV	  protons	  –	  2	  MW	  beam	  

•  Liquid	  Argon	  double	  phase	  detector	  GLACIER	  :	  
	  LBNO20	  -‐>	  LBNO70	  	  	  
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10.1007/JHEP05(2014)094	
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Phase 1 : proton beam extracted beam from SPS	

400 GeV, max 7.0 1013 protons every 6 sec, ~750 kW  beam power, 10 µs pulse	


Phase 2 : use the proton beam from a new HP-PS	

50 GeV, 1 Hz, 2.5 1014 ppp, 2 MW  beam power, 4 µs pulse	


Updated beam LBNO design	


Ilias Efthymiopoulos - May 28, 2014

The LBNO Long-baseline ν-beam

‣ Built on CERN-CNGS experience - extend to high power 
(2MW) and increased slope (18%)

2

CN2PY - Target Cavern
CN2PY - Hadron Stop

100 m long iron dump to reduce 
the μ flux to the near detector

‣ Target/horn(s) configuration defined to 
optimise the flux for the first and second 
maximum of the ν-oscillation probability

Ilias Efthymiopoulos - May 28, 2014

The LBNO Long-baseline ν-beam

‣ Built on CERN-CNGS experience - extend to high power 
(2MW) and increased slope (18%)

2

CN2PY - Target Cavern
CN2PY - Hadron Stop

100 m long iron dump to reduce 
the μ flux to the near detector

‣ Target/horn(s) configuration defined to 
optimise the flux for the first and second 
maximum of the ν-oscillation probability

Ilias Efthymiopoulos - CERN, LAGUNA-LBNO

The LBNO Long-baseline ν-beam

1

‣Phase 1 : proton beam extracted beam from SPS 

- 400 GeV, max 7.0 1013 protons every 6 sec, ~750 kW nominal 
beam power, 10 µs pulse 

‣Phase 2 : use the proton beam from a new HP-PS 

- 50 GeV, 1 Hz, 2.5 1014 ppp, 2 MW nominal beam power, 4 µs 
pulse

HP-PS SPS

Target Cavern

Hadron stop 
Muon stations

Near detector

CN2PY Depth

Target cavern -117 m

Hadron Stop -189 m

Near Detector -262 m 

18% slope

LP-SPL
LINAC4

Ilias Efthymiopoulos - May 28, 2014

The LBNO Long-baseline ν-beam

‣ Built on CERN-CNGS experience - extend to high power 
(2MW) and increased slope (18%)

2

CN2PY - Target Cavern
CN2PY - Hadron Stop

100 m long iron dump to reduce 
the μ flux to the near detector

‣ Target/horn(s) configuration defined to 
optimise the flux for the first and second 
maximum of the ν-oscillation probability

Ilias Efthymiopoulos - May 28, 2014

The LBNO Long-baseline ν-beam

‣ Built on CERN-CNGS experience - extend to high power 
(2MW) and increased slope (18%)

2

CN2PY - Target Cavern
CN2PY - Hadron Stop

100 m long iron dump to reduce 
the μ flux to the near detector

‣ Target/horn(s) configuration defined to 
optimise the flux for the first and second 
maximum of the ν-oscillation probability



LBNO strategy on MH:	

•  To guarantee the measure MH on the > 5σ level one need to go to very long baselines > 2000 km.	


•  Accelerator based -> most direct and least systematic prone method (change horn polarity)	


•  MH should be settled early in the exp. to optimize the ν / ν ratio to maximize CP sensitivity.	


•  The median 5 σ sensitivity (p = 0.5) for LBNO is reached within 2 years of running.	


•  The guaranteed 5 σ sensitivity (p ~ 1) for LBNO is reached within 4-5 years of running.	


•  Global fits of many experiments can guide and help the research but cannot replace the measurement 
of a dedicated experiment.	


•  LBNO aims at exploring and resolve the mass hierarchy and the CP-phase problem by observing clear 
signatures and ascertaining their L/E dependence.	


Mass Hierarchy is a fundamental measurement:	


•  MH is a prerequisite to study leptonic CPV	

•  Scenarios for lepto-genesis	


•  Important for theory development (GUT model discrimination)	

•  Feasibility and interpretation of 0νββ experiments	


•  Interpretation of HDM from cosmology in terms of ν masses	


inverted	
normal	
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10.1007/JHEP05(2014)094	




MH sensitivity and unique power of  LBNO	
LBNO%poten+al%for%MH%

•  Power%vs%exposure%for%all%values%of%δCP%(shaded%bands)%

NuPhys%Dec.19th,2013% A.Tonazzo% 13%

Exposure (/1e20 POT)
0 1 2 3 4 5

β
p 

= 
1-

0

0.2

0.4

0.6

0.8

1

σ3

σ5
Test power for NH

Exposure (/1e20 POT)
0 1 2 3 4 5

β
p 

= 
1-

0

0.2

0.4

0.6

0.8

1

σ3

σ5
Test power for IH

p%=%0.5%=>%“Median%experiment”%
50%%chance%%to%give%the%wrong%answer%

if%the%alterna+ve%hypothesis%is%true%

%

WOULD%YOU%BET%1B€%ON%SUCH%

AN%EXPERIMENT%?%

p%~1%=>%“Full%power%experiment”%
~0%chance%%to%give%the%wrong%answer%%

if%the%alterna+ve%hypothesis%is%true%

%

THE%LBNO%CHOICE%TO%QUOTE%

SENSITIVITY%

p ~1 => “Full power experiment”	

 ~ 100% chance to achieve the 

projected CL!	

	


THE LBNO CHOICE TO QUOTE 
SENSITIVITY	


p = 0.5 => “Median experiment” 
50% chance not to achieve the 

projected CL.	

	


One should not bet on marginal 
physics reach!	
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LBNO20 (Phase I of LBNO) discovers MH in ≈ 2 y	
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LBNE: L = 1300 km, E = 0.8 – 5 GeV	


LBNE flux 
http://lbne2-docdb.fnal.gov/cgi-bin/ShowDocument?docid=6414 

𝜈  PHF 

August 20, 2013 V. Galymov -- CEA Saclay 4 

Fluxes are given at 1300 km with normalization /GeV/m2/POT 

The neutrino beam line is tentatively composed of a target, two horns and a decay vol-
ume. The target is modelled as a 1 m long cylinder of graphite with density ⇢ = 1.85 g/cm3

and 2 mm radius. The focusing system is based on a pair of parabolic horns which we will
denote as horn (upstream) and reflector (downstream) according to the current terminol-
ogy. The decay tunnel is 300 m long and 3 m wide. A new beam optimisation is currently
under way to investigate different possible beam optics, which should lead to enhanced
rates and an optimised beam profile for the LBNO physics program. A further optimisa-
tion of the decay tunnel could also increase the neutrino flux. The unoscillated neutrino
and anti-neutrino beam flux is shown in Figure 4.
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Figure 4: Neutrino and anti-neutrino flux for the CERN to Pyhäsalmi beam.

The expected charged (CC) and neutral current (NC) interaction rates are computed
using the optimisation of the focusing optics for 400 GeV and are shown in Table 3. The
rates under the assumption of the potential 2nd phase at 2 MW with the new HP-PS
50 GeV are listed in Table 4 for completeness. The oscillated rates are computed using the
oscillation parameters from the global fit of Ref. [8]. The NC interactions rate are for events
with visible energy > 0.5 GeV. The rate is given for an exposure of 50 kt.yrs, so 2.5 years
with the 20 kton baseline LAr detector.

For comparison, the rates for LBNE with the baseline of 1300 km are also shown and
normalised to the same exposure. The parameters and flux of the LBNE beam correspond
to those described in Ref. [31].

Although the LBNE baseline of 1300 km is significantly shorter than the LBNO baseline
of 2300 km, the expected rate of oscillated events in both setups are very similar, in both
neutrino and antineutrino mode. This is explained by the fact that the longer baseline
requires also higher energy neutrinos in order to keep the L/E parameter of both setups
around the atmospheric region. The resulting higher boost of the parent mesons, and the
resulting higher neutrino energies, compensate for the increase distance, by making the
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LBNO: L = 2300 km, E = 1 – 8 GeV	


HyperK: L = 295 km, E = 0.2 – 1.3 GeV	
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FIG. 18. Expected neutrino flux at Hyper-K. Left: neutrino mode, right: anti-neutrino mode. ⌫µ, ⌫µ, ⌫e, ⌫e

components are shown separately.

site in the Tochibora mine [54]. In this study, the o↵-axis angle is set to 2.5�, the same as the

current T2K configuration. A beam power of 1.66 MW is assumed as the nominal case based on

the KEK roadmap [55], while feasibility with lower beam intensity is also explored. The neutrino

beam Monte Carlo simulation is used to estimate the neutrino flux and energy spectrum. In the

beam simulation, the hadron production cross section is tuned based on the measurements of pion

and kaon production cross sections by the NA61 collaboration [56, 57]. A proton beam energy

of 30 GeV and a magnetic horn current of 320 kA are assumed. Figure 18 shows the expected

neutrino flux at Hyper-K for neutrino and anti-neutrino mode running. Thanks to the o↵-axis

method, the spectrum has a narrow peak around the energy where oscillation probability is the

maximum, with small high energy tail. Contamination of ⌫e(⌫e) in the beam is well below 1% at

the peak for both cases.

Interactions of neutrinos in the Hyper-K detector is simulated with the NEUT program li-

brary [58–60], which is used in both the Super-K and T2K experiments. The response of the

detector is simulated using the Super-K full Monte Carlo simulation based on the GEANT3 pack-

age [61]. The simulation is based on the SK-IV configuration with the upgraded electronics and

DAQ system, while the number of PMTs is reduced to about half to simulate 20% photocathode

coverage of Hyper-K. Events are reconstructed with the Super-K reconstruction software. As de-

scribed in Sec. II A, each Hyper-K tank is divided into five optically separated compartments, each

one of which has about twice the volume of Super-K. Thus, the Super-K full simulation gives a

realistic estimate of the Hyper-K performance.

The electron (anti-)neutrinos from ⌫µ ! ⌫e oscillation are identified via their charged current

interaction. The charged current quasielastic (CCQE) interactions, ⌫e + n ! e� + p and ⌫e + p !

LBNE	


HyperK	


LBNO	


ESS	


ESS: L = 540 km, E = 0.2 – 0.6 GeV	


•  CP sensitivity depends on the ability to measure 	

    the L/E behavior and the 1st and 2nd maximum	

    and on the control of systematic errors.	

	

•  Low energies are disfavored since flux & 	

    x-section are suppressed. One need to go higher L/E.	

	

•  LBNO has better L/E coverage then LBNE and HK.	

	

•  LBNE and HK have similar coverage.	


1st and 2nd maximum and the wiggles of L/E…	
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CP Violation with LBNO     



CP Violation with LBNO     
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Measure δCP by measuring the energy dependence of the neutrino spectrum, the L/E behavior, 
and the 2nd maximum, this is fully complementary to the HK proposal which measures the 
asymmetry between nu and anti-nu oscillation probabilities at the first maximum.	


Continuous effort to optimize the beam to enhance the CPV coverage of the experiment:	

Comparing CP sensitivity for SPS beam options

20/05/2014 LAGUNA-LBNO GENERAL MEETING @ CERN 5

24 kton, 15E+20 POT 75%𝜈:25%�̅�
sin 𝜃 = 0.5

Beam +𝑭𝟑𝝈 Max1 Max2

Base -- 12.5 10.8

GLBOPT +8% 15.3 13.0

LEOPT +8% 15.1 13.2

“GLBOPT”  is  equivalent  to  “HEOPT”
Not  much  difference  b/w  “GLBOPT”  and  “LEOPT”
Results  for    “GLBOPT”  optimization  for  the  SPS  
beam will be shown

M
ax

1

M
ax

2

Increase in coverage

SPS 400 GeV protons	

15E+20 POT	


Best CPV coverage is obtained for “SPS GLB” and “HPPS LEOPT”	


Comparing CP sensitivity for HPPS beam options

20/05/2014 LAGUNA-LBNO GENERAL MEETING @ CERN 6

Beam +𝑭𝟓𝝈 Max1 Max2

Base -- 26.6 24.5

GLBOPT +19% 39.2 35.0

LEOPT +28% 49.3 40.0

HEOPT +24% 44.0 39.3

Results  for  “LEOPT”  the  HPPS  beam  will  be  shown  

24 kton, 30E+21 POT 75%𝜈:25%�̅�
sin 𝜃 = 0.5

HPPS 50 GeV protons	

30E+21 POT	


Expected event rates: HPPS 𝜈 beam 

20/05/2014 LAGUNA-LBNO GENERAL MEETING @ CERN 13

Beam Sig 𝝂𝒆 Beam 𝝂𝒆 𝝂𝝁 NC 𝝂𝝉 CC 

HPPS 𝜈 nominal 1711 195 109 365

HPPS 𝜈 optimized 922 162 58 80

𝜈 beam, 0.75 x 30E+21 POT �̅� beam, 0.25 x 30E+21 POT

Beam Sig 𝝂𝒆 Beam 𝝂𝒆 𝝂𝝁 NC 𝝂𝝉 CC 

HPPS �̅� nominal 71 16 15 56

HPPS �̅� optimized 48 15 7 8

sin 𝜃 = 0.45sin 𝜃 = 0.45

922 events	


Expected event rates: SPS beam 

20/05/2014 LAGUNA-LBNO GENERAL MEETING @ CERN 12

Beam Sig 𝝂𝒆 Beam 𝝂𝒆 𝝂𝝁 NC 𝝂𝝉 CC 

SPS 𝜈 nominal 685 78 44 146

SPS 𝜈 optimized 693 77 44 128

𝜈 beam, 0.75 x 15E+20 POT �̅� beam, 0.25 x 15E+20 POT

Beam Sig 𝝂𝒆 Beam 𝝂𝒆 𝝂𝝁 NC 𝝂𝝉 CC 

SPS �̅� nominal 29 6 6 22

SPS �̅� optimized 40 10 6 20

sin 𝜃 = 0.45sin 𝜃 = 0.45

639 events	


Po
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δcp = 0	

883 events	
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The power of the 2nd maximum and L/E:	
Value of 2nd maximum

20/05/2014 LAGUNA-LBNO GENERAL MEETING @ CERN 17

Cut on Erec
@ 2.5 GeV

SPS beam, 15E+20 POT

Only ~5% reduction 
in total signal events

𝑭𝟑𝝈 𝑭𝟓𝝈
24 kton 45% Æ 34% --

70 kton 63%Æ 53% 35% Æ 16%

Although the contribution of signal events below 2.5 GeV
appears to be low (~5% of the total), the impact these 
events have on the sensitivity to CP is not negligible

Median coverage

sin 𝜃 = 0.45

Value of 2nd maximum  cont’d

20/05/2014 LAGUNA-LBNO GENERAL MEETING @ CERN 18

Cut on Erec
@ 2.5 GeV

HPPS beam, 30E+21 POT

𝑭𝟑𝝈 𝑭𝟓𝝈
24 kton 69% Æ 41% 43% Æ 0% 

Median coverage

No cut
2.5 GeV cut

24 kton, sin 𝜃 = 0.45

17% loss in signal 
events

The effect is more dramatic. The cut results in 
complete loss of sensitivity for CPV discovery

Dramatic effect in the HPPS beam! Loss of 30 % coverage at 3 σ and 100% at 5 σ	


10 % loss in CP coverage	
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Parameter	
 Value	
 Error 	


L	
 2300 km	
 exact	


Δm2
21	
 7.45 x 10-5 eV2	
 fixed	


Δm2
31	
 2.42 x 10-3 eV2	
 2 %	


sin2θ12	
 0.306	
 fixed	


sin2θ23	
 0.446	
 5 %	


sin2 2θ13	
 0.09	
 3 %	


ρ	
 3.20 g/cm3	
 4 %	


Parameter	
 Value	
 Error	


Signal normalization (fsig)	
 1	
 3 %	


Beam electron contamination normalization (fνe)	
 1	
 5 %	


Tau normalization (fντ)	
 1	
 20 %	


ν NC and νµ CC background (fNC)	
 1	
 10 %	


Assumed values and errors for oscillation parameters and systematics	


After TAUP 2013	


LBNO Phase I  (24 kt) with	

Optimized SPS beam:	


Covers 47 % CPV space at 3 σ	


Influence of detector mass with SPS GLBOPT 

coverage 24kt 3σ 35kt 3σ 35kt 5σ 70kt 3σ 70kt 5σ 

NH 46,5% 53,7% 13% 63,8% 36,4% 

IH 44,2% 54,3% 0% 66,4% 37,9% 
LBNO Phase II (70kt)  with	


Optimized HPPS beam:	

Covers 80 % CPV space at 3 σ	


Influence of detector mass with HPPS LEOPT 

Coverage 24kt 3σ 24kt 5σ 35kt 3σ 35kt 5σ 70kt 3σ 70kt 5σ 

NH 68,6% 43,4% 73,1% 52,7% 79,7% 65,1% 

IH 67,9% 38,6% 73,1% 50,8% 80% 65,4% 

Remark: Alternatively an additional beam from Protvino instead 
of HPPS	


Remark: Similar results are obtained with LBNO @ Garpenberg	




LAGUNA-‐LBNO	  TB	  SUMMARY	  OF	  WORK	  

-‐  8	  DELIVERABLES,	  4	  COMPLETED	  
-‐  17	  REPORTS,	  12	  COMPLETED	  
-‐  IN	  TOTAL	  >	  3,000	  PAGES	  PRODUCED	  SO	  FAR	  
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LAGUNA-LBNO/WA105 A. Rubbia – EIB BoardLOMONOSOV CONFERENCE A. Rubbia – LAGUNA-LBNO !10

250$m$long$tunnel$and$a$cavern$at$1400m$excavated$for$LAGUNA$R&D$
15

Cafeteria,))meeting)room)and)sauna)at)1400)m)below)ground
16

Mobile'phones'work'and'internet'available'also'at'1400'm
17

This pump alone takes all the water from 645 m to the surface

Mine infrastructure

LAGUNA-LBNO/WA105 A. Rubbia – EIB BoardLOMONOSOV CONFERENCE A. Rubbia – LAGUNA-LBNO !10

250$m$long$tunnel$and$a$cavern$at$1400m$excavated$for$LAGUNA$R&D$
15

Cafeteria,))meeting)room)and)sauna)at)1400)m)below)ground
16

Mobile'phones'work'and'internet'available'also'at'1400'm
17

This pump alone takes all the water from 645 m to the surface

Mine infrastructure

1400 person-months: all sites visited	
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Huge amount of work has been accomplished:	
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Engineering done by world class industrial partners	




From the LAGUNA-LBNO DS we have highly detailed detector and process engineering designs, construction sequence, risk analysis,	

Infrastructure design and costing  	


Technodyne International Limited 

LAGUNA – LBNO (Deliverable 3.1) GLACIER LAr Detector Design 
DETECTOR CONCEPT DEVELOPMENT – 50ktonne Proposed Design  

14 
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From the LAGUNA-LBNO DS we have highly detailed detector and process engineering designs, construction sequence, risk analysis,	

Infrastructure design and costing  	


Technodyne International Limited 

LAGUNA – LBNO (Deliverable 3.1) GLACIER LAr Detector Design 
DETECTOR CONCEPT DEVELOPMENT – 50ktonne Proposed Design  

14 

Technodyne International Limited 

83 

LAGUNA – LBNO (Deliverable 3.1) GLACIER LAr Detector Design 
CATHODE CONSTRUCTION 

Peripheral Structure  

� 2 Bay Module 

� 2 Bay Infill 

� Corner RH 

� Corner LH 

� 2 Bay Diagonal 

� 2 Bay Infill Diagonal  

Inner Structure  

� 6m Module 

� 4m Module 

� 2m Module 

� Single K 

� Double K 

� Tube 

� Grid 
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LAGUNA – LBNO (Deliverable 3.1) GLACIER LAr Detector Design 
CATHODE CONSTRUCTION 

Peripheral Structure  

� 2 Bay Module 

� 2 Bay Infill 

� Corner RH 

� Corner LH 

� 2 Bay Diagonal 

� 2 Bay Infill Diagonal  

Inner Structure  

� 6m Module 

� 4m Module 

� 2m Module 

� Single K 

� Double K 

� Tube 
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Technodyne International Limited 

77 

LAGUNA – LBNO (Deliverable 3.1) GLACIER LAr Detector Design 
FIELD SHAPING COILS 

Corner shaping coil tubes 
will be fitted face-to-face 
with no gap 
 
Straight tubes will be 
clamped in place leaving 
a pre-set gap  
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LAGUNA – LBNO (Deliverable 3.1) GLACIER LAr Detector Design 

Field Shaping Coils will be installed from the top down. 
The Alimak platforms can be fitted with assembly aids as 
necessary to create safe and convenient work stations. 

Alimaks will be used to raise materials to the working level. 

FIELD SHAPING COILS 

Technodyne International Limited 
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LAGUNA – LBNO (Deliverable 3.1) GLACIER LAr Detector Design 
FIELD SHAPING COILS & HANGING COLUMNS – Connection 

 

Each Clamp is held in place 
by two stainless steel M12 
socket cap head screws   

Technodyne International Limited 
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LAGUNA – LBNO (Deliverable 3.1) GLACIER LAr Detector Design 
COMPLETED DETECTOR 

Cathode Structure 

LEM Anode Panels 4m x 4m 

Field Shaping Coils 

Hanging Columns 

25 Thomas Patzak:  “Future Long Baseline Neutrino Oscillations: View from Europe“	
 APC, Université Paris-Diderot	
Neutrino 2014, 1 – 7 June, 2014, Boston, USA	




From the LAGUNA-LBNO DS we have highly detailed detector and process engineering designs, construction sequence, risk analysis,	

Infrastructure design and costing  	


Technodyne International Limited 

LAGUNA – LBNO (Deliverable 3.1) GLACIER LAr Detector Design 
DETECTOR CONCEPT DEVELOPMENT – 50ktonne Proposed Design  

14 

Technodyne International Limited 

76 

LAGUNA – LBNO (Deliverable 3.1) GLACIER LAr Detector Design 

Field Shaping Coils will be installed from the top down. 
The Alimak platforms can be fitted with assembly aids as 
necessary to create safe and convenient work stations. 

Alimaks will be used to raise materials to the working level. 

FIELD SHAPING COILS 

Technodyne International Limited 

80 

LAGUNA – LBNO (Deliverable 3.1) GLACIER LAr Detector Design 
FIELD SHAPING COILS & HANGING COLUMNS – Connection 

 

Each Clamp is held in place 
by two stainless steel M12 
socket cap head screws   

Technodyne International Limited 

83 

LAGUNA – LBNO (Deliverable 3.1) GLACIER LAr Detector Design 
CATHODE CONSTRUCTION 

Peripheral Structure  

� 2 Bay Module 

� 2 Bay Infill 

� Corner RH 

� Corner LH 

� 2 Bay Diagonal 

� 2 Bay Infill Diagonal  

Inner Structure  

� 6m Module 

� 4m Module 

� 2m Module 

� Single K 

� Double K 

� Tube 

� Grid 

Technodyne International Limited 

77 

LAGUNA – LBNO (Deliverable 3.1) GLACIER LAr Detector Design 
FIELD SHAPING COILS 

Corner shaping coil tubes 
will be fitted face-to-face 
with no gap 
 
Straight tubes will be 
clamped in place leaving 
a pre-set gap  

Technodyne International Limited 

93 

LAGUNA – LBNO (Deliverable 3.1) GLACIER LAr Detector Design 
COMPLETED DETECTOR 

Cathode Structure 

LEM Anode Panels 4m x 4m 

Field Shaping Coils 

Hanging Columns 

26 Thomas Patzak:  “Future Long Baseline Neutrino Oscillations: View from Europe“	
 APC, Université Paris-Diderot	
Neutrino 2014, 1 – 7 June, 2014, Boston, USA	


Poster S. Murphy (ID 26) 	




LAGUNA-LBNO and CERN	

•  In June 2012, we had put forward an “Expression of Interest” to CERN	

•  Positive feedback from CERN SPSC in January 2013	

•  108th SPSC recommendations on new neutrino projects at CERN :	


•  The SPSC supports the physics cases of both projects and recognizes their timely relevance in the rapidly 	


	
evolving neutrino physics landscape. 	


	


•  The SPSC supports the focus of the European neutrino community on the LAr TPC technology, for which it has 

a unique expertise worldwide from the operation of the largest underground LAr detector	


•  Concerning LAGUNA-LBNO, the SPSC supports the double-phase LAr TPC option as a promising technique to 

instrument with the very large LAr neutrino detectors in the future. The SPSC therefore encourages the LBNO 

consortium to proceed R&D necessary to validate the technology on a large scale. 	


•  Activity embedded in CERN Neutrino R&D platform 	

•  TDR for the 6x6x6 m3 Demonstrator for DLAr in the North Area recommended	
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LBNO-DEMO:Technical demonstrator:	

Active vol.: 6 x 6 x 6 m3 (0.3 kt)	


28 3 DLAR DETECTOR OVERVIEW

3 DLAr Detector overview

3.1 Design concept of the 6 × 6 × 6m3 prototype

The 6 × 6 × 6m3 prototype is illustrated in Figure 12. Following the GLACIER concept, the LAr

detector has the shape of a vertically standing volume, where electrons are drifted vertically towards

the liquid-vapor interface, extracted from the liquid into the gas phase, amplified and collected at a

segmented anode [23–25]. The main parameters are summarised in Table I. The horizontal and vertical

sections are shown in Figures 13 and 14.

FIG. 12: Illustration of the 6 × 6 × 6m3 with the inner detector inside the cryostat.

The uniform drift field is created by a field cage composed of several equally-spaced stainless-steel

tubes, held in place by insulating mechanical structures which are hanged from the top cap of the

vessel. The anode deck is also suspended with stainless-steel ropes linked to the top roof. The bottom

field is closed by a transparent cathode and the top field by an anode, which also serves as the charge

readout. The light readout consists of PMTs uniformly distributed below the cathode.
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Sebastien Murphy ETHZ                                                                                                                                    LBNO collaboration meeting May 20146

Physics goals

5 GeV π-

5 GeV νμ

pions, electrons/positrons, protons, muons

test reconstruction on data from charged particle beam (well defined 
primary particles and energies)

Some goals!
✴Development of automatic 

event reconstruction !
✴test NC background 

rejection algorithms on “νe 
free” events!

✴Charged pions and proton 
cross-section on Argon 
nuclei. Rate of pion 
production is important!!

✴What is the achievable 
energy resolution?!

✴Development and proof-
check of industrial solutions

CERN WA105 R&D programme 
(SPSC-TDR-004-2014).	
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•  After 2 consecutive DS the LBNO collaboration has a clear end-to-end path to 
propose an experiment capable to 	


•  Determine unambiguously (>5 σ) MH (no need for external input) and 	

•  Cover 80% of the CPV phase space at 3σ and 65 % at 5σ with realistic	

	
 systematic error assumptions -> P5 requirement satisfied	


•  Deep underground location:	

•  Astrophysics program	

•  p-decay	


•  Full conceptual design available, developed in collaboration with industrial partners 
leading to: Underground facility, construction sequence, well defined costs,…	


•  LAGUNA-LBNO DS final report August 2014, stay tuned!	

•  Planned next step: construction and operation of  LBNO-DEMO (WA 105)	


LBNO – PILOT	

(2.5 – 5 kt)	


WA 105	
LAGUNA-LBNO	

DS	


LBNO Phase 11	

(LBNO70)	


LBNO Phase 1	

(LBNO20)	


Site selection	

Full assessment of physics	

Full engineering	

costing	


DLAr demonstrator	

Calibration 	

Software development	


Underground installation	

Astro particle physics	


MH	

CPV 3 σ: 46%  	

Proton decay	

Astrophysics	


CPV 3 σ: 80 %	

Proton decay	

Astrophysics	


Conclusions 	


2014	
 2018	
 202X	
 202X	
 203X	


}	
Complementary to WCD	
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Home > Fysiikan laitos > In English > LAGUNA2014

LAGUNA
 2014

Open Meeting Marking Completion of the Design Studies and Transition to the Realisation

Phase

25
 –
 27
 August
 2014,
 Hanasaari,
 Finland

 

Arrival day:

Sunday, August 24, 2014

Departure:

Wednesday evening, August 27, 2014

Venue: (slide show)

Hanasaari - the Swedish-Finnish Cultural Centre
Hanasaarenranta 5
FI-02100 ESPOO

Located on a picturesque island -- just 30 min from the HELSINKI Airport

We gratefully acknowledge financial support from

Concluding LAGUNA-LBNO DS Meeting	


      

https://www.jyu.fi/fysiikka/en/laguna2014	




Thank you for your attention.	
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•  Next generation Neutrino Physics will come from new, large scale underground  detectors	

•  Europe has substantially invested in design studies since 2008	


•  We are ready to go for the experiment!	


•  The LAGUNA-LBNO collaboration decided to propose stage I with a 24 kt DLAr + 750 kW SPS	


•  LAGUNA/LBNO is a project with a very rich and interesting physics program with fundamental discovery potential:	


•  Guaranteed determination of MH at > 5 σ within 4 y with statistical power ≈ 1	

•  Early determination of MH is crucial to:	


•  Tune the beam for the CPV measurement and	

•  Provide the long awaited input to the community	


•  Measurement of CPV with SPS 750 kW, 400 GeV protons: 	
24 kt -> 3 sigma 46 % of the phase space 	

	
 	
 	
 	
 	
 	
 	
 	
 	
70 kt -> 3 sigma ~64 % , 5 sigma 36 %	

•  Full exploration of the 1st and 2nd maximum and the L/E behavior	

•  MSNP precision measurement	

•  Proton decay search: significantly extended sensitivity in many channels	

•  Supernova neutrinos > 10,000 events for SN explosion @ 10 kpc	

•  Diffuse SN Neutrinos	

•  Neutrinos from DM annihilation	

•  Atmospheric Neutrinos (5600 events/year)	


•  LBNO has real synergy and complementary to HK by: 	


•  Providing MH	


•  Measuring CP in a different way using L/E and the 2nd max 	


•  The deployment of a fine-grained  LAr detector is sensible only if one can make complementary measurements 	


	
with respect to a statistically outnumbering detector like HK.	


	

•  The 2300 km baseline of LBNO is perfect for the ultimate neutrino factory.	


Summary	
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LAGUNA-LBNO/WA105 A. Rubbia – EIB BoardISOUPS2013 A. Rubbia – LAGUNA-LBNO !9

Timo shaft Decline tunnel 
entrance

Pyhäsalmi mine    (Inmet/PM Oy)

•Only those parts that are necessary for LAGUNA/
LBNO during construction and operation would be 
transferred to the LAGUNA lab’s entity.!

-The decline (length about 11km)!
-The main hoist (Timo shaft, from surface to ‐1440m) !
-The fresh air inlet shaft (from surface to ‐1440m) !
-An return air outlet route !
-Pumping stations (the main pump at ‐640m and the 

pumps on deeper levels down to ‐1440m) !
-The Main service level at -1410m !
-The crusher at ‐1440m !

•Yearly operational costs for LAGUNA are found to be 
similar to those for MINOS in the Soudan mine.

•Inmet Mining Corporation acquired by 
First Quantum Minerals Ltd (March 
2013)!

•Underground mining activities lifetime 
estimated until 2019. On‐surface 
activities would continue afterwards.!

•Extended site investigation!
-Assess rock where LAGUNA 

caverns would be excavated!
-So far 750m drilled. Final report 

expected in 2014.

Guido�Nuijten�27.2.20137

2 Pyhäsalmi�mine�transfer�issues

Progress of site investigation 
at Pyhäsalmi 

 
Marko Aittola 

Eelis kokko 
Oulu Southern institute, university of Oulu 

 
 

LAGUNA-LBNO Meeting, Hamburg  25.-27.2 2013 
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6.8 km drilled, rock quality as	

 expected	




LAGUNA-LBNO/WA105 A. Rubbia – EIB BoardISOUPS2013 A. Rubbia – LAGUNA-LBNO

Main detectors facility

!12

LAGUNAͲLBNO:�LAr + LSc LAYOUT�@�PYHÄSALMI

LAr – UAC
upper�auxiliary�cavern

LAr – LAC
lower�auxiliary�cavern

LSc – UAC
upper�auxiliary�cavern

LSc – LAC
lower�auxiliary�cavern

LAr – MDC1�&2
Main�detector�caverns

LSc – MDC
Main�detector�cavern

Note:�radius�of�tunnels�
still�to�be�fine�tuned.

35 Thomas Patzak:  “Future Long Baseline Neutrino Oscillations: View from Europe“	
 APC, Université Paris-Diderot	
Neutrino 2014, 1 – 7 June, 2014, Boston, USA	




LAGUNA-LBNO SITE INVESTIGATION	


Guido Nuijten 19.5.2014	


TOTAL AMOUNT OF CORE 
DRILLING: 6.8 KM / 14 HOLES	

100% DRILLED BY 23ND MAY 2014	

	

RESULTS SO FAR CONFIRM 
ESTIMATED ROCK CONDITIONS	




LAGUNA-LBNO/WA105 A. Rubbia – EIB Board

Fully"engineered"process"designs

!15

LL�TB�WP2�D2.4�LAR�FINAL�REPORT

17

3 DESIGN�SUMMARY�– LIQUID�INFRASTRUCTURE
OnͲsurface�Liquid�Infra

Underground
Liquid�Infra�

Guido�Nuijten�11.2.2014

Vertical�Infra�(LAr�pipeline)
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LAGUNA-LBNO/WA105 A. Rubbia – EIB Board

Detailed"risk"analyses

!16

D3.3$–$Final$Report$
Safety$Analysis$and$Quan9ta9ve$Risk$
Assessment$of$the$GLACIER$Tank$and$
Underground$Processes$at$Pyhäsalmi$

Effie$Marcoulaki,$Ioannis$Papazoglou,$Alexandros$Venetsanos$$
Ins$tute(of(Nuclear(&(Radiological(Sciences(&(Technology,(Energy(&(Safety(

Na$onal(Centre(for(Scien$fic(Research(DEMOKRITOS(
Greece(

$
LAGUNAPLBNO$General$Mee9ng$

CERN,$10P12$February$2014$

Reduced&Event&Tree&for&Loss&of&Insula4on&
O1#=#ok#
O2#=#tank#break#
O3#=#release#

15&NCSR#DEMOKRITOS##–##LAGUNA@LBNO#General#MeeBng,#CERN,#Geneva,#10@12#February#2014#

Ex1:%Loss%of:%Offsite%Power%+%Diesel%Generator%

NCSR%DEMOKRITOS%%–%%LAGUNA2LBNO%General%Mee9ng,%CERN,%Geneva,%10212%February%2014% 12%

Tank%roof%failure% Ar%release%
in%cavern%

DG%

Tank%P%
increase%

InstrumentaAon%
OFF%

Lower%heat%influx%

OperaAonal%on%demand% OK%if%power%is%back%within%a%
predicted%‘grace’%Ame%period%

Ar%release%
to%atm.%

Demand%for%P%Relief%

Loss%of%
cooling%

Cavern%
venAlaAon%OFF%

Cavern%PT%
drop%

EVENT% PROBABILITY%
Loss%of%offsite%Power%(LOOP)% 1025/hr%(Frequency)%
Mission%Dura9on%%(grace%period,%predicted%using%system%thermodynamics)% 2.2%hours%
Failure%to%recover%Offsite%Power%within%2.2%hours%(MTTR=2hours)% 37%$
Emergency%Diesel%Generator%starts%on%Demand% 98%%
Emergency%Diesel%Generator%is%repaired%within%2.2%hours%% 15.4%$
Given%that%Emergency%DG%starts,%mean%availability%over%2.2%hours% 91.1%$

LOOP%

Once%in%
34yrs%

Once%in%
300yrs%

Fr
eq

ue
nc
ie
s*f
or
*L
O
C*
ow

ni
ng
*to

*o
ve
rp
re
ss
ur
e*

NCSR%DEMOKRITOS%%–%%LAGUNA2LBNO%General%Mee9ng,%CERN,%Geneva,%10212%February%2014% 16*

INITIATOR%
Frequency*

(hr?1)%

CondiBonal**Probability*of% Frequency*of% ContribuBon*of*********
each*iniBator%Tank*Failure% Argon*Release% TF*(hr?1)% ArR*(hr?1)%

LOOP% 1.00x1025% 3.80x1023% 3.4x1022% 3.80x1028% 3.4x1027% 0.013%% 0.524%%

Loss%of%SWCS%Pump% 3.10x1024% 8.30x1021% !% 2.57x1024% !% 89.500%% 0.000%%

Loss%of%SWCS%HX% 3.60x1025% 8.30x1021% !% 2.99x1025% !% 10.394%% 0.000%%

Loss%of%Opera9ng%
Pressurizer%Train%

1.00x1025% 2.00x1028% 5.00x1026% 2.00x10213% 5.00x10211% 0.000%% 0.000%%

Loss%of%Cavern%
Hea9ng%System%

3.10x1024% 6.80x10210% 1.70x1027% 2.11x10213% 5.27x10211% 0.000%% 0.000%%

Loss%of%Ar%Pump% 3.10x1024% 8.60x1024% 2.10x1021% 2.67x1027% 6.51x1025% 0.093%% 98.861%%

Loss%of%Opera9ng%N2%
train%

5.00x1025% 2.60x1025% 6.40x1023% 1.30x1029% 3.20x1027% 0.000%% 0.486%%

Loss%of%Insula9on%
type%LI1%

9.12x1027% 2.60x1025% 3.90x1022% 2.37x10211% 3.56x1028% 0.000%% 0.054%%

Loss%of%Insula9on%
type%LI2%

1.14x1027% 2.30x1024% 5.70x1022% 2.62x10211% 6.50x1029% 0.000%% 0.010%%

Loss%of%Insula9on%
type%LI3%

7.98x1028% 4.50x1024% 1.10x1021% 3.59x10211% 8.78x1029% 0.000%% 0.013%%

Loss%of%Insula9on%
type%LI4%

3.42x1028% 4.00x1023% 9.96x1021% 1.37x10210% 3.41x1028% 0.000%% 0.052%%

TOTAL% 2.87x10?4% 6.59x10?5%

Cavern'&'tank'geometry'used'in'CFD'simula6ons'
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Top'leaks'(small'GAr''
/'medium'LAr)'

Large'boBom'
leak'(liquid'Ar)'

personnel'exit'

x'

y'

z'e l l i p s o i d a l%
dome%
%
e l l i p 9 c a l%
cylinder%
%
c y l i n d r i c a l%
tank%base%
%

The cavern consists of three sections%

Dimensions of cavern and tank components, 
correspond to the 50kton Steel/Steel baseline tank  

TPC'sensors'

TPC'sensors'
TPC'sensors'

Release&Category&I&–&CFD&results&&

parameter&name! value! units!
orifice!diameter! 0.244! m!
const.!Ar!flow!rate! 1.667! kg/s!
const.!Ar!temperature! 89.35! K!
const.!Ar!!pressure! 1,275! mbar!
argon!phase! saturated!vapor!
direcFon!of!leak! upwards,!verFcal!

NCSR!DEMOKRITOS!!–!!LAGUNAWLBNO!General!MeeFng,!CERN,!Geneva,!10W12!February!2014! 21&

•  In!the!centre!of!the!cavern!above!the!tank!the!Ar!
concentraFons!remain!below!10%!during!the!first!
24!hours,!and!take!two!days!to!go!over!20%.!!

•  Near!the!cavern!walls!around!the!tank!the!
concentraFons!are!significantly!higher!and!reach!
10%!Ar!within!5!hours,!and!20%!within!8!to!10!
hours.!!

!  The&CFD&predicts&O2&concentra>ons&to&remain&
over&18%&for&a&day&above&the&tank&and&for&5&
hours&at&lower&heights.& 38 Thomas Patzak:  “Future Long Baseline Neutrino Oscillations: View from Europe“	
 APC, Université Paris-Diderot	
Neutrino 2014, 1 – 7 June, 2014, Boston, USA	
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CERN effort in LAGUNA-LBNO

Near"detector
Target"
(0.75X2MW)

ν"beam"to"Pyhasalmi

(LP)-SPL

HPPS

‣ Phase 1 : use the proton beam extracted beam from SPS!
- 400 GeV, max 7.0 1013 protons every 6 sec, 750 kW nominal beam power, 10 μs pulse!
- Yearly integrated pot  = (8–13)e19 pot / yr depending on “sharing” with other fixed target 

programmes.!
‣ Phase 2 : use the proton beam from the new HP-PS!
- 50(70) GeV, 1 Hz, 2.5e14 ppp, 2 MW nominal beam power, 4 μs pulse 

Christos Lazaridis (CERN) 

SPS Beam Performance 
The Past and the (possible) Future 

*Feasibility including operational viability (especially in the PS) remains to be demonstrated  

February 26, 2013 
CNGS Beam Studies with SPS  

  3 

Operation SPS record After LIU  (2020) 

Beam type: LHC CNGS LHC CNGS LHC post-CNGS 

SPS beam energy [GeV] 450 400 450 400 450 400 

bunch spacing [ns] 50 5 25 5 25 5 

bunch intensity/1011 1.6 0.105 1.3 0.13 2.2 0.17 

number of bunches 144 4200 288 4200 288 4200 

SPS beam intensity/1013 2.3 4.4 3.75 5.3 6.35 7.0* 

PS beam intensity/1013 0.6 2.3 1.0 3.0 1.75 4.0* 

PS momentum [GeV/c] 26 14 26 14 26 14 

PS  cycle length [s] 3.6 1.2 3.6 1.2 3.6 1.2* 

SPS cycle length [s] 21.6 6.0 21.6 6.0 21.6 6.0 

SPS average current [μA] 0.17 1.17 0.28 1.4 0.47 1.9 

SPS power [kW] 77 470 125 565 211 747 

Ref: E. Shaposhnikova (Laguna-LBNO General Meeting 2.10.2012) 

SPS

*Assumed (operational feasibility in PS/SPS not demonstrated yet)
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Possibility of neutrinos from Protvino!

C2P+P2P sensitivity under study 

Decay tunnel length:	


≈2000 νµ CC / 20 kton / year (no osc.) 

P2P 

Desired parameters for neutrino beam:	


200-300 m!

C2P 
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LBNO with 2nd beam from Protvino 	
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LBNO20 (24kt): 57.3% @ 3 σ & 23.7% @ 5 σ	

LBNO70 (70k):  73% @ 3 σ & 53% @ 5 σ	
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Figura 4. LBNO at Garpenberg: statistical power as a function of exposure for the test of NH (left)
and IH (right) at 3 � and 5� CL. The SPS beam is assumed and fiducial masses of 20 kt (top row)
and 70 kt (bottom row) are considered. The nominal central values for oscillation parameters have
been assumed and the shaded bands correspond to the variation of CP.
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THE GARPENBERG HYPOTESIS CN2GR	


6 CP violation discovery potential160

The CP violation discovery potential has been evaluated considering a normalization of 1.5⇥161

1021 PoT for the SPS beam and of 3.0 ⇥ 1022 PoT for the HP-PS (in both cases equivalent162

at about 10 years of running). The sharing between neutrinos and anti-neutrinos is 75%-25%163

which has been demonstrated to be the best sharing by the LAGUNA/LBNO studies [2].164

Mass hierarchy is assumed to be normal and the oscillation parameters are those in Table 1.165

CPδTrue 
0 1 2 3 4 5 6

>2 χ 
∆<

0

10

20

30

40

50

60

70

80

σ3

σ5

 exclusion with NHπ = 0,CPδ

CN2GA 20 kt SPS

CN2GA 70 kt SPS

CN2GA-SPS: 15e20 pots
ν+25% ν75% 

m
yf

itt
er

CPδTrue 
0 1 2 3 4 5 6

>2 χ 
∆<

0

20

40

60

80

100

120

140

σ3

σ5

 exclusion with NHπ = 0,CPδ

CN2GA 20 kt HP-PS

CN2GA 70 kt HP-PS

CN2GA-HPPS: 30e21 pots
ν+25% ν75% 

m
yf

itt
er

Figura 6. CPV sensitivity for LBNO at Garpenberg experiment using the SPS beam (left) or the
HP-PS beam (right) for the median experiment for 20 kt and 70 kt detectors.

Figure 6 shows the median sensitivity (power=50%) as a function of �CP for LBNO at166

Garpenberg assuming the SPS beam and the HP-PS beam. The percentage of CP phase167

space covered in the different options is:168

i SPS beam, 20 kt: 37% CP coverage at 3 �169

ii SPS beam, 70 kt: 64% CP coverage at 3 � and 36% CP coverage at 5 �170

iii HP-PS beam, 20 kt: 59% CP coverage at 3 � and 25% CP coverage at 5 �171

iv HP-PS beam, 70 kt: 76% CP coverage at 3 � and 59% CP coverage at 5 �172

7 Conclusions173

In this paper we presented the physics potential of the LAGUNA/LBNO experiment with a174

1700 km base-line from CERN to Garpenberg using a GLACIER-type detector. This option175

can explore an important fraction of the CP phase space at 3 � CL during the first phase of176

the project corresponding to a 20 kt detector mass and it will able to reach 5 � CL if upgraded177

to 70 kt detector mass. LBNO at Garpenberg can cover more than half of the CP phase space178

at 5 � if a MW beam is used. Even if the baseline is not optimal the experiment can guarantee179

the determination of the mass hierarchy at 5 � C.L. with a probability of close to 100% after180

around 10 years in the first stage. The exposure can be reduced to about 4 years for a detector181

of 70 kt and to 1 year if a MW beam is assumed. In conclusion: concerning CP-violation182

discovery, the potential of LBNO at Garpenberg is comparable to the LBNO at Pyhäsalmi,183

for the MH determination the longer baseline of LBNO at Pyhäsalmi guarantees the best184
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CP Violation with LBNO     

43 Thomas Patzak:  “Future Long Baseline Neutrino Oscillations: View from Europe“	
 APC, Université Paris-Diderot	
Neutrino 2014, 1 – 7 June, 2014, Boston, USA	


Parameter	
 Value	
 Error 	


L	
 2300 km	
 exact	


Δm2
21	
 7.45 x 10-5 eV2	
 fixed	


Δm2
31	
 2.42 x 10-3 eV2	
 2 %	


sin2θ12	
 0.306	
 fixed	


sin2θ23	
 0.446	
 5 %	


sin2 2θ13	
 0.09	
 3 %	


ρ	
 3.20 g/cm3	
 4 %	


Parameter	
 Value	
 Error	


Signal normalization (fsig)	
 1	
 3 %	


Beam electron contamination normalization (fνe)	
 1	
 5 %	


Tau normalization (fντ)	
 1	
 20 %	


ν NC and νµ CC background (fNC)	
 1	
 10 %	


Updated values and errors for oscillation parameters and systematics	


After TAUP 2013	


Optimized SPS beam:	

Influence of detector mass with SPS GLBOPT 

coverage 24kt 3σ 35kt 3σ 35kt 5σ 70kt 3σ 70kt 5σ 

NH 46,5% 53,7% 13% 63,8% 36,4% 

IH 44,2% 54,3% 0% 66,4% 37,9% 

Detector	

Normal 

Hierarchy	

Inverted 

Hierarchy	

3 σ	
 5 σ	
 3 σ	
 5 σ	


LBNO 
Phase 1	

“20 kt”	


24 kt	
 46.5 %	
 0 %	
 44.2 %	
 0 %	


35 kt	
 53.7 %	
 13.0 %	
 54.3 %	
 0%	


LBNO 
Phase II	

“70 kt”	


70 kt	
 63.8 %	
 36.4 %	
 66.4 %	
 37.9 %	
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Influence of detector mass with HPPS LEOPT 

Coverage 24kt 3σ 24kt 5σ 35kt 3σ 35kt 5σ 70kt 3σ 70kt 5σ 

NH 68,6% 43,4% 73,1% 52,7% 79,7% 65,1% 

IH 67,9% 38,6% 73,1% 50,8% 80% 65,4% 

Detector	

Normal 

Hierarchy	

Inverted 

Hierarchy	

3 σ	
 5 σ	
 3 σ	
 5 σ	


LBNO 
Phase 1	

“20 kt”	


24 kt	
 68.6%	
 43.4%	
 67.9%	
 38.6 %	


35 kt	
 73.1%	
 52.7%	
 73.1%	
 50.8 %	


LBNO 
Phase II	

“70 kt”	


70 kt	
 79.7%	
 65.1%	
 80 %	
 65.4%	


Optimized HPPS:	
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•  With the optimized HPPS LBNO can cover 73 % of the CPV phase space with a 35 kt DLAR	


•  LBNO meets the P5 requirement with 3% syst. error on the signal normalization	


•  LBNO fully exploits the L/E behavior and is therefore highly complementary to HK	


•  From the LAGUNA-LBNO Design Study we have for the 20 kt and 70 kt DLAr and both beams:	


•  A fully engineered cavern design + excavation sequence and costing	


•  A fully engineered detector design + construction sequence and costing	


•  A fully engineered detector instrumentation and costing	


•  A complete risk register	


•  Estimated running costs	


•  LBNO is ready for deployment.	
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LAYOUT + SAFETY	


Upper auxiliary cavern (green)	

during excavation:	

-  access for cavern dome excavation	

-  ventilation outlet	

during construction:	

-  supply for roof construction	

during operation:	

-  processing, electrical and control room	

-  power transformation	

-  ventilation power room	


Lower auxiliary cavern (magenta)	

during excavation:	

-  access to cavern invert	

-  ventilation inlet to caverns	

-  equipment storage	

during construction:	

-  supply for tank construction	

during operation:	

-  pump installation	

-  safety and emergency rooms	


Main Detector Cavern MDC (in operation):	

-  equipment space/room	

-  liquid & gas handling	

-  clean room and clean storage	

-  electronics et al.	




LAGUNA-LBNO 20+50KT DESIGN SUMMARY	


TANK DESIGN (STEEL BASE + MEMBRANE)	




LAGUNA-LBNO PILOT @ PYHÄSALMI���
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���
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LAGUNA PILOT DESIGN	

-  COVERING A SAFETY STRATEGY IN CASE OF LAR LEAKAGE (ESCAPE ON TOP 

LEVEL + EI120 SEPARATE ESCAPE ROUTE)	


Guido Nuijten 27.5.2014	




16 1 PHYSICS CASE

are self-consistent and are compatible with any value for �CP within the allowed range 0  �CP  2⇡.

Assuming CPT conservation, direct evidence for CP-violating e↵ects must be present in flavor

appearance measurements. At conventional neutrino beams, searches are favorably based on the elec-

tron appearance channels ⌫µ ! ⌫e and ⌫̄µ ! ⌫̄e. Including higher order terms and matter e↵ects, the

⌫µ ! ⌫e oscillation probability can be approximated as [30] (we note that actual calculations performed

for this EoI use exact formulae, so the expression below is given for illustration purpose):

P (⌫µ ! ⌫e) ⇡ sin2 ✓23
sin2 2✓13

(Â � 1)2
sin2((Â � 1)�̂31)

� ↵
JCP sin �CP

Â(1 � Â)
sin(�̂31) sin(Â�̂31) sin((1 � Â)�̂31)

+ ↵
JCP cos �CP

Â(1 � Â)
cos(�̂31) sin(Â�̂31) sin((1 � Â)�̂31)

+ ↵2 cos2 ✓23 sin2 2✓12

Â2
sin2(Â�̂31) (1.12)

with �m2
21 = ↵�m2

31 and Â = A/�m2
31 = 2V E⌫/�m2

31 ⇡ E⌫(GeV)/11 for the Earth’s crust. The

potential V is proportional to the electron density. The parameter �CP is the complex phase that

violates CP symmetry. The corresponding probability for ⌫̄µ ! ⌫̄e transition is obtained by replacing

�CP ! ��CP and A ! �A. The second term, containing sin �CP , is the CP -odd violating term

which flips the sign between ⌫ and ⌫̄ and thus introduces CP asymmetry if sin �CP is non-zero. The

magnitude of CP violation in ⌫l ! ⌫l0 and ⌫̄l ! ⌫̄l0 oscillations is determined by the Jarkslog invariant,

which as expected vanishes if any one of the mixing angles is zero:

JCP = cos ✓13 sin 2✓12 sin 2✓13 sin 2✓23. (1.13)

Matter e↵ects are caused by coherent forward scattering in matter, they also produce an asymmetry

between neutrinos and anti-neutrinos. As seen from the definition of A, the amount of asymmetry due

to the matter e↵ect is proportional to the neutrino energy at a fixed value of L/E⌫ . The last term in

Eq. 1.12 is due to the solar term.

As can be seen from the oscillation probability in expression Eq. (1.12), the CP-violating e↵ects

of �CP are modulated by those of all three mixing angles and their interplay, resulting in complicated

dependencies and leading to an a priori eight-fold parameter degeneracy [31]. In addition, the situation

in all long baseline experiment is complicated by the matter e↵ects. Overall, it is known that the energy

dependence of the probability can resolve several of these issues and allows in particular disentangling

the CP-driven and the matter-driven e↵ects, if the baseline is large enough.

In this context, it is instructive to define two asymmetries between the probability of oscillations of
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+ ↵2 cos2 ✓23 sin2 2✓12

Â2
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31 and Â = A/�m2
31 = 2V E⌫/�m2

31 ⇡ E⌫(GeV)/11 for the Earth’s crust. The

potential V is proportional to the electron density. The parameter �CP is the complex phase that

violates CP symmetry. The corresponding probability for ⌫̄µ ! ⌫̄e transition is obtained by replacing

�CP ! ��CP and A ! �A. The second term, containing sin �CP , is the CP -odd violating term

which flips the sign between ⌫ and ⌫̄ and thus introduces CP asymmetry if sin �CP is non-zero. The

magnitude of CP violation in ⌫l ! ⌫l0 and ⌫̄l ! ⌫̄l0 oscillations is determined by the Jarkslog invariant,

which as expected vanishes if any one of the mixing angles is zero:

JCP = cos ✓13 sin 2✓12 sin 2✓13 sin 2✓23. (1.13)

Matter e↵ects are caused by coherent forward scattering in matter, they also produce an asymmetry

between neutrinos and anti-neutrinos. As seen from the definition of A, the amount of asymmetry due

to the matter e↵ect is proportional to the neutrino energy at a fixed value of L/E⌫ . The last term in

Eq. 1.12 is due to the solar term.

As can be seen from the oscillation probability in expression Eq. (1.12), the CP-violating e↵ects

of �CP are modulated by those of all three mixing angles and their interplay, resulting in complicated

dependencies and leading to an a priori eight-fold parameter degeneracy [31]. In addition, the situation

in all long baseline experiment is complicated by the matter e↵ects. Overall, it is known that the energy

dependence of the probability can resolve several of these issues and allows in particular disentangling

the CP-driven and the matter-driven e↵ects, if the baseline is large enough.

In this context, it is instructive to define two asymmetries between the probability of oscillations of

CP odd term: flips sign between nu and anti-nu 	

and therefore introduces the CP asymmetry.	


(Pontecorvo–Maki–Nakagawa–Sakata)	


Oscillation basics - the flavor cocktail…	
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Stage 1: 20 kt LAr with 700 kW SPS 
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LBNO Strategy on Mass Hierarchy  
	


Mean value of the mass hierarchy test statistic as a function of true 
δCP  and the value of sin2Θ23 for an exposure of 4 × 1020 pots (or 

about 5 years of running at the SPS) and LBNO 20 kton LAr double 
phase detector. 	
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5 σ MH measurement can be guaranteed by LBNO independent of the octant of θ23	
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Curves are simulated for 20 kt and 1.5e21 POT 
at 2300 km	


- LBNO conservative assumptions	

- LBNO optimistic assumptions	


Optimistic assumptions lead to better CP coverage, 	

but how can we know???	


Name conventions: 	

	

Values as in the SPSC paper = CONSERVATIVE VALUES	

Values with red modifications = OPTIMISTIC VALUES	


The most important differences are: 	

- The value of θ23 Fogli et al. arXiv:1205.5254v3 (ours: Gonzales et al.  arXiv:1209.3023)	

- Error on sin^22θ13  	

- Systematics on signal and background	


5 sigma level reached 
during the first 

phase 20 kt 	


Seminar LLR, École Polytechnique, March 31, 2014	




LBNO Strategy on δCP  
Use all spectral information: Rate & Shape for energy range 1st - 2nd max 

"
"
"
 
 
 
	


1st max	
2nd max	


1 σ error band	

on δCP = 0	


Eν (GeV)	


the theoretical framework of oscillations as a whole. In fact, the spectrum shape as well as689

the number of events strongly depend on the value of �CP in particular in the energy region690

corresponding to the 2nd maximum. We have compared the significance of our standard691

method to a first maximum only and a rate only analysis. The study of the significance of692

the events around the 2nd oscillation maximum was done by evaluating the CPV sensitivity693

with a cut on the reconstructed energy of the e-like events placed at 2.5 GeV. This effectively694

removed all information about the 2nd maximum from the e-like sample. In addition we have695

tested the importance of performing an analysis based on the e-like event distributions by a696

rate only analysis evaluation. The rate only measurement leads to a drastic loss of sensitivity697

of the experiment to the CPV. These studies are shown in Figure 13. The important quantity698

in this plot is the width of the interval below the curve for a given confidence level, which699

tells us the fraction of unknown parameter space for which we would be able to discover CP700

violation. As can be seen in this plot, the rate only measurement leads to a drastic loss of701

sensitivity of the experiment to the CPV. The power of measuring events over an energy702

range that covers the 1st and the 2nd oscillation maxima is also evident.703
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Figure 13: Comparison of the CPV sensitivities of a rate only analysis, an analysis with a
cut on a reconstructed energy at 2.5 GeV (excluding the 2nd maximum), and the nominal
case where the full event spectrum is used.

9.3 Impact of prior uncertainties on the �CP discovery potential704

The effects of the prior uncertainties on the oscillation parameters have been studied in detail.705

The CP phase space coverage has been evaluated setting one prior at time for each oscillation706

parameter according to Table 5. This is shown in Figure 14 where it is evident that the priors707

with the largest impact is that on ✓13.708

In Figure 15 we show the effects on the expected electron neutrinos energy spectrum709

when values of ✓13 and ✓23 are varied by ±1� for both the appearance and the disappearance710

22
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LBNO Strategy on δCP  
Use best knowledge and realistic assumptions on systematics and oscillation 

parameters	


The most important oscillation  
parameters are θ23 and θ13 and  
the most important systematics 
is the knowledge of the absolute  
rate of νe CC events. 

CPITrue 
0 1 2 3 4 5 6

2 H
)

0

5

10

15

20

25

90%C.L.

X3

X5

CPV discovery
 exclusion with NHU = 0,CPI

with all errors

 at 5%13Vwith prior on 

 at 2.5%13Vwith prior on 

S+25%S75%C2P: 15e20 pots

m
yf

itt
er

Figure 17: Same as Figure 16 but with all other systematic errors included.

for around 30% of the parameter space.737
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Figure 18: Impact of the prior value of ✓23: CPV sensitivity of LBNO phase I as a function of �
CP

for a range of values of ✓23.

The dependence of the discovery reach on ✓23 can be understood analytically by following
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Figure 15: Measured e-like spectrum. Left: Maximum and minimum band if sin2 ✓23 is varied by
±1�. Right: Maximum and minimum band if sin2 2✓13 is varied by ±1� in the appearance channel.
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Figure 16: Impact of systematic errors: CPV sensitivity of LBNO phase I as a function of
�
CP

, with only statistical and no systematic errors (black), and effect of the error on the sin2 2✓13

parameter prior of ±10% (green), ±5% (blue), ±2.5% (red).

9.3.2 Influence of ✓23 on the �CP discovery potential

Now that the value of ✓13 mixing angle has been measured, the knowledge of the mixing
angles which describe the PMNS matrix has changed significantly. Whilst previously ✓13
was not known, the uncertainty on it had a dominant influence on the possible discovery
reach of long-baseline facilities, now it makes sense to investigate also the influence of ✓23
(excluding �CP ) whose uncertainty has as well a large impact. Its true value influences the
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Figure 19: Impact of systematic errors: CPV sensitivity of LBNO phase I as a function of �
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with only statistical and no systematic errors (black), and effect of the error on the normalisation
of the signal and backgrounds.
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Figure 20: Measured neutrino spectra for (left) e-like appearance (right) muon-like disappearance
channels, when all the normalisation errors listed in Table 6 are varied by ±1� in a fully correlated
way. Statistical error are also shown.

10 Ultimate CPV sensitivity

We have seen that the LBNO Phase I has significant physics goals, in particular it is
guaranteed to be fully conclusive for MH discovery with an expected 5� C.L. over the full

29
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of the function is correctly given by ���

2 =

q
��

2. Hence, for the CPV discovery, the588

significance of the result will be computed as n� =

p
��

2.589

6.5 Assumption on parameters and systematics590

Assumptions on the oscillation parameters and uncertainties as well as on the beam line591

characteristics are shown in Table 5. Values take into account the results from ongoing592

experiments, in particular reactor experiments, and are based on the global analyses published593

in the literature. Uncertainties are given at 1� and in percent. We have chosen to use594

the values available as of today, therefore our assumptions are conservative. In order to595

describe matter effects, we use a constant average density approximation. We have compared596

the analytical oscillation probability obtained with the constant value to the one computed597

by integration of the oscillation amplitude in 50 steps through the Earth described by the598

Preliminary reference earth model (PREM) [31]. As can be seen in Figure 8, the assumed599

value of 3.20 g/cm3 describes best the probability computed with the PREM. In the figure,600

the band corresponds to the oscillation probabilities obtained by varying the density in the601

interval 3.2 > ⇢ > 2.8 g/cm3. The upper values of the band are found for ⇢ = 3.20 g/cm3.602

Name Value error (1�) error (%)
L 2300 km exact exact

�m

2
21 7.6 ⇥ 10

�5
eV

2 exact exact
|�m

2
31|⇥ 10

�3
eV

2 2.420 ±0.091 ±3.75 %
sin

2
✓12 0.31 exact exact

sin

2
2✓13 0.10 ±0.01 ±10%

sin

2
✓23 0.440 ±0.044 ±10%

Average density of traversed matter (⇢) 3.20 g/cm3 ±0.13 ±4%

Table 5: Assumptions on the values of the oscillation parameters and their uncertainties.

Name Value error (1�)
Signal normalization (f

sig

) 1 ±5%

Beam electron contamination normalization (f
⌫e) 1 ±5%

Tau normalization (f
⌫⌧ ) 1 ±20% �±50%

⌫ NC and ⌫

µ

CC background (f
NC

) 1 ±10%

Table 6: Assumptions on event normalization uncertainties (bin-to-bin correlated errors).

The assumptions on systematic errors on signal and background normalization are shown603

in Table 6. The systematic error on the tau normalization is set to 50% for the mass hierarchy604

determination and to 20% for the �

CP

sensitivity studies. This reduction is due to the fact that605

the experiment will be able to constrain ⌫

⌧

cross section with the data accumulated during606

first few years of running performing specific tau neutrino appearance channel measurements607

to constrain the production rate.608

These errors are assumed to be fully correlated among the energy bins.609
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Figure 21: Statistical power for CPV discovery as a function of exposure for 90% and 3� CL
assuming NH. The far detector of 20 kton LAr and 750 kW SPS neutrino beam are assumed.

neutrino beam power in order to decrease the statistical error around the 2nd oscillation772

maximum. Because of the natural cut-off of the muon-neutrino flux spectrum at low energy,773

and the linear increase of the total neutrino cross-section with energy, the 2nd maximum is774

more difficult to study than the 1st maximum. However, this is still possible at the LBNO775

baseline of 2300 km since the 2nd maximum is at an accessible energy of ⇠1.5 GeV. Since the776

CP-asymmetry at the 2nd maximum is more sensitive to �CP than at the first maximum, a777

significant gain is obtained by populating this region with oscillation events. This is one of778

the main goals of the LBNO Phase II. The expected CPV sensitivity as a function of �CP779

is shown in Figure 22 for various upgrades of beam power with the HP-PS, and of the far780

detector mass, from 20 kton to 70 kton. With a new powerful proton driver such as the781

conceptual HP-PS and a 70 kton detector mass, the coverage at > 5�’s C.L. will be ⇠54%782

after 10 years.783

11 Summary and Conclusions784

The LBNO experiment is the outcome of intense and comprehensive design studies supported785

by the European Commission since 2008. In an incremental approach, we propose LBNO786

with a 20 kton underground detector as the first stage of a new neutrino observatory able to787

address long-baseline neutrino physics as well as neutrino astrophysics. The programme has a788

clear long-term vision for future stages of the experiment, including the Neutrino Factory [34],789

for which the baseline of 2300 km is well adapted.790

Unlike the attempts to infer MH with atmospheric neutrinos in multi-megaton low-791

threshold detectors [35], such as the one proposed with PINGU [36] or ORCA [37], or with792

medium-baseline reactor experiments [39], such as JUNO [38], the accelerator-based approach793

of LBNO addresses both fundamental problems of CPV and MH in clean and straightforward794

28

For all details see our paper: arXiv:1312.6520	


•  As show before statistically LBNO Phase 1 can reach 5σ  on CPV.	

•  Current knowledge and conservative assumptions on systematics allow a 3 σ measurement of CPV with LBNO phase 1	

•  The baseline of 2300 km allows the measurement of the 2nd max, less sensitive to systematic effects. 	
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Measuring the δCP with LBNO:	
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LBNO phase 1 can measure the dCP phase with 	

a precision of 15° - 25° in 10 years	


LBNO 70 kt can measure the δCP phase with 	

a precision of 10° in 10 years	


LBNO physics potential even phase 1 is competitive.	
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LBNO Strategy on δCP  
Go to phase II to measure 5δ CPV: Increase mass and/or beam power	


High power HP-PS study!

1.5 x 1021 p.o.t.	


20 kton LAr + SPS(700kW) 
20 kton LAr + HPPS(2MW) 
70 kton LAr + SPS(700kW) 
70 kton LAr + HPPS(2MW) 
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in the literature. Uncertainties are given at 1� and in percent. We have chosen to use594

the values available as of today, therefore our assumptions are conservative. In order to595

describe matter effects, we use a constant average density approximation. We have compared596

the analytical oscillation probability obtained with the constant value to the one computed597

by integration of the oscillation amplitude in 50 steps through the Earth described by the598
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Signal normalization (f
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Beam electron contamination normalization (f
⌫e) 1 ±5%

Tau normalization (f
⌫⌧ ) 1 ±20% �±50%

⌫ NC and ⌫
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CC background (f
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Table 6: Assumptions on event normalization uncertainties (bin-to-bin correlated errors).

The assumptions on systematic errors on signal and background normalization are shown603

in Table 6. The systematic error on the tau normalization is set to 50% for the mass hierarchy604

determination and to 20% for the �

CP

sensitivity studies. This reduction is due to the fact that605

the experiment will be able to constrain ⌫
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cross section with the data accumulated during606

first few years of running performing specific tau neutrino appearance channel measurements607

to constrain the production rate.608

These errors are assumed to be fully correlated among the energy bins.609
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Synergy of LBNO with HyperKamiokande	


  10

Crucial input for HK

MH knowledge equivalent to ~10 years of HK running

•  HK measures δCP from the neutrino/anti-neutrino asymmetry at the 1st max.	

     This is not sufficient to prove the full 3 neutrino mixing schema.	

•  HK δCP sensitivity is highly dependent on the knowledge of MH	


•  The baseline of 2300 km for the LBNO experiment will provide an unambiguous determination of MH.	

•  The baseline of 2300 km + WBB allows the measurement of the L/E behavior and the 1st and 2nd max.	

•  The effect of δCP is larger at the 2nd max. and systematics are less critical.	

•  The baseline of 2300 km requires higher neutrino energies where X-sections are better known.	

•  Independent cross check with two different detector technologies.	
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