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In USA

In Japan

LBNE – a plan to build a new neutrino beam 
at Fermilab aimed at Homestake, where a 
10-kton surface LAr tracking calorimeter 
would be built

An upgrade of the J-PARC neutrino beam to 
reach 1.6 MW beam power and new far 
detector(s) at Kamioka, Okinoshima, or Korea

LAGUNA/LAGUNA-LBNO –  
study considering three 
detector options for 
astroparticle physics and new 
long baseline in Europe

In Europe

Facilities for long baseline accelerator exps.

LAGUNA
European design study for Large 

Apparatus for Grand Unification and 
Neutrino Astrophysics GLACIER

100 kton LAr

LENA
50 kton

scintillator

MEMPHYS
500 kton water
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LAGUNA consortium

• LAGUNA	
  DS	
  (FP7	
  Design	
  Study)	
  
– 	
  2008	
  –	
  2011	
  	
  
–~100	
  members;	
  10	
  countries
– 	
  3	
  detector	
  technologies	
  ⊗	
  7	
  sites,	
  
different	
  baselines	
  (130	
  →	
  2300km)

• LAGUNA-­‐LBNO	
  (Long	
  Baseline	
  
Neutrino	
  OscillaKons)

– 	
  2011	
  –	
  2014	
  
–~300	
  members;	
  14	
  countries
–	
  Down	
  selecKon	
  of	
  sites	
  &	
  detectors

Steering group:
Alain Blondel (UniGe)

Ilias Efthymiopoulos (CERN)
Takuya Hasegawa (KEK)

Yuri Kudenko (INR)
Guido Nuijten (Rockplan, Helsinki)

Lothar Oberauer (TUM)
Thomas Patzak (APC, Paris)

Silvia Pascoli (Durham)
Federico Petrolo (ETH Zürich)

André Rubbia (ETH Zürich)
Chris Thompson (Alan Auld Engineering)

Wladyslaw Trzaska (Jyväskyla)

Alfons Weber (Oxford)
Marco Zito (CEA)

Large Apparatus for Grand 
Unification and Neutrino Astrophysics

- Long Baseline Neutrino Oscillations
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Multipurpose neutrino observatory

?

Supernova

Reactors

Accelerators

Sun Unknown	
  ?

Atmosphere

Earth

Neutrinos	
  from	
  MeV	
  to	
  10’s	
  GeV

Address	
  quesMons	
  of	
  parMcle	
  
and	
  astroparMcle	
  physics

Terrestrial	
  baseline
Proton	
  decays

Deep	
  
underground

Proton	
  lifeMme

Neutrino	
  oscillaMons	
  →	
  MH,	
  CPV,	
  precision
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Which kind of large volume detector?
• In Europe: → LAr (GLACIER, 2004), LSc (LENA, 2005), WCD 

(MEMPHYS, 2006) efforts fused into an EC FP7-funded 
consortium for a coherent and synergetic approach to the three 
liquids (LAGUNA, 2008-2011)

• Prioritising the LBL neutrino oscillation (LAGUNA-LBNO, since 
2011) had an influence on the site down-selection and detector 
technology prioritisation.

GLACIER(

(Liquid(Argon)(LENA(
(Liquid(Scin6llator)(

MEMPHYS(
(Water(Cherenkov)(

2nd((Priority(

1st(Priority(

➡ As a consequence for LAGUNA:
• 1st priority: LAr, LSc at the 

longest baseline (2300km), 
high energy wide band beam 
(neutrinos >1 GeV)

• 2nd priority : WCD at the 
shortest long baseline 
(130km), low energy beam 
(neutrinos < 1 GeV)

540kton

100kton

50kton
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The Pyhäsalmi underground site
★ LAGUNA search for the optimal site in Europe for 

next generation deep underground neutrino detector
- Very detailed investigations of seven potential sites with 

three different detector technologies: WCD, LAr and LSc
★ Down-selection to top priority site where several 

optimal conditions satisfied simultaneously: 
Pyhäsalmi, Finland

- Infrastructure in perfect state because of current 
exploitation of the mine

- Unique assets available (shafts, decline, services, 
sufficient ventilation, water pumping station, pipes for 
liquids, underground repair shop...)

- Very little environmental water

- Could be dedicated to science activities after the mine 
exploitation ends (around 2018)

- One of the deepest location in Europe (4000 m.w.e.)

- The distance from CERN (2300 km) offers unique long 
baseline opportunities. It is 1160km from Protvino.

- The site has the lowest reactor neutrino background in 
Europe, important for the observation of very low energy 
MeV neutrinos. 

★ Second priority: Fréjus, France. 
★ All other sites are presently considered as backup 

options for LAGUNA.
6
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2100 km from RAL, 1500 km from 
DESY, and 1160 km from Protvino.

CERN

Pyhäsalmi

Protvino

1160km
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Present state of mine

7

CUPP at Pyhäsalmi
Present: The Pyhäsalmi mine (Inmet Mining Ltd., Canada)

NNN11, Zurich, 7.-9.11.2011 – 3/27 –

I Procudes Cu, Zn, and FeS2
I The deepest mine in Europe

I Depths down to 1400 m (4000 m.w.e.) possible

I The most e�cient mine of its size and type
I Very modern infrastructure

I lift (of 21.5 tons of ore or 20 persons) down to 1400
metres takes ≥3 minutes

I via 11-km long decline it takes ≥40 minutes (by track)
I good communication systems

I Operation time still 7–8 years with currently known
ore reserves

I Compact mine, small ’foot print’
I water pumping and other maintenance works not

major issues

truck)

Produces

(presumably until 2018)

1400m
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Pyhäsalmi mine

Timo shaft Decline tunnel 
entrance
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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

Cosmic'Ray'experiment'EMMA'at'shallow'depth
18

This pump alone takes all the water from 645 m to the surface
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Layout of the LAGUNA-LBNO 
observatory at Pyhäsalmi 

(-1400m)

Feasibility Study for LAGUNA at PYHÄSALMI 
Underground infrastructures and engineering 

39 (277)

(Deliverable 2.1) 12.04.2010 

 
 

 

   

 
Figure 04-8 West view of the new Mine area. Copper and Zinc ores are presented 

with different colors. 
 

  
 
Figure 04-9 Rock types along the Pyhäsalmi tunnels. 

≈200m
Available space for up to

2x50 kton LAr + 50 kton LSc
879’000 m3 excavation

Design to be finalised within 
LAGUNA-LBNO by ≈2014

existin
g e

xcav
atio

n
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Expression of Interest for a 
very long baseline neutrino 

oscillation experiment

11

CERN-SPSC-2012-021 ; SPSC-EOI-007

LBNO

Submitted in June 2012

An incremental approach, based 
on the findings of LAGUNA
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Expression of Interest

for a very long baseline neutrino oscillation experiment

(LBNO)

A. Stahl,1 C. Wiebusch,1 A. M. Guler,2 M. Kamiscioglu,2 R. Sever,2 A.U. Yilmazer,3 C. Gunes,3

D. Yilmaz,3 P. Del Amo Sanchez,4 D. Duchesneau,4 H. Pessard,4 E. Marcoulaki,5 I. A.

Papazoglou,5 V. Berardi,6 F. Cafagna,6 M.G. Catanesi,6 L. Magaletti,6 A. Mercadante,6

M. Quinto,6 E. Radicioni,6 A. Ereditato,7 I. Kreslo,7 C. Pistillo,7 M. Weber,7 A. Ariga,7 T. Ariga,7

T. Strauss,7 M. Hierholzer,7 J. Kawada,7 C. Hsu,7 S. Haug,7 A. Jipa,8 I. Lazanu,8 A. Cardini,9

A. Lai,9 R. Oldeman,10 M. Thomson,11 A. Blake,11 M. Prest,12 A. Auld,13 J. Elliot,13 J. Lumbard,13

C. Thompson,13 Y.A. Gornushkin,14 S. Pascoli,15 R. Collins,16 M. Haworth,16 J. Thompson,16

G. Bencivenni,17 D. Domenici,17 A. Longhin,17 A. Blondel,18 A. Bravar,18 F. Dufour,18 Y. Karadzhov,18

A. Korzenev,18 E. Noah,18 M. Ravonel,18 M. Rayner,18 R. Asfandiyarov,18 A. Haesler,18

C. Martin,18 E. Scantamburlo,18 F. Cadoux,18 R. Bayes,19 F.J.P. Soler,19 L. Aalto-Setälä,20

K. Enqvist,20 K. Huitu,20 K. Rummukainen,20 G. Nuijten,21 K.J. Eskola,22 K. Kainulainen,22

T. Kalliokoski,22 J. Kumpulainen,22 K. Loo,22 J. Maalampi,22 M. Manninen,22 I. Moore,22

J. Suhonen,22 W.H. Trzaska,22 K. Tuominen,22 A. Virtanen,22 I. Bertram,23 A. Finch,23 N. Grant,23

L.L. Kormos,23 P. Rato↵,23 G. Christodoulou,24 J. Coleman,24 C. Touramanis,24 K. Mavrokoridis,24

M. Murdoch,24 N. McCauley,24 D. Payne,24 P. Jonsson,25 A. Kaboth,25 K. Long,25 M. Malek,25

M. Scott,25 Y. Uchida,25 M.O. Wascko,25 F. Di Lodovico,26 J.R. Wilson,26 B. Still,26 R. Sacco,26

R. Terri,26 M. Campanelli,27 R. Nichol,27 J. Thomas,27 A. Izmaylov,28 M. Khabibullin,28

A. Khotjantsev,28 Y. Kudenko,28 V. Matveev,28 O. Mineev,28 N. Yershov,28 V. Palladino,29 J. Evans,30

S. Söldner-Rembold,30 U.K. Yang,30 M. Bonesini,31 T. Pihlajaniemi,32 M. Weckström,32 K.

Mursula,32 T. Enqvist,32 P. Kuusiniemi,32 T. Räihä,32 J. Sarkamo,32 M. Slupecki,32 J. Hissa,32 E.

Kokko,32 M. Aittola,32 G. Barr,33 M.D. Haigh,33 J. de Jong,33 H. O’Kee↵e,33 A. Vacheret,33

A. Weber,33, 34 G. Galvanin,35 M. Temussi,35 O. Caretta,34 T. Davenne,34 C. Densham,34 J. Ilic,34

P. Loveridge,34 J. Odell,34 D. Wark,34 A. Robert,36 B. Andrieu,36 B. Popov,36, 14 C. Giganti,36

J.-M. Levy,36 J. Dumarchez,36 M. Buizza-Avanzini,37 A. Cabrera,37 J. Dawson,37 D. Franco,37

D. Kryn,37 M. Obolensky,37 T. Patzak,37 A. Tonazzo,37 F. Vanucci,37 D. Orestano,38 B. Di Micco,38

L. Tortora,39 O. Bésida,40 A. Delbart,40 S. Emery,40 V. Galymov,40 E. Mazzucato,40 G. Vasseur,40

∼230 authors, 51 institutions 
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• Long	
  baseline	
  neutrino	
  oscillaDons
-­‐ Appearance:	
  νμ→	
  νe	
  &	
  νμ→	
  ντ	
  and	
  Disappearance:	
  νμ→	
  νμ	
  &	
  neutral	
  currents	
  

-­‐ Separately	
  for	
  ν	
  and	
  anM-­‐ν

-­‐ Test	
  of	
  three	
  generaDon	
  mixing	
  paradigm	
  by	
  direct	
  measurement	
  of	
  the	
  oscillaMon	
  
probabiliMes	
  as	
  a	
  funcMon	
  of	
  energy	
  (L/E	
  behaviour)	
  –	
  in	
  parMcular	
  covering	
  1st	
  and	
  2nd	
  
oscillaMon	
  maxima

-­‐ Direct	
  observaMon	
  of	
  the	
  energy	
  dependence	
  of	
  the	
  oscillaMon	
  probabiliMes	
  induced	
  by	
  
maHer	
  effects	
  and	
  CP-­‐phase	
  terms,	
  independently	
  for	
  ν	
  and	
  anM-­‐ν

-­‐ Break	
  parameter	
  degeneracy	
  between	
  MH	
  and	
  CP	
  phase	
  (Eν	
  coverage	
  and	
  large	
  L)

-­‐ Direct	
  determinaMon	
  of	
  neutrino	
  mass	
  hierarchy	
  (MH)	
  and	
  test	
  of	
  CPV	
  in	
  lepton	
  sector	
  
(CPV),	
  which	
  is	
  different	
  from	
  extracMng	
  this	
  informaMon	
  from	
  global	
  fits

• Nucleon	
  decays	
  (direct	
  GUT	
  evidence)

• Atmospheric	
  neutrino	
  detecDon
-­‐ OscillaMon	
  measurements	
  and	
  Earth	
  spectroscopy

• Astrophysical	
  neutrino	
  detecDon	
  
-­‐ GalacMc	
  supernova	
  burst

• Search	
  for	
  unknown	
  sources	
  of	
  neutrinos	
  (e.g.	
  DM	
  annihilaDon)

• First	
  very	
  long	
  baseline	
  experiment,	
  towards	
  the	
  Neutrino	
  Factory	
  (NF)
-­‐ (Not	
  surprisingly)	
  opMmised	
  distance	
  of	
  2300km	
  is	
  also	
  opMmal	
  for	
  NF	
  and	
  large	
  θ13

13

LBNO main physics goals
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Neutrino mixing matrix (PMNS)

14

• Neutrinos are produced and interact as weak eigenstates.
• The weak eigenstates are coherent superposition of the 

fundamental mass eigenstates. The mass eigenstates are 
the solutions of the free Hamiltonian and represent the 
propagation of the neutrinos in space.

 Prof. M.A. Thomson Michaelmas 2011 357 

Neutrino Oscillations for Three Flavours 
�� It is simple to extend this treatment to three generations of neutrinos. 
�� In this case we have: 

�� The 3x3 Unitary matrix          is known as the Pontecorvo-Maki-Nakagawa-Sakata  
     matrix, usually abbreviated PMNS 

��Using  

gives 

�� Note : has to be unitary to conserve probability 

 Prof. M.A. Thomson Michaelmas 2011 358 

Unitarity Relations 
��The Unitarity of the PMNS matrix gives several useful relations: 

gives: (U1) 

(U2) 

(U3) 

(U4) 

(U5) 

(U6) 

��Consider a state which is produced at                as a  (i.e. with an electron) 

��To calculate the oscillation probability proceed as before…  

 Prof. M.A. Thomson Michaelmas 2011 371 

PMNS Matrix 
�� The PMNS matrix is usually expressed in terms of 3 rotation angles 

     and a complex phase     , using the notation   

��Atmospheric�� ��Solar�� 

�� Writing this out in full: 

Dominates: 

��There are six SM parameters that can be measured in �� oscillation experiments 

Solar and reactor neutrino experiments 

Atmospheric and beam neutrino experiments 

Reactor neutrino experiments + future beam 

Future beam experiments 

 Prof. M.A. Thomson Michaelmas 2011 372 

Neutrino Experiments 
��Before discussing current experimental data, need to consider how neutrinos 

    interact in matter (i.e. our detectors) 

Two processes: 

�� Charged current (CC) interactions (via a W-boson)        charged lepton 

�� Neutral current (NC) interactions (via a Z-boson)  

Two possible ��targets��: can have neutrino interactions with  

�� atomic electrons 

�� nucleons within the nucleus 

CHARGED CURRENT 

NEUTRAL CURRENT 

 Prof. M.A. Thomson Michaelmas 2011 357 
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�� In this case we have: 

�� The 3x3 Unitary matrix          is known as the Pontecorvo-Maki-Nakagawa-Sakata  
     matrix, usually abbreviated PMNS 

��Using  

gives 

�� Note : has to be unitary to conserve probability 
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Unitarity Relations 
��The Unitarity of the PMNS matrix gives several useful relations: 

gives: (U1) 

(U2) 

(U3) 

(U4) 

(U5) 

(U6) 

��Consider a state which is produced at                as a  (i.e. with an electron) 

��To calculate the oscillation probability proceed as before…  

“subleading”
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       Global Analysis of World Neutrino Data  

                  

1/20 

                         G.L. Fogli etal., arXiv: 1205.5254v3 

                    Best-fit          2σ range 
 
 sin2θ13 = 0.0241 (NH)  0.0193 - 0.0290   
 sin2θ13 = 0.0244 (IH)   0.0194 – 0.0291 
 
          G.L. Fogli etal., arXiv: 1205.5254v3 
 
 sin2θ13 =  0.0246 (NH)    0.019 - 0.030   
 sin2θ13 =  0.0250 (IH)     0.020 – 0.030 
 
         D.V. Forero etal., arXiv: 1205.4018v3    

  Relative Precision ~ 10% 
 
           sin22θ13 ≠ 0 @ 10σ   

Including Neutrino 2012 data! 

    S. K. Agarwalla, NOW 2012, Otranto, Lecce, Italy, 15th Saturday, 2012 !

Global fits: e.g. Bari results

15

G
.L

. F
og

li 
et

al
., 

ar
X

iv
: 1

20
5.

52
54

v3

✤ No	
  hints	
  for	
  neutrino	
  
mass	
  hierarchy	
  (MH)

✤ Both	
  NH	
  and	
  IH	
  
soluMons	
  are	
  allowed

✤ All	
  values	
  of	
  δ	
  are	
  
allowed	
  at	
  2σ	
  C.L.

✤ δ	
  ≈	
  π	
  favored	
  (1σ),	
  i.e.	
  
CP-­‐conserving	
  ?	
  no	
  
PMNS-­‐induced	
  CP	
  ??	
  

✤ Is	
  the	
  Bari	
  group	
  right	
  
(again)	
  ?

✤ Caveat:	
  Global	
  fits	
  
cannot	
  replace	
  real	
  
data	
  (E.Lisi,	
  NPB2012)
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2

3
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LBNO approach to CP-phase

16

1

2

3

✤Measure	
  L/E	
  dependence	
  of	
  oscillaMon	
  
probability,	
  independently	
  for	
  neutrinos	
  and	
  
anMneutrinos	
  

✤ Resolve	
  MH	
  >5σ	
  C.L.	
  in	
  the	
  first	
  two	
  years	
  of	
  
running	
  50%-­‐50%	
  neutrinos-­‐anMneutrinos	
  
thanks	
  to	
  the	
  very	
  long	
  baseline	
  (2300km)

✤A	
  conclusive	
  knowledge	
  of	
  MH	
  allows	
  to	
  
opMmise	
  neutrino	
  vs	
  anMneutrino	
  running	
  
to	
  maximize	
  CP	
  violaMon	
  sensiMvity

✤ In	
  ten	
  years	
  reach	
  an	
  error	
  on	
  the	
  CP-­‐phase	
  
value	
  of	
  Δδ	
  ≈	
  ±20o

✤DifferenMate	
  the	
  two	
  CP-­‐conserving	
  
scenarios	
  (δ	
  ≈	
  0	
  and	
  δ	
  ≈	
  π)	
  by	
  L/E

NH

Jarlskog invariants:   J(PMNS) ≈ 5×10-2sinδ > J(CKM) = 3×10-5 ???
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νμ→νe	
  appearance	
  probability

17

✤ Rich	
  physics	
  to	
  be	
  explored	
  as	
  a	
  funcMon	
  of	
  L/E

Leading	
  term

Solar	
  term

CP-­‐terms

Ma#er	
  effect

CPV

Eν	
  dependence
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CERN-Pyhäsalmi: matter effect νμ→νe
★Normal mass hierarchy

– in the energy spectrum shape of the appearance oscillated ⇤e assuming the parametric dependence
of the probability as a function of all other parameters (this method is sensitive to all the non-
vanishing �CP values including 180�).

The neutrino beam energy spectrum needs therefore to be tuned to measure the oscillatory pattern
of the flavor conversion process (e.g. 1st and 2nd maxima). Given the L/E dependence of the flavor
oscillation, the neutrino beam energy should scale with the chosen baseline L in order to cover the 1st
and 2nd maxima. Referring to Table 1 we note that for the shortest baseline CERN-Fréjus, the energy of
the 1st maximum is ⇥ 0.26 GeV. It grows linearly with distance and reaches ⇥ 4.65 GeV for the longest
baseline CERN-Pyhäsalmi.

As example, the probability of ⇤µ � ⇤e oscillation for sin2 2⇥13 = 0.01 and different values
of �CP with and without matter effects is shown in Figure 1 for the CERN-Pyhäsalmi baseline. The
plots illustrates qualitatively the fact that a measurement of the oscillation probability as a function of
energy provides direct information on the �CP -phase, since this latter introduces a well-defined energy
dependence of the oscillation probability, which is different from the, say, energy dependence introduced
by ⇥13 alone (when � = 0). If the neutrino energy spectrum of the oscillated events is experimentally
reconstructed with sufficiently good resolution in order to distinguish first and second maximum, useful
information to extract the CP phase is obtained.

1000 2000 3000 4000 50000

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

1000 2000 3000 4000 50000

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

1000 2000 3000 4000 50000

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

1000 2000 3000 4000 50000

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

Pr
ob

. o
sc

. ν
µ −

> 
ν e

Pr
ob

. o
sc

. ν
µ −

> 
ν e

Pr
ob

. o
sc

. ν
µ −

> 
ν e

Pr
ob

. o
sc

. ν
µ −

> 
ν e

Ene (MeV)

Ene (MeV)

Ene (MeV)

Ene (MeV)

Oscillation probability for L = 2300 km

δcp = 0 deg. δcp = 90 deg.

δcp = 180 deg. δcp = 270 deg.

Vacuum
Matter

Vacuum
Matter

Vacuum
Matter

Vacuum
Matter

1st Max.2nd Max. 1st Min.

1st Max.2nd Max. 1st Min.
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Fig. 1: Probability of ⇤µ � ⇤e oscillation for different values of �cp without and with matter effects for �m2
32 > 0

(NH). In this example, the CERN-Pyhäsalmi baseline and sin2 2⇥13 = 0.01 were chosen.

We note that the chance to measure both 1st and 2nd maxima increases with the baseline. Below
few hundred MeV (e.g. � 400 MeV) the vanishing cross-section and nuclear effects including Fermi

5

L=2300 km
Δm2 = +0.0025 eV2,  

sin22θ13 = 0.01, + solar terms

matter

NB: matter effects are 
important for all planned 

LBL experiments.
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CERN-Pyhäsalmi: CP-effect νμ→νe
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★Inverted mass hierarchy

20

CERN-Pyhäsalmi: CP-effect νμ→νe
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LBNO goals  

Fully exploit long baseline neutrino oscillation pattern 
 

perform L/E analysis over large energy range 
(1st and 2nd maxima) 

 
Wide Band Beam (WBB) 

 
E 2nd max >500 MeV  L > 1000 km 

Better signal efficiency and background rejection 
with a comparable mass  

 
20 kton fine sampling tracking device  

Beam 

Detector 

Better sensitivity w.r.t. To T2K+NOA:  

and magnetized muon detector

LBNO experimental requirements

21
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•Medium	
  energy	
  to	
  cover	
  at	
  Eν	
  ≈	
  4	
  GeV	
  (1st	
  maximum)
•Horn	
  focused,	
  wide	
  band	
  to	
  cover	
  1st	
  and	
  2nd	
  maximum
•Small	
  tail	
  at	
  high	
  energy
•PosiMve	
  and	
  negaMve	
  focus	
  (ν	
  and	
  anM-­‐ν	
  modes)
•High	
  beam	
  power	
  (iniMally	
  700	
  kW)
•Point	
  to	
  Pyhäsalmi	
  (10deg	
  dip	
  angle,	
  distance	
  =	
  2300km)
•Muon	
  monitors
•Near	
  neutrino	
  detector

22

Neutrino beam requirements

❖Primary	
  protons	
  from	
  SPS	
  (7e13	
  ppp	
  @	
  400	
  GeV	
  with	
  6	
  s	
  cycle)
❖Yearly	
  integrated	
  pot	
  	
  =	
  (0.8–1.3)x	
  1e20	
  pot	
  /	
  yr	
  depending	
  on	
  
“sharing”	
  with	
  other	
  fixed	
  target	
  programmes
(compared	
  to	
  CNGS	
  4.5x	
  1e19	
  pot	
  /	
  yr)

❖Secondary	
  horn	
  focusing	
  (horn+reflector)
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Neutrino beam layout

23

LBNO near detector
(850m from target)

Target 
station

Beam 
dump

Muon 
monitors

CERN North Area

Side view

I. Efthymiopoulos - LAGUNA LBNO Meeting, Oxford July 3, 2012

CERN ν-beam to Pyhäsalmi - CN2PY

2

Beam parameters
‣ 400 GeV protons from SPS (initial)
‣ Survey info:

- CERN (TCC2 target station -NA) 46°15'26.27"N,! 6° 3'8.19"E
- Inmet Mine (Finland): 63°39'30.92"N,! 26° 2'47.65"E
- distance: 2296 km
- dip angle : 10.4 deg, 181 mrad

‣ Neutrino beam at Pyhäsalmi (θmax ≈ 30 MeV/Eν) : 14÷34 Km for Eν 2÷5 GeV

-­‐200m

-­‐100m
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The neutrino focusing

24

I. Efthymiopoulos - LAGUNA LBNO Meeting, Oxford July 3, 2012

CN2PY - Layout considerations
‣CNGS Secondary Beam Layout

‣CN2PY Layout

13

p + C  → (interactions) → π+,  K+ → (decay) → µ+ + νµ

43.4m
100m

1095m 18m 5m 5m67m

2.7m

TBID

70m
300m

500m 800m

ND ND
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Optimization of Neutrino Fluxes for   
Future Long Baseline Neutrino Experiment 

Related Contribution: S. di Luise,  “LAGUNA-LBNO:  a  very  Long  Baseline  Neutrino  Oscillation  experiment”.    Session: Neutrinos    

36th International Conference 
for High Energy Physics 

www.laguna-science.eu 

CERN 

Pyhäsalmi 
LBNO: Long Baseline Neutrino Oscillation experiment 

Sensitivity to CP-Violation 

Tunnel Diameter 

Protons 

Δm2
31 >0: Normal Hierarchy (NH) 

Δm2
31 <0: Inverted Hierarchy (IH) 







 Pyhäsalmi  Site  
•Deepest mine in Europe:  1400 m (4000 m.w.e.) 
• Lowest reactor neutrino background in Europe 
• Optimal distance from CERN 
 

Other physics  goals achievable with a deep underground massive neutrino detector:  
Search for proton decay (test of GUT) 
Neutrino Astrophysics   

 New conventional neutrino beam facility 

 Next generation underground neutrino observatory 
         Double phase liquid Argon (LAr)  detector,  20→100  kton fiducial volume  
         Magnetized Iron calorimeter  

Physics program:   
Determination of the neutrino Mass Hierarchy 
 Measurement of δCP →  CP-Violation in the leptonic sector 
 with a significant better sensitivity w.r.t.  present and near future experiments 

The LBNO collaboration has submitted an Expression of  Interest (SPSC-EOI-007) for a  
next generation neutrino oscillation experiment between CERN and the Pyhäsalmi mine in Finland, 2300 km distant. 

The proposed experimental setup consists of: 

CERN to Pyhäsalmi oscillations 

)( eP   )( eP  and 

Energy dependence of the  oscillation 
probabilities  

sin2(2θ13)=0.09  

for a baseline L=2300 km. 

•NH vs IH asymmetry  larger at 1st max. 
•CP asymmetry larger at the 2nd ,3rd max. 

A very long baseline  
           to exploit the matter effect  
A wide band neutrino beam  
          to cover several oscillation maxima 

δCP and Mass Hierarchy degeneracy 
can be solved providing 

Neutrino beam line 

A νμ (anti-νμ) beam is produced focusing positive (negative) hadrons produced 
by proton interactions in the target 

Horn Reflector 

Decay Tunnel Focusing System Target 

Background: νe contamination 

Neutrino energy spectrum for a given baseline is determined by the focusing system  capability and the 
decay kinematics.  

  EEE CMLAB 43.0)1( 

Neutrino beam simulation Neutrino beam tuning 

Improved neutrino beam 

Primary beam: protons from the CERN-SPS @ 400 GeV in the initial phase. 

Energy range: π’s  (K’s)  between  3  and  10  GeV need to be focused to produce ν’s  
between 1.5 and 4.5 GeV : in the perfect focusing approximation (pt

π=0 @ decay): 

Angular range: π’s  (K’s)  produced  with  an  angle  θ≈[30,80]  mrad (<pt>≈0.3  GeV/c @ production). 

B Icurr 

Focusing: at each beam spill horn/reflector are pulsed with a current  Icurr≈200  kA 
 →  toroidal magnetic field in the horns/reflector volume. 

TUNNEL 

REFLECTOR 

HORN 

TARGET 

Full GEANT4 simulation of the neutrino 
production beam line 

For each decay in flight the neutrino energy in 
the forward direction in computed and then 
weighted for the probability  P to hit an area A at 
a distance L. 

Horn only 

νμ 

 2
2

22 cos1
1

4
1




 







L
AP Two Body Decay 

case 

Reference values for flux comparison:            graphite (1.83 g/cm3) ,  
1  m  length  (≈2λint),  
2 mm radius. 

A=10x10 m2 

                                  L=100 km 

Reference configuration:  
 

  Horn/Reflector Current: 200 kA 
  Horn-Reflector distance: 4m 
  Tunnel dimensions:  
                400 m length, 1.5 m radius 
  Target center Z position: 80 cm from the Horn 

Effect of the positive particle focusing on the 
νμ flux  

Horn  Refl.  

Target – Horn  position Decay Tunnel Radius Horn/Reflector current 

Horn/Reflector distance 

,K p-θ production at the target exit 
weighed for the 

probability to emit a neutrino in the far 
detector acceptance   

Improved beam neutrino flux considered 
 
Neutrino energy reconstructed from final state events. 
 
  background treated with kinematical analysis. 

 
Integrated pot: 1.51021  
Target Mass: 20 kton 
  
Running mode: 25%:75% sharing neutrino:anti-neutrino 
 
Systematic errors   
    signals normalizations 5% ( :50%) 
    horn polarity  5% 
    NC, CC background 5% 
     matter density 4%      

 Parameter scan performed 
around the reference 

position 
 to optimize the CPV 

sensitivity of the energy 
spectrum 
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sin2(2θ13)=0.09  

for a baseline L=2300 km. 

•NH vs IH asymmetry  larger at 1st max. 
•CP asymmetry larger at the 2nd ,3rd max. 

A very long baseline  
           to exploit the matter effect  
A wide band neutrino beam  
          to cover several oscillation maxima 

δCP and Mass Hierarchy degeneracy 
can be solved providing 

Neutrino beam line 

A νμ (anti-νμ) beam is produced focusing positive (negative) hadrons produced 
by proton interactions in the target 

Horn Reflector 

Decay Tunnel Focusing System Target 

Background: νe contamination 

Neutrino energy spectrum for a given baseline is determined by the focusing system  capability and the 
decay kinematics.  

  EEE CMLAB 43.0)1( 

Neutrino beam simulation Neutrino beam tuning 

Improved neutrino beam 

Primary beam: protons from the CERN-SPS @ 400 GeV in the initial phase. 

Energy range: π’s  (K’s)  between  3  and  10  GeV need to be focused to produce ν’s  
between 1.5 and 4.5 GeV : in the perfect focusing approximation (pt

π=0 @ decay): 

Angular range: π’s  (K’s)  produced  with  an  angle  θ≈[30,80]  mrad (<pt>≈0.3  GeV/c @ production). 

B Icurr 

Focusing: at each beam spill horn/reflector are pulsed with a current  Icurr≈200  kA 
 →  toroidal magnetic field in the horns/reflector volume. 

TUNNEL 

REFLECTOR 

HORN 

TARGET 

Full GEANT4 simulation of the neutrino 
production beam line 

For each decay in flight the neutrino energy in 
the forward direction in computed and then 
weighted for the probability  P to hit an area A at 
a distance L. 

Horn only 

νμ 

 2
2

22 cos1
1

4
1




 







L
AP Two Body Decay 

case 

Reference values for flux comparison:            graphite (1.83 g/cm3) ,  
1  m  length  (≈2λint),  
2 mm radius. 

A=10x10 m2 

                                  L=100 km 

Reference configuration:  
 

  Horn/Reflector Current: 200 kA 
  Horn-Reflector distance: 4m 
  Tunnel dimensions:  
                400 m length, 1.5 m radius 
  Target center Z position: 80 cm from the Horn 

Effect of the positive particle focusing on the 
νμ flux  

Horn  Refl.  

Target – Horn  position Decay Tunnel Radius Horn/Reflector current 

Horn/Reflector distance 

,K p-θ production at the target exit 
weighed for the 

probability to emit a neutrino in the far 
detector acceptance   

Improved beam neutrino flux considered 
 
Neutrino energy reconstructed from final state events. 
 
  background treated with kinematical analysis. 

 
Integrated pot: 1.51021  
Target Mass: 20 kton 
  
Running mode: 25%:75% sharing neutrino:anti-neutrino 
 
Systematic errors   
    signals normalizations 5% ( :50%) 
    horn polarity  5% 
    NC, CC background 5% 
     matter density 4%      

 Parameter scan performed 
around the reference 

position 
 to optimize the CPV 

sensitivity of the energy 
spectrum 

• Design	
  based	
  on	
  
CNGS	
  experience
• Parameters	
  sMll	
  
under	
  opMmisaMon

Detailed	
  simulaMon
Tracking	
  of	
  secondaries

Flux	
  opMmised	
  using	
  physics	
  
requirements	
  (CPV	
  sensiMvity)	
  –	
  effort	
  on	
  

going	
  ;	
  improved	
  compared	
  to	
  EoI

24Tuesday, October 23, 12



LIOneutrino2012 A. Rubbia – LAGUNA-LBNO 25

 (GeV)νE
0 2 4 6 8 10 12 14 16 18 20

/ye
ar 

at 1
00 

km
2

/10
0m

µν

0

20

40

60

80

100

120

140

1210×

 (GeV)νE
1 2 3 4 5 6 7 8 9 10

) eν
 ->

 
µν

P(

0

0.02

0.04

0.06

0.08

0.1

0.12

=0CPδ

 (GeV)νE
1 2 3 4 5 6 7 8 9 10

) eν
 ->

 
µν

P(

0

0.02

0.04

0.06

0.08

0.1

0.12
o=45CPδ

 (GeV)νE
1 2 3 4 5 6 7 8 9 10

) eν
 ->

 
µν

P(

0

0.02

0.04

0.06

0.08

0.1

0.12
o=90CPδ

 (GeV)νE
1 2 3 4 5 6 7 8 9 10

) eν
 ->

 
µν

P(

0

0.02

0.04

0.06

0.08

0.1

0.12
o=180CPδ

 (GeV)νE
0 2 4 6 8 10 12 14 16 18 20

/ye
ar 

at 1
00 

km
2

/10
0m

µν

0

20

40

60

80

100

120

140

1210×

Flux optimisation

1st

2nd

1st

2nd

Maximize	
  two	
  condiKons:	
  (1)	
  event	
  rate	
  at	
  first	
  maximum	
  and	
  (2)	
  raKo	
  of	
  2nd/1st	
  maximum	
  flux
LAGU

N
A-­‐LBN

O
,	
  w

ork	
  in	
  progress
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Near detector and hadro-production

26

78 2 EXPERIMENTAL SETUP

(SC) coil

Tracking 
volume

B

MIND2m
4m

1m

Scintillator
volume

FIG. 40: Sketch of the considered near detector design: in the center (gray) a 16 m3, 10 bar Argon gas TPC. It
is surrounded by a fully active segmented scintillator detector for hadronic shower containment. The detector is
embedded in a 0.4 T magnet with instrumented return yoke catching the tails of hadronic and electromagnetic
interactions. Behind sits a Magnetized Iron Detector with a depth of 5m of iron.

possibilities to be considered is to design the near detector as a small scale version of the far detector,

namely a combination of a Liquid Argon detector with a magnetized iron detector behind it. One must

however take into account that some detector properties are incompressible, in particular the detector

depth necessary to contain a hadronic shower in the Liquid Argon (2 �I) or to range out in iron the

muons at oscillation maximum (⇠5 GeV thus 5 m of iron). This leads to a detector size of at least 50

tons of liquid argon. Given the short radiation length (14cm) of liquid argon, detecting the charge of

5 GeV electrons with a good e�ciency would require a large magnetic field (more than 2T) and it is

not clear that it can be done while keeping systematic uncertainties at the desired level. In addition

the event rate in massive detectors would induce significant pileup.

At present, we thus disfavor an option with technologically identical near and far detectors (the

implications will be further investigated), and are thus considering the design for the near detector

presented in Figure 40. A pressurized argon TPC with a small amount of isobutane quencher will

serve as interaction detector and will allow a measurement of the details of the interaction vertex in

Argon as well as a magnetic measurement of the outgoing particles in particular the lepton. The

2.3 Hadron production measurements 35
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FIG. 8: The layout of the NA61/SHINE experiment at the CERN SPS (top view, not to scale). The incoming
beam direction is along the z axis. The magnetic field bends charged particle trajectories in the x-z (horizontal)
plane. The drift direction in the TPCs is along the y (vertical) axis.

NA61/SHINE detector upgrades have successfully been performed in the recent years. In particular,

the TPC readout upgrade allowed to achieve a stable data-taking rate of 70 Hz.

We are currently studying a possibility to use the existing NA61/SHINE set-up (eventually after

some minimal upgrades) for hadroproduction studies required for the proposed LBNO project. The

aim is to achieve the best possible precision on prediction of unoscillated neutrino fluxes. Preliminary

acceptance studies for charged particles produced in proton-Carbon interactions at 400 GeV are pre-

sented in Figure 9 for so-called right-side tracks (RST) and wrong-side tracks (WST) track topologies.

In the maximum magnetic field configuration of 9 Tm the detector provides a reasonable coverage of

the {p, ✓} phase space of interest for the LBNO project.

2.4 Choice of the Pyhäsalmi site

The rconfirmation of the suitability and uniqueness of our chosen far location is based on several

years of extensive and detailed site investigations and in-situ visits performed within the LAGUNA

and LAGUNA-LBNO design studies [15]. Today, the LAGUNA-Pyhäsalmi project is well advanced

and on track [117]. The choice of the Pyhäsalmi site recognizes that the features of the infrastructure

at the deepest mine in Europe allowing underground access to -1400 m, and a baseline of 2300km from

CERN, fulfill all priors described in the previous Section 2.1, and o↵er unique technical advantages

• Concept: 10 bar gas argon-mixture 
TPC surrounded by scintillator bar 
tracker embedded in an 
instrumented magnet with field 0.5T

• 270 kg argon mass, of which ≈100 
kg fiducial

• 0.2 event/spill @ 700 kW
• O(100’000) events/year

• Aim: systematic errors for signal and backgrounds in the far detectors below ±5%, 
possibly at the level of ±2% ⇒ control of fluxes, cross-sections, efficiencies,...

• It is widely recognized that hadro-
production measurements with 
thin or replica target are really 
crucial for precision neutrino 
experiments (eg. K2K, T2K, 
MINOS).

• CERN NA61 acceptance study 
for 400 GeV incident protons

• Precision neutrino cross-section measurements: e.g. MINERVA, T2K-ND280, 
also nuSTORM (FNAL LoI)
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•Fiducial	
  mass	
  at	
  least	
  equal	
  to	
  that	
  of	
  SuperK	
  (≈20kton)
•Clean	
  neutrino	
  detecMon	
  in	
  the	
  energy	
  range	
  
0.5<Eν<10	
  GeV	
  (➞	
  mulM-­‐prong	
  events,	
  not	
  only	
  QE)
•Fine	
  granularity	
  for	
  clean	
  νμ→νe	
  appearance	
  signal
•Neutrino	
  energy	
  resoluMon	
  ΔEν/Eν	
  <	
  10%	
  to	
  observe	
  L/E
•Full	
  kinemaMcal	
  reconstrucMon,	
  e.g.	
  for	
  νμ→ντ
•4π	
  acceptance	
  for	
  all	
  tracks	
  and	
  neutrals
•Charge	
  and	
  momentum	
  determinaMon	
  for	
  muons,	
  to	
  
e.g.	
  study	
  νμ/νμ	
  in	
  both	
  horn	
  configuraMons

27

Far detectors requirements

❖Liquid	
  argon	
  TPC	
  complemented	
  by	
  
magneDzed	
  iron	
  detector	
  (MIND)
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Far liquid Argon detector

28

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)

Design based on 
extensive experience 
with smaller scale 

devices
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LAr detector prototyping efforts

0.4 ton LAr TPC

World’s largest sample of charged particles 
events ever collected

(2) J-PARC T32

World’s first double phase liquid argon 
LEM-TPC successfully operated

(1) ArDM-1t @ CERN

(3) ArgonTube @ Bern

Aim to demonstrate world’s longest 
electron drift path

J.Phys.Conf.Ser. 39 (2006) 129-132 

J.Phys.Conf.Ser. 308 (2011) 012008

Nucl.Phys.Proc.Suppl. 139 (2005) 301-310 2011/3/11KEK Physics Seminar 10

: Accelerator

photo in July. 2009

T2K
� Monitor

Target Station
for � Beam

� Beam

Fast Extraction 
neutrino Facility

LINAC
181MeV

RCS (Rapid Cycling Synchrotron)
3GeV

MR (Main Ring Synchrotron)
30GeV

29

(4) 10T @ CERN

Purity by flushing w/o evacuation

J.Phys.Conf.Ser. 308 (2011) 012024 

60
 

80 40 

JINST 7 (2012) P08026 
40x80cm2
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80cm

Cosmic track in double phase 80x40cm2 LAr-LEM TPC with adjustable gain

Real cosmic rays in LAr LEM-TPC
The best imaging performance S/N > 100 for m.i.p, in both views !

Collection X-t Collection Y-t
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LBNO far muon detector concept

31

2.6 Magnetized Iron detector 71

field configuration is symmetric (the acceptance to the left for positive muons is identical to the

acceptance to the right for negative muons and vice-versa), which is important for the measurement of

CP asymmetries and was actually being considered as a possible improvement for the Neutrino Factory

detector.

10m

B B

Magnetized Iron Neutrino Detector (MIND)

40m

20m
I

FIG. 33: Perspective of the MIND Detector for LBNO.

The position relative to the Liquid Argon TPC is sketched in Figure 34, where a top view and a

side view have been described. The acceptance for neutrino interactions in iron is complete for muons

above 1 GeV. The acceptance of Charged Current neutrino events in the Liquid Argon TPC is being

precisely simulated and calculated, but should be of order 60%, for events at the oscillation maximum.

Iron Plates: For the Iron plates in MIND, the idea will be to follow a similar design to that of the

Neutrino Factory MIND. The plates are made by skip welding 2 m wide strips of 1.5 cm thickness to

make up a 40 m wide layer. A second layer of the same thickness is assembled from 2 m wide plates

welded to the first layer at a 90� to form the plates of 3 cm thickness. The plates can hang from

ears (as was done in MINOS), but detailed engineering designs are needed to determine if this is still

feasible given the increased size of the plates. We envision that little or no R&D on the iron plates

will be needed.

‣ 3cm Fe plates, 1cm scintillator bars, B=1.5-2.5 T

35kton	
  MIND	
  magneMsed	
  iron	
  with	
  scinMllator	
  slabs	
  
(MINOS-­‐like,	
  reference	
  IDS-­‐NF)

Neutrino Interactions in Detectors 

6 

tr
an

sv
er

se
 d

ire
ct

io
n 

  e- 

- 

beam direction 
color scale represents energy deposition 

  

 Charged Current x Neutral Current e Charged Current 

long μ track & possible 
hadronic activity at vertex 

short with compact 
EM shower profile 

short with diffuse 
shower 

MINOS
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LBNO detectors tentative layout
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LBNO sensitivity for MH&CPV 

33

• 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

138 5 PHYSICS POTENTIAL

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
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2 × 2 × 2
70

26

% % % %
% % % %

2

100

Neutrinos from CERN to Pyhäsalmi

34

2288

4600
200 − 300

450

90
160

•Distance	
  CERN-­‐Pyhäsalmi	
  =	
  2288	
  km

•Deepest	
  point	
  =	
  103.8	
  km
•Abundant	
  geophysical	
  data	
  about	
  crust	
  and	
  upper	
  mantle	
  
available:	
  largest	
  part	
  of	
  the	
  baseline	
  is	
  located	
  within	
  the	
  
study	
  area	
  of	
  the	
  European	
  Geotraverse	
  project	
  (EGT),	
  
seismological	
  EUROPROBE/TOR	
  &	
  SVEKALAPKO)

•DensiKes	
  =	
  2.4÷3.4	
  g/cm3

•Remaining	
  uncertainty	
  has	
  small	
  effect	
  on	
  neutrino	
  
oscillaKons	
  (equivalent	
  to	
  less	
  than	
  ±4%	
  global	
  change	
  in	
  
mager	
  density)

arXiv:hep-ph/0305042v1
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Neutrino/antineutrinos and MH132 5 PHYSICS POTENTIAL
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FIG. 68: Reconstructed neutrino energy for electron-like final state events, showing the various components
contributing to the histogram, assuming �CP = 0 and (top plots) normal mass hierarchy NH, and (bottom
plots) inverted mass hierarchy IH. A 25%-75% sharing between neutrino and antineutrino running mode and a
total of 1.5 ⇥ 1021 pot have been chosen.

this component of the background is the total neutrino energy resolution, due to the fact that the

signal events have their energy distribution sharply peaked in the region of the maximum flux of

muon neutrinos at the source, folded by the oscillation probability determined by the �m2
32 mass

squared di↵erence, whereas the background ⌫e’s (resp. ⌫̄e’s) have a much broader and rather flat

energy distribution, since they are dominantly produced in three-body decay processes from kaons (at

high energy) and muons (at lower energies). This irreducible background will be measured in and

constrained by the near detector (see Section 2.7).

The second source of background is from leading ⌫µ ! ⌫⌧ (resp. ⌫̄µ ! ⌫̄⌧ ) oscillations, in which

the charged ⌧ lepton decays leptonically via the process ⌧ ! e⌫e⌫⌧ . Although the chosen long base-

line configuration of LBNO purposedly leads to ⌫µ ! ⌫⌧ oscillation probabilities of order O(1), the

charged current ⌫⌧ CC interaction is strongly suppressed kinematically compared to ⌫µ CC by the ⌧

production threshold which requires ECC
⌫
⌧

> m2
⌧

+2m
N

m
⌧

2m
N

' 3.5 GeV, where m⌧ ' 1.7 GeV and mN

is the nucleon mass, to be compared with the energy of the first oscillation maximum of ' 4.5 GeV.

Detector response and resolution included Running	
  mode:
ν/anK-­‐ν:25%/75%
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Sensitivity to matter hierarchy

CPδTrue 
0 1 2 3 4 5 6

2 χ Δ

0

20
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100
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90%C.L.
σ3

σ5

MH determination
50% nu+50% anu
2.25e+20 pots

m
yf

itt
er

M
H

2.25e20 pot

Provide	
  a	
  >5σ	
  direct	
  determinaKon	
  of	
  MH	
  for	
  all	
  values	
  of	
  δCP	
  
within	
  2.5	
  years	
  of	
  running

Other	
  methods	
  proposed	
  (atmospheric	
  neutrinos,	
  reactors)	
  do	
  not	
  provide	
  such	
  a	
  
level	
  of	
  sensiKvity	
  and	
  could	
  be	
  prone	
  to	
  irreducible	
  systemaKc	
  errors
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Sensitivity to CP violation

38
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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.

4

SensiKvity	
  combining	
  T2K(295km),	
  NOvA(810km)	
  and	
  LBNO(2300km)

S. A
garw

alla

The	
  power	
  of	
  combining	
  several	
  different	
  baselines	
  L:
LBNO	
  20kton(5+5)	
  +	
  T2K(5+0)	
  +	
  NOvA(3+3)	
  ≈	
  40-­‐45%	
  CPV	
  at	
  >3σ	
  C.L.

PRE
LIM

INAR
Y

PRE
LIM

INAR
Y
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Atmospheric neutrinos

39

• Neutrino	
  oscillaaon	
  physics	
  complementary	
  to	
  long	
  baseline	
  beam
• Clean	
  νe	
  &	
  νμ	
  CC	
  over	
  all	
  range	
  of	
  energies	
  (GeV,MulKGeV)
• Good	
  neutrino	
  energy	
  and	
  angular	
  reconstrucKon
• Recoil	
  hadronic	
  system	
  on	
  an	
  event-­‐by-­‐event	
  basis
• StaKsKcal	
  separaKon	
  of	
  ν	
  and	
  anK-­‐ν	
  by	
  exclusive	
  final	
  states
• νμ➞ντ	
  appearance	
  significance	
  >3σ	
  arer	
  3	
  years	
  exposure	
  

(≈12	
  ντ	
  CC	
  /	
  year)

680(w/o	
  osc)

1440
Events/year

310
2440(w/o	
  osc)

�eCC

�µCC
�̄µCC

�̄eCC

Mode

�NC 640

116 5 PHYSICS POTENTIAL
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FIG. 60: Typical atmospheric ⌫µ and ⌫e QE event in liquid Argon detector (⌫µ + X ! p + ⇡0 + µ� and
⌫e + n ! p + e�). The two (collection) views are shown.
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FIG. 61: Typical atmospheric ⌫µ NC event in liquid Argon detector (⌫µ +p ! ⌫µ +p+⇡0). The two (collection)
views are shown.

MC: �eCC

“Free once you paid for an 
underground location”

proton

e	
  shower
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Proton decay sensitivity

40

For	
  an	
  exposure	
  of	
  10	
  years	
  (200	
  kton×year)

Mode LifeKme	
  (90%C.L.)
p➞νK+ >3×1034	
  yrs

p➞e+γ,	
  p➞µ+γ >3×1034	
  yrs
p➞µ–π+K+ >3×1034	
  yrs
n➞e–K+ >3×1034	
  yrs

p➞µ+K0,	
  p➞e+K0 >1×1034	
  yrs
p➞e+π0 >1×1034	
  yrs
p➞µ+π0 >0.8×1034	
  yrs
n➞e+π– >0.8×1034	
  yrs

Expect	
  ≈linear	
  sensiKvity	
  improvement	
  with	
  exposure	
  unKl	
  1000	
  kton×year

JHEP 0704 (2007) 041 
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Supernova detection channels

41

For	
  a	
  SN	
  explosion	
  at	
  the	
  distance	
  of	
  5	
  kpc

• Unique	
  sensiKvity	
  to	
  electron	
  neutrino	
  flavour	
  (most	
  other	
  
SN-­‐detectors	
  detect	
  inverse	
  beta	
  decays)

• Combined	
  analysis	
  of	
  all	
  reacKon	
  modes	
  
• Neutrino	
  mass	
  via	
  TOF

JCAP 0310 (2003) 009

�e
40Ar � e� 40K�

�̄e
40Ar � e+ 40Cl�

(Eν	
  >	
  1.5	
  MeV)

(Eν	
  >	
  7.48	
  MeV)

�x e� � �x e� ≈1330

�x
40Ar � �x + 40Ar�

≈23820
Events:

≈2420

≈30440

JCAP 0408 (2004) 001 

�E�e� = 11MeV, �E�̄e� = 16MeV, �E�x� = �E�̄x� = 25MeV
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Milestones - Timescale
LAGUNA Design Study funded for site studies 
Categorize the sites and down-select
Start of LAGUNA-LBNO
Submission of LBNO EoI to CERN
Pyhäsalmi extended site investigation
End of LAGUNA-LBNO DS: technical designs, 
layouts, liquids handling&storage, safety, ...
Critical decision 
Excavation-construction (incremental, pilot?)
LBL physics start

42

2008-2011

Sept. 2010

2011

2012

2013

2014

2015 ?

2016-2021 ??

2023 ???
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Conclusions (I)

43

• LBNO, proposed to be located underground at Pyhäsalmi 2300km away from 
CERN, has truly unique scientific opportunities.
➡ All transitions (e/µ/tau) measurable in neutrino/antineutrino in a single experiment
➡ Test of three neutrino oscillation paradigm, independently for nu’s and antinu’s
➡ Direct test of matter effects and measurement of CP-phase with ±20o error
➡ A fully conclusive mass hierarchy determination(MH) at >5σ C.L, in a cleaner and 

more significant way than any other methods/proposals
➡ A very good chance to find CPV with the spectral information providing 

unambiguous oscillation parameters sensitivity, with 40-45% CPV coverage at 
>3σ C.L. Increase to 70% CPV coverage with three-fold more exposure or a 
second beam from another site (at present consider Protvino / OMEGA).

➡ Several background free nucleon decay channels, competitive with HK sensitivity
➡ Detection of several astrophysical sources (SN,...) and fresh new look at 

atmospheric neutrinos with high granularity and resolution (atm tau app., atm 
MH, ...).

• LBNO defines a clear upgrade path (long term vision / incremental approach) to 
fully explore CPV, with higher power conventional beam or Neutrino Factory.
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Conclusions (II)

44

• An expression of interest has been submitted to the 
CERN SPS Committee in June 2012.

•We have called on CERN to engage in a collaborative 
effort to prepare a full engineering design of the 
CN2PY beam and to promptly support the necessary 
detector prototyping and test beams needed to develop 
a Proposal by the end of 2014.

• The project is OPEN, still being defined and has many 
opportunities. We welcome all kind of contributions, 
stressing that the far detectors are already foreseen to 
be deep underground, with access via the existing and 
unique infrastructure present at Pyhäsalmi.
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Backup slides
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LAGUNA LAr prototype @ CERN

47

ETH 
Eidgenössische Technische Hochschule Zürich 
Swiss Federal Institute of Technology Franco Sergiampietri, 20 August 2012, 7 

LAGUNA LAr Prototype at CERN - Inner detector 

Signal feed through chimneys (12) 
Each with: 10 x 32 pin connectors  
For a total of 7680 electronic 
channels 

Anode hanging FT 
and chimney  

PMTs (4/m2 = 144) 

HV FT 

HV chimney 

HV chimney 

Anode deck made by 144 
0.5x0.5 m2 panels or 72 
0.5x1.0 m2 panels 

Field shaping electrodes (60) 
D: 69 mm 
P: 100 mm 

Cathode (gridded) 

FT for PMT signals and PS 

Field shaping electrodes 
spacers/supports (16) 

· 6x6x6m^3 prototype to be constructed and operated at CERN, as a prototype of the far detector 
double-phase TPC 
· Charged test beams to collect the large controlled data set allowing electromagnetic and hadronic 
calorimetry and PID performance to be measured, simulation and reconstruction to be improved and 
validated
· Detector to be positioned in the North Area in an extension of the EHN1 building
· Timescale: facility for preparation of full LAGUNA-LBNO proposal
· Also highly relevant to other options wanting to use LAr TPC (LBNE, Okinoshima)

ETH 
Eidgenössische Technische Hochschule Zürich 
Swiss Federal Institute of Technology Franco Sergiampietri, 20 August 2012, 11 

LAGUNA LAr Prototype sizes – Vertical x-section 

6m 

6m 

0.95m 
LAr level 

0.45m 

1.0m 

1.0m 1.0m 

Cathode 

Gridded floor 

PMTs 
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CPV: LBNE vs LBNO

Preliminary

2sigma

3sigma

5% systematic
NH true

 0

 12

−180 −90  0  90  180

D
el

ta
_
C

h
is

q

dcp (true) in degree
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LBNE
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 10• Assume same 
systematic 
errors for both 
setups

• LBNE 10 kton 
@ 1300 km

• LBNO 20kton 
@ 2300 km
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true δ (π)
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Hyper-K CPV sensitivity
(Exclusion of δ=0,π)
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5σ
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νμ→νe probability

HKWG internal note ? 10-01

CP sensitivity study of Hyper-Kamiokande

Masashi Yokoyama

December 13, 2010

P (νµ → νµ) = 1 − 4(C2
12C2

23 + S2
12S2

13S2
23 − 2C12C23S12S13S23 cos δ)S2

23C2
13 · sin2 ∆23

−4(S2
12C2

23 + C2
12S2

13S2
23 + 2C12C23S12S13S23 cos δ)S2

23C2
13 · sin2 ∆13

−4(C2
12C2

23 + S2
12S2

13S2
23 − 2C12C23S12S13S23 cos δ)

×(C2
12C2

23 + S2
12S2

13S2
23 + 2C12C23S12S13S23 cos δ) · sin2 ∆12

P (νµ → νe) = 4C2
13S2

13S2
23 · sin2 ∆31

+8C2
13S12S13S23(C12C23 cos δ − S12S13S23) · cos∆32 · sin∆31 · sin∆21

−8C2
13C12C23S12S13S23 sin δ · sin∆32 · sin∆31 · sin∆21

+4S2
12C2

13(C
2
12C2

23 + S2
12S2

23S2
13 − 2C12C23S12S23S13 cos δ) · sin2 ∆21

−8C2
13S2

12S2
23 ·

aL

4Eν
(1 − 2S2

13) · cos∆32 · sin ∆31

+8C2
13S2

13S2
23

a

∆m2
13

(1 − 2S2
13) sin2 ∆31

P (νe → νe) = 1 − 4C2
13S

2
13 · (C2

12 sin2 ∆13 + S2
12 sin2 ∆23) − 4S2

12C
2
12C

4
13 sin2 ∆12

where Cij , Sij , ∆ij are cos θij , sin θij , ∆m2
ijL/4Eν , respectively, and a[eV2] = 7.56 ×

10−5 × ρ[g/cm3] × Eν [GeV ].

1

CP violating (flips sign for ν)Leading

Solar

Matter effect

8

0 1 2-0.06

-0.04

-0.02

0

0.02

0.04

0.06

Total
Leading�ѡ13)

Matter

CPVCPC(cosI�

Solar

Eν (GeV)

(sin22θ13=0.1,δ=π/4)

295km
CPV term ∝ sin2θ13

Leading term ∝ sin22θ13

For larger sin22θ13

signal ↑, CP asymmetry ↓
matter/CP ↑

Matter effect ∝ sin22θ13

Rich physics (with precise θ13 expected from reactor)

Wednesday, August 22, 12

CP asymmetry at 295km
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Low Energy Neutrino factory (LENF)

51

Neutrino factory
Neutrinos from muon decays at L~1500-7000 km. 
Pure beam and multiple oscillation channels but 
requires magnetised detector (MIND, LiAr). 
See e.g. de Rujula, Gavela, Hernandez; Cervera et al.; Freund, Huber, Lindner; Rubbia ....

New baseline 
f o r I D S - N F 
(Apr 2012):
LENF:
E=10 GeV and 
L=2000 km
with MIND

Tuesday, 11 September 12

Pure	
  beam	
  and	
  mulKple	
  oscillaKon	
  channels
Requires	
  magneKsed	
  far	
  neutrino	
  detector
LENF	
  is	
  the	
  baseline	
  since	
  θ13	
  is	
  known	
  to	
  be	
  large	
  

The	
  LENF	
  has	
  the	
  power	
  to	
  reach	
  ≈	
  80%	
  CPV	
  coverage	
  at	
  >3sigmas
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Precision	
  in	
  oscillaDon	
  parameters

52

The	
  precision	
  measurement	
  of	
  the	
  oscillaDon	
  parameters	
  
will	
  become	
  very	
  important	
  once	
  the	
  mass	
  hierarchy	
  and	
  

CPV	
  are	
  established.

✓13 precision

Triangle: current 1� precision of Daya Bay. Star: best attainable precision. C2P= CERN to Pyhäsalmi
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P. Coloma, A. Donini, E. Fernández Mart́ınez, P. Hernández,
arXiv:1203.5651.

Within the Daya bay 3� region, we can see that the scaling with ✓13 of �r✓13
of “short” (T2HK and the SPL) and “long” (LBNE and C2P) baseline super-beams

is di↵erent: for short baseline super-beams, the relative precision on ✓13 is roughly

independent of ✓13, indicating that precision in these facilities is limited by the sys-

tematics of the signal in this regime; for long baseline super-beams the precision

improves with ✓13, instead, as expected when the error is statistics-dominated. Be-

low the Daya Bay 3� bound, on the other hand, all super-beams show a significant

degradation of �r✓13. This is due to the fact that, for such small values of ✓13, the

signal is considerably reduced and the systematics on the background start to dom-

inate the error instead. The bands are in all cases relatively narrow, which means

that the precision on ✓13 does not depend significantly on �.
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Figure 5: Relative error on ✓13 as a function of ✓13 at 1� (1 d.o.f.) at the considered beta-

beam (left) and neutrino factory (right) setups. Left panel: results for BB100 (blue, dashed

lines) and BB350 (red, solid lines). Right panel: results for LENF (blue, dashed lines) and

IDS1b (red, solid lines). The width of the bands shows the dependence with the value

of �. The empty triangle shows the present precision at 1� for Daya Bay, while the star

represents the ultimate attainable precision, corresponding only to the quoted systematic

error. Both points are shown for the present best fit. The vertical line corresponds to the

present Daya Bay 3� lower bound. A true normal hierarchy has been assumed and no sign

degeneracies have been taken into account.

In Fig. 5 we compare the precision on ✓13 attainable in the beta-beam and neu-

trino factory setups. For all of these setups we can see that the precision improves

14

The best 
measurement of 
theta13 will be 

provided by Daya 
Bay, unaffected by 
degeneracies, and 

it could be 
marginally 

improved by 
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CP-phase sensitivity

140 5 PHYSICS POTENTIAL

tau production rate will also be measured in other decay modes (i.e. hadronic 1-prong, 3-prongs).

Nonetheless, even under the assumption that tau is not constrained and let free to vary by ±50%, the

MH determination significance is still above 5�’s.

5.6.6 CP-phase measurement and CPV search

In this section, we discuss the sensitivity to CP violation. We assume an integrated pot of

1.5 ⇥ 1021 p.o.t. and 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.

The reconstructed neutrino energy for positive and negative horn polarities are shown in Figure 73

for various values of �CP=0, 90�, 180� and 270� and for normal mass hierarchy (NH). The same is shown

in Figure 74 but in the case of the inverted mass hierarchy (IH). We note that in all cases the first and
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FIG. 73: Reconstructed event energy for (left) neutrino horn polarity running and (right) antineutrino horn
polarity running, for di↵erent values of true �CP and for normal mass hierarchy (NH). A 25%-75% sharing
between neutrino and antineutrino running mode and a total of 1.5 ⇥ 1021 pot have been chosen.
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second maxima peaks are visible, this is particularly true for antineutrinos in the NH case, respectively 54Tuesday, October 23, 12
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1. Neutrinos must be part of the CERN Roadmap.
2. Large discovery potential: The determination of the neutrino mass hierarchy and the 

determination of the CP phase are the next steps in long baseline neutrino experiments. 
These fundamental measurements require and justify dedicated long baseline accelerator-
based experiments.

3. LAGUNA-LBNO and CERN→Pyhäsalmi: The next step should be an experiment which can 
start now and be constructed in a reasonable time (less than about 10 years), maintains the 
community healthy, with a real chance of discovery and long term upgrade possibilities. The 
existence of a possible long baseline in Europe from CERN to Pyhäsalmi (2300 km) is unique 
in this regard. 

4. Incremental approach: The LBNO project, considering an initial 20 kton fine grain LAr 
tracking-calorimeter (GLACIER) and a magnetized muon detector (MIND) is the first priority of 
the LAGUNA-LBNO consortium and is endorsed by the Neutrino Factory community. An 
Expression of Interest, signed by enlarged consortium, has been submitted to the CERN 
SPSC and is presently being reviewed.

5. Preparing for longer term, precision experiments: The European Strategy for Particle 
Physics must provide for European participation in the programme required for a Neutrino 
Factory proposal (in particular NuSTORM) to be prepared in time for the next update of the 
European Strategy (2018 ?).

55
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Tau like sample
5.6 Long baseline neutrino oscillations 137
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FIG. 71: Reconstructed (left) transverse missing momentum (pmiss
T ) and (right) transverse angle between tau

candidate momentum and hadronic momentum ✓⌧�had for electron-like final state events. For clarity, the ✓
13

angle has been set to zero to enhance the visibility to the tau decays.

the distribution that tau events shown in orange can be discriminated from the other sources of events.

In addition, several angular correlations in the transverse can be considered. For instance, the angle

between the tau lepton candidate and the recoiling hadronic system is plotted in Figure 71(right). In

this case, the ⌫e CC events exhibit an angle close to ⇡, while this is no more true in the case of tau

events, where the hadronic system does not appear to be back-to-back with the electron produced in

the tau decay.

Using similar techniques as those presented in Ref. [208], the hadronic decay channels can be also be

used to determine the tau CC events. In particular the ⌧ ! ⇡⌫, ⌧ ! ⇢⌫, and ⌧ ! 3 prongs can provide

additional handles to constrain the tau appearance signal. More detailed studies will be prepared in

view of an LBNO proposal.

5.6.4 Study of the ⌫x ! ⌫x NC channel

The disappearance of muon neutrinos as they propa- gate from their production source is well

established and will be measured in LBNO, as described in the previous subsections. The deficit of

⌫µ charged-current interactions is generally interpreted as due to oscillations between the weak flavor

states of active neutrinos. Both the dominant ⌫µ ! ⌫⌧ and subdominant ⌫µ ! ⌫e will be measured

in LBNO. More exotic scenarios where active neutrinos oscillate into an unseen sterile neutrino flavor,

⌫s, are not excluded. The possible existence of one or more light sterile neutrinos, in addition to the

three active flavors, has been widely discussed and is theoretically motivated. While anomalies at short

baseline have increased interest, the actual properties of these potential sterile neutrinos are totally

unknown. Hence, it is important to search for them in any possible parameter space. LBNO can probe

active to sterile neutrino mixing driven by the atmospheric mass-squared splitting by measuring the
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CPV discovery - statistical only
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CP-phase determination
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 nTURN, LNGS. 8-10 May 2012 28

2290 ´ 730 km
● MH: 2290 km is superior (large matter 
effects), no ambiguities from MH knowledge

Same assumptions and code.
Results for 2290 km in the 
literature in agreement (backup)

2290 km on-axis 50 GeV p-driver
730 km on-axis 50 GeV p-driver

2290 km on-axis 50 GeV p-driver
730 km 10 km off-axis 400 GeV p-driver

● CP violation: not a huge difference
● Higher coverage at 2290 at high exposures 
(where 2nd max starts to play a role)

NI

Effect of 
hierarchy

2nd max

50 GeV proton driver

A. Longhin et al., NUTurn12
61

Effect of WBB
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Why the neutrino mass hierarchy ?

62

• CP-violation: necessary input to solve CPV problem. For 
example, for the HyperK LOI arxiv:1109.3262 (which considers 
a 540kton FV and hence has the highest statistical power):

➡ 3 MW×years (note: >10 years at present JPARC MR power) 
MH known: 65% coverage → MH unknown: 35% coverage

➡ 10 MW×years needed to reach 65% coverage if MH unknown! 
rather unlikely within present JPARC projections.

• 0νββ searches: necessary input to interpret both negative and 
positive isotope lifetime results, in terms of neutrinos (as 
opposed to some other source of lepton number violation).

• BSM/GUT theories: important ingredient for model building. An 
inverted hierarchy would have interesting implications.

•We need a definitive & conclusive determination of the MH !
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HyperKamiokande CPV

63

50 III PHYSICS POTENTIAL
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FIG. 31. 1� uncertainty of � as a function of integrated beam power. The ratio of ⌫ and ⌫̄ running time is

fixed to 7:3. left: sin2 2✓13 = 0.1, right: sin2 2✓13 = 0.01.
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FIG. 32. Fraction of � for which sin � = 0 can be excluded with 3 � as a function of the integrated beam

power. The ratio of neutrino and anti-neutrino mode is fixed to 3:7.

Sensitivity vs running time Figure 30 shows the fraction of � for which sin � = 0 is excluded

with 3 �, with di↵erent ratio of ⌫ and ⌫̄ running time, while the total running time and the beam

power is fixed to five years with 1.66 MW. The case with ⌫ : ⌫̄ = 3 : 7 has the best sensitivity,

although the di↵erence is marginal around this value.

Figure 31 shows the 1� uncertainty of � as a function of the integrated beam power for sin2 2✓
13

=

0.1 and 0.01. The mass hierarchy is assumed to be known. The ratio of ⌫ and ⌫̄ running time is

fixed to 7:3.

Figure 32 shows the sensitivity to CP violation as a function of the integrated beam power. The

vertical axis shows the fraction of � for which sin � = 0 is excluded with 3� significance. The ratio

of neutrino and anti-neutrino mode is fixed to 3:7. Solid and dashed lines correspond to the case

the mass hierarchy is known and unknown, respectively. The true mass hierarchy is normal in both

arxiv:1109.3262
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LBNE: 10 years @ 700kW

Be aware: Ash River has the best CPV sensitivity when MH is determined ! the 
displayed sensitivities come mostly from parameter fitting around 1st maximum
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Figure 12. The significance with which the mass ordering (top) and CP violation (bottom) is resolved with a 10 
kton surface detector at Homestake (red), a 30 kton surface detector at  Ash River (blue), and a 15 kton 
underground detector at  Soudan (black) as a function of the unknown CP violating phase CP. The sensitivities 
are measured with the experiment alone (left) and combined with NOvA running with the ME beam for 3+3 
years and T2K for all three options and additional NOvA running the LE beam for 5+5 years for the Ash River 
and Soudan options  (right). If the mass ordering is known, the CP violation significance in the positive CP region 
with the Ash River option (blue) and the Soudan option (black) will look like that in the negative CP region. The 
bands cover ±2 of the current measurement of sin2213. 
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Figure 12. The significance with which the mass ordering (top) and CP violation (bottom) is resolved with a 10 
kton surface detector at Homestake (red), a 30 kton surface detector at  Ash River (blue), and a 15 kton 
underground detector at  Soudan (black) as a function of the unknown CP violating phase CP. The sensitivities 
are measured with the experiment alone (left) and combined with NOvA running with the ME beam for 3+3 
years and T2K for all three options and additional NOvA running the LE beam for 5+5 years for the Ash River 
and Soudan options  (right). If the mass ordering is known, the CP violation significance in the positive CP region 
with the Ash River option (blue) and the Soudan option (black) will look like that in the negative CP region. The 
bands cover ±2 of the current measurement of sin2213. 
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LBNE 10-kton (surface?) @ 700 kW 

 3 

Figure 2: Significance (=√ 2) with which the neutrino mass hierarchy (left) and CP violation (right) can be 
determined as a function of CP for the first phase of LBNE, leveraging the knowledge we will have gained from 
NOvA and T2K beforehand. Projections are for 5+5 years of 700 kW neutrino+antineutrino running of a 10 kton 
fiducial mass LAr TPC at Homestake combined with anticipated results from NOvA (3+3 years at 700 kW) and T2K 
(5x10 21 POT or ~6 years). The colored band indicates the change in significance when the assumed value of sin2213 
is varied from 0.07 to 0.12, corresponding to roughly a ±2 variation in sin2213 based on the latest results 
presented by Daya Bay at Neutrino 2012. 

 

The 10 kton LAr TPC detector and 700kW beam represents only the first phase of a long-term program. 
LBNE’s  capabilities  will  progressively  expand  in  both  detector  mass  and  beam  power.  Subsequent  phases  
will include: 

 A highly capable near neutrino detector, which would reduce systematic errors on the 
oscillation measurements and enable a broad program of short-baseline neutrino physics. 

 An increase in far detector mass from 10 to 35 kton fiducial mass placed at the 4850 ft (4300m 
water equivalent) level at Homestake.  

 A staged increase in beam power from 700 kW to 2.3 MW with the development of a new 
proton source at Fermilab, Project X (5). 

The 35 kton LAr TPC detector at the 4850 ft level at Homestake will further improve the precision of the 
primary long-baseline oscillation measurements and open or enhance the program in non-accelerator-
based physics, including searches for baryon-number-violating processes and measurements of 
supernova neutrinos. The reach for both mass hierarchy and CP violation for the 35 kton detector using 
the initial beam of 700 kW from Fermilab’s Main Injector is shown in Figure 3.  This stage exceeds the 
requirement for determining the mass hierarchy.  Its main purposes are to give greater reach for the 
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• Explain Landau distribution (”bare” track and
”dressed” track)

• pion track (800 MeV/c) and soft electron (∼10
keV) has different dE/dx = recombination

• Set delta-ray cut off = 10 keV in simulation, and
take ICARUS measurement of recombination.

• Hit charge distribution is in good agreement be-
tween data and MC.
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Figure 13: Hit charge distribution for 800 MeV/c through-going π+
sample. Points and histograms correspond to data and MC, respec-
tively

6. Stopped Proton

Proton event selection

• Protons are selected by the information of beam
counters.

• Drift time of the hit at the injection point: 150mus
to 300µs which corresponds with T32 BDC fidu-
cial volume.

• Total number of hits in the cluster is greater than 5.

• Only one cluster in the event

For good proton events, we compare each parameter
between data and MC. Figure14 shows the comparison
of the distribution of Hit Charge, Hit Sigma, Stopped
Channel and Cluster Charge between data and MC. All
four distributions of MC reproduce data well. Espe-
cially, the agreement of stopped channel distribution
shows the consistent the momentum estimation by TOF
information with the initial momentum of the particles
injected to 250L detector.
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Figure 14: Hit Charge, Hit Sigma, Stopped Channel, Cluster Charge

Figure15 shows the hit charge distribution of each
distance from stopped point. Hit charge distribu-
tions of MC simulation are good agreements with data.
Figure?? shows the mean of the hit charge distribution
of each distance from stopped point. MC simulation re-
produce the charge response of data in high and wide
dE/dx region well.
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Figure 15: Hit charge distribution of each distance from stopped point

7. Stopped Kaon

• Stopping point of the Kaon is identified as kink of
the track

• For example, K → µν event (Fig. 12) is composed
by two tracks, Kaon and muon, and intersection of
two tracks corresponds to the stopped point.

• We develop two different algorithm to identify the
Kaon stopped point, Hough and Chi2.

Hough transform was invented for machine
analysis of bubble chamber photographs by
Paul.V.C.Hough.[19].

• Transform hit coordinates [TPC channel, drift
time] into Hough space

• Find the straight line by choosing the most dense
point in Hough space (= Kaon track)

8

66

Tracking performance

A = 0.8
k = 0.0486 kV/cm

g/cm2

MeV
• Hits associated with the first straight line are re-

moved, and remaining hit coordinates are trans-
formed into Hough space.

• Find second straight line using the same procedure
( =Muon track)

• This procedure is repeated until number of remain-
ing hits are less than three.

• Kaon stopped point is identified as the hit with
maximum charge and around the intersection of
two lines.

χ2 method is the algorithm to Identify the kaon
stopped point as the point which rapidly increase fit χ2

to straight line.

• Starting from the most upstream hit in the cluster,
fit the hits to straight line (Kaon track)

• Find the point which rapidly increase fit χ2 to
straight line.

• Starting from the most downstream hit in the clus-
ter, fit the hits to straight line (Muon track)

• Find the point which rapidly increase fit χ2 to
straight line.

• Kaon stopped point is identified as the hit with
maximum charge and around the intersection of the
two lines.

Figure 16 shows Data and MC comparison for signal
hit charge, signal width, decay point and total particle
charge distribution. Data of signal charge and signal
width are consistent with MC one in error by less than
two % and data of cluster charge and primary charge are
consistent with MC one in error by less than five %.

Figure 17 shows signal hit charge distribution in dif-
ferent distance from the stopped point. Data and MC
are in good agreement.

Figure ?? shows data/MC ratio of signal hit charge
distribution in different distance from the stopped point.
Data of signal charge in different distance from stopped
point are consistent with MC one with in 5%.

8. Recombination Factor

For the data-MC comparison, we use parameters of
the recombination factor in ICARUS measurement of
Ref.[15]. In this section, we measure the recombination
factor using proton (and Kaon) data.
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Figure 16: Data-MC comparison for hit charge, hit sigma, cluster
charge, primary particle charge
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Figure 17: Data-MC comparison for hit charge distribution in different
distance from the stopped point(top left:decay point,top light:decay
point-5cm,bottom left:decay point-10cm,decay point-15cm)

Expression for recombination (Birks law) in Eq. 1 can
can be rearranged like below:

Q0

Q
=

1
A
+

(k/E)(dE/dx)(1/ρ)
A

(2)

In this equation, the ratio of Q0/Q has linear depen-
dence of stopping power dE/dx, and Q from data (See
Fig. ??), Q0 and dE/dx from MC can be determined for
every distance from the stopped point. By using this we
are able to extract parameters A and k. Q0 is determined
from the simulation sample without recombination (Top
left plot in Fig. 18), and dE/dx per an anode channel
is determined with truth information of simulation
(Top right plot in Fig. 18). The result of this study is
shown in bottom plot of Fig18. Vertical axis is Q0/Q,
and horizontal axis is dE/dx in this figure, this plot
is fitted to straight line. As a result, we obtain fitting
parameter, A = 0.832±0.009(stat.)±0.006(syst.),
and k=0.0504±0.0010(stat.)±0.0013(syst.)
[kV(g/cm2)/cm/MeV]

It confirms Birks law in the range of 4 ! dE/dx ! 12
MeV/cm2 and electric field of 200 V/cm is consistent
with ICARUS measurement[15]. A = 0.800±0.003 and
k=0.0486±0.0006 [kV(g/cm2)/cm/MeV]

9

• Explain Landau distribution (”bare” track and
”dressed” track)

• pion track (800 MeV/c) and soft electron (∼10
keV) has different dE/dx = recombination

• Set delta-ray cut off = 10 keV in simulation, and
take ICARUS measurement of recombination.

• Hit charge distribution is in good agreement be-
tween data and MC.
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Figure 13: Hit charge distribution for 800 MeV/c through-going π+
sample. Points and histograms correspond to data and MC, respec-
tively

6. Stopped Proton

Proton event selection

• Protons are selected by the information of beam
counters.

• Drift time of the hit at the injection point: 150mus
to 300µs which corresponds with T32 BDC fidu-
cial volume.

• Total number of hits in the cluster is greater than 5.

• Only one cluster in the event

For good proton events, we compare each parameter
between data and MC. Figure14 shows the comparison
of the distribution of Hit Charge, Hit Sigma, Stopped
Channel and Cluster Charge between data and MC. All
four distributions of MC reproduce data well. Espe-
cially, the agreement of stopped channel distribution
shows the consistent the momentum estimation by TOF
information with the initial momentum of the particles
injected to 250L detector.
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Figure 14: Hit Charge, Hit Sigma, Stopped Channel, Cluster Charge

Figure15 shows the hit charge distribution of each
distance from stopped point. Hit charge distribu-
tions of MC simulation are good agreements with data.
Figure?? shows the mean of the hit charge distribution
of each distance from stopped point. MC simulation re-
produce the charge response of data in high and wide
dE/dx region well.
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Figure 15: Hit charge distribution of each distance from stopped point

7. Stopped Kaon

• Stopping point of the Kaon is identified as kink of
the track

• For example, K → µν event (Fig. 12) is composed
by two tracks, Kaon and muon, and intersection of
two tracks corresponds to the stopped point.

• We develop two different algorithm to identify the
Kaon stopped point, Hough and Chi2.

Hough transform was invented for machine
analysis of bubble chamber photographs by
Paul.V.C.Hough.[19].

• Transform hit coordinates [TPC channel, drift
time] into Hough space

• Find the straight line by choosing the most dense
point in Hough space (= Kaon track)

8

� 800 MeV/c� 650 MeV/c

Data well described by:
J.Phys.Conf.Ser. 308 (2011) 012008JPARC T32 exposed to K1.1BR tagged beam

250L @ J-PARC

NIM A 523, 275 (2004)

Good understand of tracking

J-PARC T32 chamber (ETHZ-KEK-Iwate-Waseda)Vacuum Test
� Inner vessel

� Varian dry scroll pump (110L/min)
� Pfeiffer turbo pump (80L/s)

� Outer vessel
� Kasiyama oil rotary pump (900L/min)

� Achieved vacuum
� 0.3 Pa so far for inner vessel

4

Courtesy T. Maruyama
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Calorimetric performance

E (GeV)
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MC simulations at 
higher energies:
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needs to be confirmed 
by experimental data

G3 and G4 comparison
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Purity and vessel evacuation

68

★Several independent groups performed numerical simulations and concluded that the vacuum evacuation 
phase could be avoided for larger detectors:
- more favorable surface / volume ratio for large volume (also larger volumes are less sensitive to micro leaks !!)

- initial purity of argon when delivered is typ. O(1) ppmv O2  → purification from ppm to << 1 ppb anyhow needed

- outgassing of material from hot components, impurities “frozen” at low temperature
★GAr flushing and purging are effective ways to remove air and impurities.
★Purging on 6m3 volume (ETHZ-KEK-Liverpool @ CERN)

- Piston effect seen in gas and reached 3ppm O2 after several volumes exchange (J.Phys.Conf.Ser. 308 (2011) 012024)
★LAPD @ FNAL – Liquid Argon Purity Demonstrator – First test in Liquid Phase !

- Tank size: 30 ton LAr (25,000 liters)

- Milestone successfully reached!!  it is possible to obtain a better than 3 ms electron lifetime in a large non-evacuated 
vessel ! Physical Layout 

4/1/12% Chad%Johnson%%KK%%Indiana%University% 5%

Zeolite%(H2O)%filter%

Cu%(oxygen)%filter%

LN2%phase%
separator%

inKline%purity%monitor%

LAr%condenser%

pump%

par[culate%filter%

Purity Monitoring: Electron Drift Distance 

•  First electron 

lifetime 

measurements 

made after 11 

volume exchanges. 

•  Electron lifetimes 

were determined to 

be at least 3 ms, 

LBNE needs 1.5 ms. 

4/1/12% Chad%Johnson%%KK%%Indiana%University% 12%

cathode% anode%

Courtesy B. Baller & B. Rebel

LAPD Meas’d impurities in LAr
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LAr purification !

Slide 4 

Key feature: LAr purity from electro-
negative molecules (O2, H2O,C02). 
LAr continuously filtered, e- life-time 
measured by charge attenuation study 
on cosmic µ track  
             

 
!ele > 5ms   

( ~60 ppt [O2]eq)   
 corresponding to 17% max. 

charge attenuation at 
1.5m  

These results would allow 
operation at larger drift 

distances. 
 

Purity and evacuation

69

9000

10000

11000

Courtesy F. Pietropaolo

20m drift path@1kV/cm ≈10 ms drift (GLACIER)

NB: “Outgassing” sources should 
become negligible after long periods 

of purification (e.g. 1 year)

Record purity in 
ICARUS T600 ≈7.5 ms

(volume evacuated)

Lower bound in LAPD ≈3 ms
(volume non-evacuated !)

LBNE requirement ≈1.4 ms
for S/Nmip > 9

Phys.Rev. D74 (2006) 112001 

Record purity in ICARUS 50L 
@ CERN >10 ms

(volume evacuated)
Meas’d e-lifetime in ICARUS T600 (West)

★  Excellent purity has been reproducibly achieved in various setups always relying on 
commercially available techniques, of various sizes and capacities.
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Drift path (m)
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Longitudinal Diffusion
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Transverse Diffusion

Electron cloud diffusion
Drift fields E=0.5,0.75,1,1.25,1.5 kV/cm

0.5 kV/cm

1.5 kV/cm

DL=4 cm2/s

0.5 kV/cm

1.5 kV/cm

•ArgonTube (Bern University)
-tracks >4 m length observed !
-lifetime ≈ 2ms after 24hrs

•5m drift (UCLA)

DT=13 cm2/s

Diffusion of Electrons in Gases
Measurements and Theory show DL/DT < 1

Selected Literature:

1. J.J. Lowke and J.H. Parker, Theory of electron diffusion parallel to electric fields. II. Application to real 
gases, Phys Rev 181 (1969) 290.

2. The code Magboltz, S.F. Biagi, Monte Carlo simulation of electron drift and diffusion in counting gases 
under the influence of electric and magnetic fields, NIM A421 (1999) 234.

Lowke and Parker Calculation from Magboltz7

Slide 6 of 12

★ The physical limit to long drifts is determined by diffusion ➠ likely 20m !

★ Diffusion coefficients not well known (in particular for transverse diff.):
- after 20 m drift: transverse diffusion ≈ 5mm, longitudinal diffusion ≈ 3mm

★ New measurements:

2
5

2
8

Courtesy I. Kreslo
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GLACIER charge readout layout

71
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Scaling detector parameters

72

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

72Tuesday, October 23, 12



LIOneutrino2012 A. Rubbia – LAGUNA-LBNO

40 cm

80 cm

O(106) holes!

80 cm

GLACIER charge readout

73

gain=3

gain=27

Landau distribution fitted to dE/dx distributions of 
muons on 3L LAr LEM-TPC setup @ CERN-ETHZ

noise

- A. Badertscher, et al., NIM A 641 (2011) 48-57
- See also arXiv:1204.3530 [physics.ins-det]

★ Novel double phase LAr LEM-TPC readout:
- ionization electrons are drifted to the liquid-gas interface
- if the E-field is high enough (≈ 3 kV/cm) they can efficiently be extracted 

to the gas phase
- in the holes of the LEM the E-field is high enough to trigger an electron 

avalanche
- the multiplied charge is collected on a 2D readout
- gain allows sharing charge in collection mode for both views!!

LEM2D anode

Design of a compact, robust and 
scalable readout cassette
(“sandwich”)

2 extr. grids

2D anode

LEM

capacitive level meters

80cm

S/N > 100 !

signal coll. 
plane

HV decoupling
capacitors

Cosmic Data from 40x80cm2 LAr LEM TPC@CERN-ETHZ
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GLACIER light readout layout

74
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Drift high voltage multiplier

75

Extrapolation to long drift
Extrapolation of the ArDM design

Drift length m 1.24 5 10 20

Total output voltage for 1 kV/cm V 124k 500k 1M 2M

Input voltage Vpp-in = 2E V 820 2.5k 2.5k 3.5k

Shunt capacitance, Cp F 2.35p 2.35p 2.35p 1.18p

Capacitor F 328/164n 475n 1.90µ 1.90µ

Number of stages, N – 210 319 638 903

N per 10 cm – 16.9 6.38 6.38 4.51

Total capacitance F 125µ 303µ 2.43m 3.43m

Capacitance per 10 cm F 10.4µ 5.99µ 24.3µ 17.2µ

Total stored energy J 21.7 948 7.58k 21.5k

Changing Cs for fixed Cp = 2.35 pF and Vpp-in = 2E = 2.5 kV

ArDM

Actual ArDM parameters are given just for comparison.

For extrapolation, 2(N = 1.42 is always assumed.

LAr vaporization heat 160 kJ/kg

Vmax =
E

�
, � �

�
Cp

Cs

�
⇥

2
�1/2

22jeudi, 25 mars 2010

ArDM Greinacher circuit

St. N

St. N+1

Cc(N)Cs(N)

Cc(N+1)Cs(N+1)

Tests overview (December 2009)

in air at room temperature

up to 10 kV at cathode

potential at each of the 30 field shapers and 
the cathode measured using a field mill

the system kept in LAr for 2 weeks in May 2009

12jeudi, 25 mars 2010

Charging up to 10 kV in air
History of Thursday, 10.12. 2009
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1.5 hour (or even longer) to reach “plateau” 

13jeudi, 25 mars 2010

Output voltages
Potential vs field shaper number
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As we have 210 Greinacher stages and only 30 field shapers, by choosing an appropriate stage 
connecting to each field shaper we can get virtually equal distribution of the voltage difference 
between neighboring field shapers (with small jumps of ~1/7). 

#V = 312 ± 23 V; $ = 7.3% 

Blue : model

Red : measurements

Black : linear fit

15jeudi, 25 mars 2010

J.Phys.Conf.Ser. 308 (2011) 012027 
arXiv:1204.3530 [physics.ins-det]
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LAr-LEM TPC@CERN: Production of a 
40x80 cm2 charge readout sandwich

•Manufacturer: CERN TS/DEM group and ELTOS company (Italy)
•Largest LEM/THGEM and 2D readout ever produced!!!

‣After successful test of LEM and 2D anode in the 3L setup we designed and produced a 40x80 cm2 
charge readout for a new 250L LAr LEM-TPC (production and assembling finished by summer 2011)
‣The ArDM cryostat @CERN was used for a first test of the new charge readout system 

Design of a compact, robust and 
scalable readout cassette
(“sandwich”)

Cockcroft-Walton 
HV multiplier

2 extr. grids

2D anode

LEM

signal coll. 
plane

HV decoupling
capacitors

capacitive level meters
76

40 cm

80 cm

O(106) holes!

80 cm

LEM2D anode
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Charge readout sandwich

7

2D anode readout strip

pos. HV

HV-decoupling

surge arrester

68 pin Erni connector

signal plane 1

signal plane 2

Large Electron Multiplier (LEM)
2 extraction grids
(in liquid and gas phase)➡ 40x80 cm2 designed, built and tested
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The ETHZ preamplifier

12

1 cm

realization
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Nicrom NovazzanoTe
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‣ Cascode design with 4 parallel JFETs 
at the input (C. Boiano et al. IEEE 
Trans. Nucl. Sci. 52 (2004) 1931)
‣ RC=470 µs feedback (C=1pF)
‣ RC-CR shaper with zero-pole sub. 
mechanism (no undershoot)
‣ over-voltage protection at input

electric layout

‣preamplifier is realized 
with discrete components
‣two preamplifier circuits 
are implemented on a 
single 4-layer PCB
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Performance of the ETHZ preamplifier

13
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pulse shaping (varying ∆t)

32 preamplifiers have been 
characterized with a well defined 
charge input:

input capacitance (fC)
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The CAEN A2792 acquisition board

15

programmable
FPGA

optical link

TT-link
clock and
trigger
propagation

16 preamplifier prints

screening box

input 
connector

(32 ch.)

32 ADCs: 2.5 MHz 12 bit 
ADCs with serial interface 
(no multiplexing)

I/O

analogdigital
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LAr-LEM TPC@CERN:The largest LEM-TPC ever
60

 c
m

80 cm 40 cm

charge readout
sandwich

Cockcroft-Walton HV system

16 signal cables

4 capacitive 
level meters

Detector fully assembled Chamber going into the ArDM cryostat

Final connection to the DAQ system

81
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