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Neutrinos at the frontier
•Neutrinos play a fundamental and special role in particle 

physics, astrophysics and cosmology 

•Neutrino masses → presently the only evidence of new 
physics beyond the SM – additional d.o.f. must exist:  
either ν RH and/or new scale Λ (>> TeV ?) 

•A window to questions related to a deeper description of 
physics and to the evolution of the Universe: 

-Why are neutrino masses so small ? 

- Why is the mixing matrix so different than the one of 
quarks? What does this picture suggest ? 

- How is the hierarchy of the ν mass eigenstates ? 
-Which is the absolute mass of the lightest state ? 

-Are neutrinos Majorana particles ? 

- P, CP, CPT are fundamental symmetries. “P is maximally 
violated by neutrinos but CP is saved” (W. Pauli).  
Is CP violated by neutrinos as well or is it a special 
feature of quarks ? 

-Are there sterile neutrino states and is there mixing … ?

3

New dofs needed ! �
Neutrinos are massive -> there must be new dofs in the SM�

�LDirac = ⇥̄Lm�⇥R + h.c. ⇥ L̄�̃�⇥R+h.c.

m⌫ ⇠ �v

A new physics scale �
Neutrinos have tiny masses -> a new physics scale�
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ν RH

Next Questions In Neutrino Physics

• Mass hierarchy 

• Nature of ν3 - 
θ23 octant 

• Is CP violated? 

• Is there more to 
this picture?

⌫µ ! ⌫e & ⌫µ ! ⌫µ
⌫̄µ ! ⌫̄e & ⌫̄µ ! ⌫̄µ

NOvA will answer these questions 
using four oscillation channels

equal?

NuFIT 2.0 (2014)

|U |3� =

�

⇥⇤
0.801 � 0.845 0.514 � 0.580 0.137 � 0.158

0.225 � 0.517 0.441 � 0.699 0.614 � 0.793

0.246 � 0.529 0.464 � 0.713 0.590 � 0.776

⌅

⇧⌃
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Global data on neutrino oscillations

4 T. Schwetz

Global data on neutrino oscillations

4

3-flavour oscillations

Global data on neutrino oscillations
from various neutrino sources and
vastly di�erent energy and distance scales:

sun reactors atmosphere accelerators

Homestake,SAGE,GALLEX KamLAND, CHOOZ SuperKamiokande K2K, MINOS, T2K
SuperK, SNO, Borexino

I global data fits nicely with the 3 neutrinos from the SM

I a few “anomalies” at 2-3 �: LSND, MiniBooNE, reactor anomaly,
no LMA MSW up-turn of solar neutrino spectrum

T. Schwetz 9

‣ Sterile	
  states	
  would	
  imply	
  PMNS	
  matrix	
  non-­‐unitary

Daya-Bay, Double 
Chooz, RENO

+ MINOS CNGS, NOvA
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NuFIT 2.0 (2014)

Normal Ordering (��2 = 0.97) Inverted Ordering (best fit) Any Ordering

bfp ±1⇥ 3⇥ range bfp ±1⇥ 3⇥ range 3⇥ range

sin2 ⇤12 0.304+0.013
�0.012 0.270 � 0.344 0.304+0.013

�0.012 0.270 � 0.344 0.270 � 0.344

⇤12/
⇥ 33.48+0.78

�0.75 31.29 � 35.91 33.48+0.78
�0.75 31.29 � 35.91 31.29 � 35.91

sin2 ⇤23 0.452+0.052
�0.028 0.382 � 0.643 0.579+0.025

�0.037 0.389 � 0.644 0.385 � 0.644

⇤23/
⇥ 42.3+3.0

�1.6 38.2 � 53.3 49.5+1.5
�2.2 38.6 � 53.3 38.3 � 53.3

sin2 ⇤13 0.0218+0.0010
�0.0010 0.0186 � 0.0250 0.0219+0.0011

�0.0010 0.0188 � 0.0251 0.0188 � 0.0251

⇤13/
⇥ 8.50+0.20

�0.21 7.85 � 9.10 8.51+0.20
�0.21 7.87 � 9.11 7.87 � 9.11

⌅CP/
⇥ 306+39

�70 0 � 360 254+63
�62 0 � 360 0 � 360

�m2
21

10�5 eV2 7.50+0.19
�0.17 7.02 � 8.09 7.50+0.19

�0.17 7.02 � 8.09 7.02 � 8.09

�m2
3�

10�3 eV2 +2.457+0.047
�0.047 +2.317 � +2.607 ⇥2.449+0.048

�0.047 ⇥2.590 � ⇥2.307

�
+2.325 � +2.599
⇥2.590 � ⇥2.307

⇥

The 3νSM paradigm: where we are today

 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…  

5

✤Post-NOW2014 precision on 
parameters:  
δ(θ

12
)≈2%, δ(θ

23
)≈7%, 

δ(θ
13

)≈2%,  
δ(Δm2

21
)≈3%, δ(Δm2

31
)≈2% 

✤All values of CP-phase δ are 
allowed at 3σ C.L.  

✤No hints for correct neutrino 
mass hierarchy (MH) 

✤Caveat: Global fits deliver the 
best adjustment to the existing 
data, but cannot prove the 
models. They cannot replace 
new direct experimental tests.
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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 

“subleading”

• Weak eigenstates are coherent superposition of the fundamental mass eigenstates:

http://www.nu-fit.org
JHEP 11 (2014) 052

http://www.nu-fit.org
http://dx.doi.org/10.1007/JHEP11(2014)052
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T2K and NOvA: the future until ≈2020

6

Mass hierarchy determination: 
• combined fit NOvA (6 years of 
nominal running) + T2K pot projection 
•exploiting bigger matter effect (≈30%) 
at 830km(NOvA) comparing to 
295km(T2K) 
•strongly depends on true value of δCP 
and on true hierarchy (NH/IH) 
•>50% phase-space unreachable

CP-violation discovery: 
• combined fit NOvA (6 years of 
nominal running) + T2K pot projection 
•in the best case a 2.5σ(NH) hint 
•>50% phase-space unreachable

arxiv:1409.7469v1

⇒New experiments 
needed beyond 2020 !
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Fig. 20: The predicted ��2 for rejecting sin �CP = 0 hypothesis, as a function of �CP for

T2K (red), NO⌫A (blue), and T2K+NO⌫A (black). Dashed (solid) curves indicate studies

where normalization systematics are (not) considered. The ‘true’ value of sin2(✓23) is assumed

to be 0.5, and the ‘true’ MH is assumed to be the NH (top) or the IH (bottom). The ‘test’

MH is unconstrained.

All of the metrics demonstrate a relatively flat response between approximately 7:3 and

3:7 for T2K and for T2K+NO⌫A (5:5) with systematics, with a worse response outside that

range. These results are consistent with several other studies not shown in this paper (e.g.

the measures of the precision on sin2 ✓13 in ⌫-mode and in ⌫̄-mode). The results are also

robust with respect to reasonable variations in sin2 ✓23, �CP and the MH. Thus, the results

suggest that T2K run with a ⌫-mode to ⌫̄-mode at ratio of 1:1 with an allowed variation

33

CP-violation search
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Fig. 21: The predicted ��2 for rejecting the incorrect MH hypothesis, as a function of

�CP for T2K (red), NO⌫A (blue), and T2K+NO⌫A (black). Dashed (solid) curves indicate

studies where normalization systematics are (not) considered. The ‘true’ value of sin2(✓23)

is assumed to be 0.5, and the ‘true’ MH is assumed to be the NH (top) or the IH (bottom).

The ‘test’ MH is unconstrained.

of ±20% of the total exposure. The variation can be used to optimize the experiment to

any one analysis without significant degradation of the sensitivity to any other analysis. A

more detailed optimization of the ⌫:⌫̄ run ratio will require tighter constraints on oscillation

parameters from future analyses, a more detailed treatment of systematic uncertainties from

both T2K and NO⌫A, and a clear prioritization of analysis goals from the T2K and NO⌫A

collaborations.

34

MH determination
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In Europe: LAGUNA, LAGUNA-LBNO, LBNO…

7

THE&LAGUNA6LBNO&EXPERIMENT&

17/12/14) 5)Luca)Agos=no)7th)TPC)Symposium)&)Paris)

CERN&SPSC&2012&021,)SPSC&EOI&007)

CERN&SPSC&2014&013,)SPSC&TDR&004)

The European neutrino community has early on recognised the importance of this sector and has been 
strongly supported to prepare the new experiment with the LAGUNA and LAGUNA-LBNO design studies. 
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LBNO physics goals
• Long baseline neutrino oscillations

- νμ→ νe & νμ→ ντ & νμ→ νμ & νNC
- Direct measurement of the energy dependence 

(L/E behaviour) induced by matter effects and 
CP-phase terms, independently for ν and anti-ν, 
by direct measurement of event spectrum, in 
particular covering 1st and 2nd oscillation maxima

- Mass hierarchy determination at >5σ C.L. in first 
two years of running

- CP-phase measurement and CPV “discovery” 
(⇒ 5σ C.L.)

- Test of three generation mixing paradigm

8
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• A full astrophysics programme
- Nucleon decays (direct GUT evidence)
- Atmospheric neutrino detection with complementary oscillation measurements and Earth 

spectroscopy
- Astrophysical neutrino detection and searches for new sources of neutrinos

A. Rubbia European Strategy for Neutrino Oscillation Physics - May 2012 11

CERN-Pyhäsalmi: spectral information νμ→νe
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How to test CPV in neutrino sector?
• If PMNS matrix is complex, then neutrino and antineutrinos will behave differently in 

their flavour oscillations. CP and T will be violated (CPT conserved). This excludes 
disappearance channels (e.g. νe→νe).  
→ Main channel of investigation: the appearance channel νμ→νe

9
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• Energy dependence of oscillation probability, independently for 
neutrinos and antineutrinos:

• Neutrino/antineutrino difference: P (�µ � �e;E) �= P (�̄µ � �̄e;E)
➡ Sensitive to any origin (in principle not only induced by δCP)
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A. Rubbia NIKHEF, January 2015

How to test CPV in neutrino sector?
• If PMNS matrix is complex, then neutrino and antineutrinos will behave differently in 

their flavour oscillations. CP and T will be violated (CPT conserved). This excludes 
disappearance channels (e.g. νe→νe).  
→ Main channel of investigation: the appearance channel νμ→νe

9
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�

2GFneE = 7.56� 10�5eV2 �

g cm�3

E

GeV

• Energy dependence of oscillation probability, independently for 
neutrinos and antineutrinos:

➡ Direct test of δCP origin of CPV and of matter terms

Ma#er	
  terms∾a

L/E	
  dependence

CP-­‐even

CP-­‐odd∾sinδCP

• Neutrino/antineutrino difference: P (�µ � �e;E) �= P (�̄µ � �̄e;E)
➡ Sensitive to any origin (in principle not only induced by δCP)
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Matter effects and CPV degeneracy

10
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Beyond T2K and NOvA:
Measure the higher order terms !
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Matter effects in Earth 
mimic CP violation as 
they affect neutrinos 
and antineutrinos 
differently 
→ They have to be 
accurately measured 
and subtracted in order 
to look for CP 

Masashi Yokoyama (U. Tokyo) LBL and p-decay with Hyper-K1st open meeting for Hyper-K project, Aug.22-23 2012

νμ→νe probability
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CP sensitivity study of Hyper-Kamiokande

Masashi Yokoyama
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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 ].
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Matter effects and CPV degeneracy
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E⌫ = (2-4) GeV. As described in its conceptual design report[5], LBNE10, in
combination with other neutrino data, is expected to determine the neutrino
mass hierarchy and provide an initial measurement of the CP phase in the
three-generation framework.

Figure 1 shows the total neutrino-antineutrino asymmetry in the probability
of ⌫µ ! ⌫e appearance as a function of �CP , at the first and second oscillation
peaks, for normal and inverted hierarchy, at a distance of 1300 km. This asym-
metry includes contributions from both CP and matter e↵ects. It is clear from
Fig. 1 that the matter e↵ect is large in the first oscillation maximum, but in
the second oscillation maximum, where E⌫ = (0.2-1.5) GeV, the CP asymme-
try is large with very little matter asymmetry. For this reason, measurement
of ⌫µ ! ⌫e appearance at the second oscillation maximum provides excellent
sensitivity to CP violation, independent of the mass hierarchy.

Project X[6] will make it possible to produce high-intensity, low-energy neu-
trino beams. In this paper, we summarize and update [7], which argues that
simultaneous, high-power operation of 8- and 60-GeV beams with a 200-kt water
Cerenkov detector at a long baseline provides sensitivity to ⌫µ ! ⌫e oscillations
at the second oscillation maximum, allowing precise measurements of neutrino
oscillation parameters independent of the mass hierarchy.
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Figure 1: Total neutrino-antineutrino asymmetry in the probability of ⌫µ ! ⌫e
appearance at 1300 km, at the first (black line) and second (red line) oscilla-
tion maxima, for normal (solid line) and inverted (dashed line) hierarchy, as a
function of the true value of �CP .

The kinematics of neutrino beam production dictates that the only way
to produce significant yield of neutrinos at low energies is with high proton-

2

FNAL-Homestake (L=1300km)

P (�)� P (�̄)
P (�) + P (�̄)

����
a=0
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�m2
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2E

Enhanced CP effect at 2nd maximum
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• Matter- and pure CP-terms are disentangled by their different 
L/E dependence and by the growing CP effect with L/E:
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φs

2
φs

2
ψ(1 − 2s2

φ) > 0. The
envelope is flat.

ΔP
 3

L / E

0

(c) CP-violation effect term ∆P3(νµ → νe) for sδc2
φsφcψsψcωsω > 0. The envelope

increases linearly with L/E.

Figure 1: The oscillation behaviors of the ∆P1, ∆P2 and ∆P3.
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The enveloppe increases 
linearly with L/E
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T2HK:	
  L	
  =	
  295	
  km LBNE:	
  L	
  =	
  1300	
  km LBNO:	
  L	
  =	
  2300	
  km

Off-­‐axis	
  narrow	
  band	
  sub-­‐
GeV	
  beam:	
  
• OA	
  =	
  2.5	
  deg	
  &	
  <Eν>	
  =	
  0.6	
  GeV	
  
• 30	
  GeV	
  primary	
  p	
  beam	
  
• Exposure	
  16E+21POT	
  total	
  
Covers	
  1st	
  oscillation	
  
maximum	
  
Short	
  baseline	
  à small	
  
matter	
  effects	
  à No	
  MH	
  
from	
  beam

Wide-­‐band	
  neutrino	
  beam	
  
• 80	
  GeV	
  primary	
  p	
  beam	
  
• 1.2	
  MW,	
  9E+21POT	
  total	
  
Covers	
  mostly	
  1st	
  oscillation	
  
max	
  	
  
à 2nd	
  max	
  is	
  challenging	
  
(low	
  flux	
  x	
  low	
  cross	
  section)	
  	
  
Significant	
  matter	
  effects	
  à 
MH

Wide-­‐band	
  neutrino	
  beam	
  
Two	
  optimizations:	
  
• 400	
  GeV	
  p	
  beam	
  (Phase	
  I):	
  750	
  

kW,	
  1.5E+21POT	
  total	
  
• 50	
  GeV	
  p	
  beam	
  (Phase	
  II):	
  2	
  MW,	
  

30E+21POT	
  total	
  
Can	
  cover	
  both	
  1st	
  and	
  2nd	
  
max	
  
Huge	
  matter	
  effects	
  à 
quick	
  MH

Baseline optimisation
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LBNO scenariosLAGUNA/LBNO&CERN&TO&PHYÄSALMI&CN2PY:&&

6)

• )2300)km)baseline)from)CERN)(CN2PY))

• )SPS)400)GeV)protons)–)750)kW)beam)

• )HPPS)50)GeV)protons)–)2)MW)beam)

• Liquid)Argon)double)phase)TPC)
detector)GLACIER):)20)kt)(LBNO20))up)
to))70)kt)(LBNO70)))

Luca)Agos=no)7th)TPC)Symposium)&)Paris)17/12/14)

17/12/14) 7)Luca)Agos=no)7th)TPC)Symposium)&)Paris)

AN&INCREMENTAL&APPROACH&

• )5&kton&PILOT:&&
5kt)DLAr)detector))

 )First)kton)scale)installa=on)of)Double)Phase)Liquid)Argon)underground)
 )Astrophysics)and)underground)neutrino)detec=on)without)beam))

 )Proton)decay)

•))Phase&I&(LBNO20):&&
24kt)DLAr)detector)+)beam)from)CERN)SPS)(750kW,Ep=400GeV)))

 )Guaranteed)5)σ)MH)determina=on)+)46)%)δCP)coverage)at)3)σ)
 !p#decay!sensi,vity!from!p#>Kν!improved!by!1!order!of!magnitude!w.r.t.!!
current!limit!

•))Phase&II&(LBNO70):&&
70)kt)DLAr)detector))+)HPPS)beam)(2)MW,)Ep)=)50)GeV))or)Protvino)beam))

 )δCP)coverage)at)5)σ)))
 !sensi,vity!to!MH!effect!on!SuperNovae!neutroniza,on!burst!

•))LBNO6DEMO:&&
6X6X6)m3))DLArgon)at)CERN))Exposure)to)charged)hadron)beam)(0.5&20)GeV/c)))

 )Demonstrate)the)opera=on)of)double)phase)LAr)detectors)at)the)mul=&100&ton)

scale)

 )Test)and)extrapolate)technical)solu=ons)to)large)scale)in)an)“affordable”)way&

Incremental approach
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Mass Hierarchy and CPV
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CERN Contribution to the Future ν Programs!

 !
!!

!
!

FNAL, September 23th, 2014!
Sergio Bertolucci !

CERN!

LBNO-CN2PY beam optimisation

15

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

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

Continuous effort to optimize the beam to enhance the CPV coverage of the experiment:!
Comparing CP sensitivity for SPS beam options

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

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

Beam +𝑭𝟑𝝈 Max1 Max2

Base -- 12.5 10.8

GLBOPT +8% 15.3 13.0

LEOPT +8% 15.1 13.2

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

M
ax

1

M
ax

2

Increase in coverage

SPS 400 GeV protons!
15E+20 POT!

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

Comparing CP sensitivity for HPPS beam options

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

Beam +𝑭𝟓𝝈 Max1 Max2

Base -- 26.6 24.5

GLBOPT +19% 39.2 35.0

LEOPT +28% 49.3 40.0

HEOPT +24% 44.0 39.3

Results  for  “LEOPT”  the  HPPS  beam  will  be  shown  

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

HPPS 50 GeV protons!
30E+21 POT!

Expected event rates: HPPS 𝜈 beam 

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

Beam Sig 𝝂𝒆 Beam 𝝂𝒆 𝝂𝝁 NC 𝝂𝝉 CC 

HPPS 𝜈 nominal 1711 195 109 365

HPPS 𝜈 optimized 922 162 58 80

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

Beam Sig 𝝂𝒆 Beam 𝝂𝒆 𝝂𝝁 NC 𝝂𝝉 CC 

HPPS �̅� nominal 71 16 15 56

HPPS �̅� optimized 48 15 7 8

sinଶ 𝜃ଶଷ = 0.45sinଶ 𝜃ଶଷ = 0.45

922 events!

Expected event rates: SPS beam 

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

Beam Sig 𝝂𝒆 Beam 𝝂𝒆 𝝂𝝁 NC 𝝂𝝉 CC 

SPS 𝜈 nominal 685 78 44 146

SPS 𝜈 optimized 693 77 44 128

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

Beam Sig 𝝂𝒆 Beam 𝝂𝒆 𝝂𝝁 NC 𝝂𝝉 CC 

SPS �̅� nominal 29 6 6 22

SPS �̅� optimized 40 10 6 20

sinଶ 𝜃ଶଷ = 0.45sinଶ 𝜃ଶଷ = 0.45

639 events!

dcp = 0!
883 events!
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LBNO	
  sensi*vity	
  to	
  CPV

16

CP Violation with LBNO     

Parameter! Value! Error !
L! 2300 km! exact!

Δm2
21! 7.45 x 10-5 eV2! fixed!

Δm2
31! 2.42 x 10-3 eV2! 2 %!

sin2θ12! 0.306! fixed!

sin2θ23! 0.446! 5 %!

sin2 θ13! 0.09! 3 %!

ρ" 3.20 g/cm3! 4 %!

Parameter! Value! Error!
Signal normalization (fsig)! 1! 3 %!

Beam electron contamination normalization (fυe)! 1! 5 %!

Tau normalization (fυτ)! 1! 20 %!

υ NC and υµ CC background (fNC)! 1! 10 %!

Assumed values and errors for oscillation parameters and systematics!

After TAUP 2013!

LBNO Phase I  (24 kt) with!
Optimized SPS beam:!

Covers 47 % CPV space at 3σ"

Influence of detector mass with SPS GLBOPT 

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

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

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

Optimized HPPS beam:!
Covers 80 % CPV space at 3σ"

Influence of detector mass with HPPS LEOPT 

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

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

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

Remark: Alternatively an additional beam from Protvino instead 
of HPPS!

Remark: Similar results are obtained with LBNO @ Garpenberg!
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LAGUNA-LBNO collaboration meeting Hanasaari Aug 2014

6 years of comprehensive design study for the feasibility of large 
underground NNN detectors in Europe (7 sites, 3 technologies LAr, 

LSc, WCD) strongly supported by FP7 EC, CERN and ApPEC

CERN%

PROTVINO%

PYHÄSALMI%

FREJUS%

LNGS%

CNGS

CN2PY

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

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

possibility%

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

(5&GeV&–&4&MW)&

arXiv:1003.1921

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

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

A. Rubbia CHIPP Plenary

MEMPHYS 

500 kton water 

GLACIER 

100 kton liquid argon 

LENA 

50 kt scintillator 

 70 m 

• Three techniques proposed (approx. drawn to scale)

Detectors considered in LAGUNA

• Water 
Cerenkov 

[MEMPHYS]
• Liquid 

scintillator 
[LENA]

• Liquid Argon 
TPC 

[GLACIER]

IHEP complex Protvino
• 70 GeV (450kW)

1st priority

2nd prio
rity

3rd priority

Total budget (2008-2014): 17 M€

LBNO Conceptual Design

Main task : develop a conceptual design for a deep underground neutrino 
observatory that is cost optimised.
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LAGUNA at work…

18

Organised in Work Packages  
Site visits and meetings, brainstorm 
Several questions addressed: 
• Physics performance assessment and optimisation
• Assessment of strengths and weaknesses 
• Rock mechanics, geology, …
• Design of tanks and instrumentation, …
• Underground construction and assembly phases
• Transport, handling, purification of liquids 
• Underground access (tunnel and mine)
• Environmental impact and safety 
• Cost models
• High intensity neutrino beams
• etc…

1400 person * month
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The top site: Pyhäsalmi

19

LAGUNAͲLBNO�&�PILOT�@�PYHÄSALMI

25

SITUATION�IN�MARCH�2014

VERY�FIRST�DEVELOPMENTS

Guido�Nuijten�26.8.2014

21

Pyhäsalmi�mine�transfer�issues

Guido�Nuijten�26.8.2014

LAGUNAͲLBNO:�LAr + LSc LAYOUT�@�PYHÄSALMI

LAr – UAC
upper�auxiliary�cavern

LAr – LAC
lower�auxiliary�cavern

LSc – UAC
upper�auxiliary�cavern

LSc – LAC
lower�auxiliary�cavern

LAr – MDC1�&2
Main�detector�caverns

LSc – MDC
Main�detector�cavern

Guido�Nuijten�26.8.201412

LAGUNA�PILOT�DESIGN

51 Guido�Nuijten�26.8.2014

LAGUNA-LBNO 20+50kton LAr and 50 kton LSc options:

Top site -> Pyhäsalmi 
• Very large caverns possible, ease of 

access (decline), cost effective approach
• Baselines from CERN 2300km,  

Protvino 1160km
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All this has been done in tight industrial partnerships:

Field shaping rings

Charge Readout Plane 
(CRP)

Cathode bottom 
framework 

40m (20kt)-65m(50kt)

20 m
drift

Underground excavation etc..

LNG Membrane tank technology

Cathode, field cage etc…

Underground excavation

Finland

France

UK

Switzerland

Greece

Risk 
assessment

France

UK

UK

20

LAGUNA LBNO: Regione Umbria site
(AGT Ingegneria - Geoingegneria)

G. Galvanin – M. Temussi, AGT Ingegneria

Regione Umbria Site

LAGUNA LBNO – Regione Umbria Site 1

Helsinki, 26 August 2014

Italy
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The conceptual design phase is complete

• The LAGUNA Consortium has addressed all aspects necessary for 
a complete realisation of the project in a global & coherent way:
• Science case
• Underground infrastructure & facility
• Detector construction sequences and programmes
• Liquid handling
• Detailed costs model
• Extensive evaluation and quantification of risks

• CERN has developed the Conceptual Design of a new high-
power accelerator neutrino beam directed towards Pyhäsalmi.

• The goals of the FP7 LAGUNA-LBNO Design Study have 
been met. The large amount of work performed and extensive 
material generated is a solid base and an important source of 
information for future developments worldwide.

21
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The designs are fully engineered:

22

Sebastien Murphy ETHZ                                                                                          NNN                                                         APC Paris Nov 4th 20145

membrane tank cathode mechanical design and electrostatic 
simulations

PMT holders

The design is fully engineered 

charge readout

hanging drift cage

field shapers assembly

LAr handling
health and safety
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Underground construction sequence defined

23

Sebastien Murphy ETHZ                                                                                          NNN                                                         APC Paris Nov 4th 20146

scaffoldings

cathode 

field cage

charge readout

One of the most challenging part of the Detector Installation was addressing the 
logistics and Installation sequences in the underground confined space taking into 
account the demands set especially on cleanliness, tolerances and overall fit inside 
the tank.

extensive rock engineering 

first time a membrane tank will be installed below ground!

And the underground construction sequence well defined 
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Phases of construction

24

Information on other options are available in the written LAGUNA-LBNO reports.

20 kton LAr @ Pyhäsalmi

(a) infrastructure realisation (b) liquid argon 
tank construction (c) tank instrumentation  

(d) liquid argon process equipment (e) liquid 
filling and commissioning (f) start of experiment
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Detailed full costing

25

Example:	
  LBNO20	
  double	
  phase	
  LAr	
  detector

Sebastien Murphy ETHZ                                                                                          NNN                                                         APC Paris Nov 4th 20147

Element'

Element' Cost'(€m)' %'of'Total'Cost'
Excava&on)Work)(Tunnels)and)
Caverns))

€38,700.00) 17)

Civil)Works)&)Underground)
Infrastructure))

€9,400.00) 4)

20kT)Membrane)Tank) €45,400.00) 20)

Detector) €41,500.00) 18)

Liquid)Infrastructure)
Equipment)

€40,400.00) 18)

Liquid)Argon)(LAr)) €26,300.00) 12)

Con&ngency)(Risks)) €24,700.00) 11)

TOTAL' €226,400.00' 100'

For the past 3 years, the the LAGUNA-LBNO technical board have been 
generating, collating and checking construction costs generated from within the 
group of Industrial Partners and the Scientific Community.

TOTAL COSTS; for full scale 20kT LAr experiment 226 M€

The cost has been optimised
Detailed cost breakdown: every detector part is listed

Detailed comparison with LBNE @ SURF started
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Sebastien Murphy ETHZ                                                                                          NNN                                                         APC Paris Nov 4th 2014

Double phase LAr-TPC 

13

E drift

E extraction 
e- multiplier

collection anode

Liquid

Gas

signal readout on 2 view collection anode
Signal amplified in the gas 

PMTs (trigger and t0)

E amplification

cathode

e-

2003: the GLACIER concept.
•  A. Rubbia, Experiments for CP-violation: A giant liquid 

argon scintillation, Cherenkov and Charge imaging 
experiment? hep-ph/0402110.

2008-2011: Proof of principle with 10x10 cm2 
double phase LAr LEM-TPC prototype:
• A. Badertscher et al., Construction and operation of a Double 

Phase LAr Large Electron Multiplier Time Projection Chamber  
arXiv:0811.3384

• A. Badertscher et al., “First operation of a double phase LAr 
Large Electron Multiplier Time Projection Chamber with a two-
dimensional projective readout anode” NIM A641 (2011) p.
48-57

2011: First successful operation of a 40x80 cm2 
device
• First operation and drift field performance of a large area 

double phase LAr Electron Multiplier Time Projection Chamber 
with an immersed Greinacher high-voltage multiplier JINST 7 
(2012) P08026 

• First operation and performance of a 200 lt double phase LAr 
LEM-TPC with a 40x76 cm^2 readout, JINST 8 (2013) P04012 

2012-2013: further R&D towards final, simplified 
charge readout for GLACIER:
• first results presented TPC-symposium, Paris Dec. 

2011
• Long-term operation of a double phase LAr LEM Time 

Projection Chamber with a simplified anode and 
extraction-grid design C Cantini et al 2014 JINST 9 
P03017

Far detector: double Phase LAr TPC

26

4Shuoxing Wu ETHZ

➢ 2003: the GLACIER concept 
•   A. Rubbia, Experiments for CP-violation: A giant liquid argon scintillation, Cherenkov and Charge imaging 
experiment?    arXiv:hep-ph/0402110 !
➢ Proof of principle with 10x10 cm2 double phase LAr LEM-TPC prototype: 
•   A. Badertscher et al., “Operation of a double-phase pure argon Large Electron Multiplier Time    
    Projection Chamber: Comparison of single and double phase operation ”NIM A617 (2010) p.188-192 
•   A. Badertscher et al., “First operation of a double phase LAr Large Electron Multiplier Time Projection 
    Chamber with a two-dimensional projective readout anode” NIM A641 (2011) p.48-57 
  
➢ First successful operation of a 40x76 cm2 device in November 2011: 
•   A. Badertscher et al., “First operation and drift field performance of a large area double phase LAr   
    Electron Multiplier Time Projection Chamber with an immersed Greinacher high-voltage multiplier ” 
    JINST 7 (2012) P08026 
•   A. Badertscher et al., “First operation and performance of a 200 lt double phase LAr LEM-TPC with a   
    40x76 cm2 readout”, JINST 8 (2013)P04012 !
➢ 10x10 cm2 double phase LAr LEM-TPC prototype: further R&D towards final, simplified charge readout         
for GLACIER: 
•  Long-term operation of a double phase LAr LEM Time Projection Chamber with a simplified anode      
   and extraction-grid design, JINST 9 P03017 
•  Performance study of the effective gain of Large Electron Multipliers in LAr-LEM TPCs, paper on arXiv soon 
Future 
•   3x1x1m3 pre-prototype  to be put in B182@CERN 
•   6x6x6m3 prototype  (WA105) to be operated at CERN NA approved by CERN SPSC.  

Milestones towards GLACIER

Final goal: Giant LAr LEM TPC as far detector for a Long Baseline 
Neutrino Oscillation (LBNO) experiment (SPSC-EOI-007)

TPC symposium, Paris, 2014

• Tuneable charge 
amplification

• Threshold < 100 keV on 
single channel

• S/N>100 for m.i.p.
• Symmetric collection views
• Very long drift (>5m)
• Cheaper electronics

Sebastien Murphy ETHZ                                                                                                              LBNO collaboration meeting CERN Feb. 10-13  2014

Top 3x1 m2 Charge Readout Plane

!9

Liquid 

Anode: 0V

Gas 
1 cm

2 mm
LEM:  -1 kV!
!   -4 kV

Grid: -7 kV

1 mm

✴Extraction grid, LEM  (large electron multiplier) and anode all constructed as single 
readout module of 1x3 m2.

~2kV/cm to efficiently !
extract the charges !
from the liquid

anode

LEMsupporting frame (G10)

frame for extraction grid

~3 kV/cm across !
the LEM

anode at groundHighest effective gain over 90!

LAGUNA-LBNO CERN 11-Feb-2014

Anode @0V
Anode-LEM 2mm

LEM-Grid 10 mm

LEM

Grid

Induction field 5 kV/cm
LEM field 27 – 36 kV/cm

extraction field 2 kV/cm

Eff. gain and resolution vs. LEM field Landau curves vs. LEM field

Shuoxing Wu ETHZ 12

Eff. Gain = 
mipdxdQ

dxdQdxdQ
/

// 10 !��!�

3.) Charge multiplication in the holes of the 
Large Electron Multiplier (LEM)

4.) Charge collection on a multilayer 2D anode 
readout (symmetric unipolar signals with two  
orthogonal views)

2.) Drift electrons are efficiently extracted 
into the gas phase

1.) Ionization electrons drift towards the 
liquid argon surface

Shuoxing Wu ETHZ

The novel double phase readout

LAr level

For MIPs: 
• 10 fC/cm — ~10 k e- for each strip (3 mm 

pitch,2 views) — SNR of 10 (noise of 1000 e-) 
• SNR of 100 — gain of 20 is needed

0.5 kV/cm

2 kV/cm

2.5 kV/cm

30-35 kV/cm

5 kV/cm

5TPC symposium, Paris, 2014
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Result of many years of R&D

27Sebastien Murphy ETHZ                                                                                          NNN                                                         APC Paris Nov 4th 201412

O(106) holes!

76 cm

40 cm

60
 c

m

76 cm

40 cm

40x80cm2

stable operation of large area readouts

10x10cm2

LEM/anode R&D

Continuation of the supporting R&D activities on smaller prototypes

ArDM 1ton 
-light readout 
-Operating underground

LEM field [kV/cm]
24 26 28 30 32 34 36

ef
fe

ct
iv

e 
ga

in

0

20

40

60

80

100

re
so

lu
tio

n

0

0.1

0.2

0.3

0.4

0.5

resolution

effective gain

In parallel: many years of  R&D on double phase
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200 lt DLAr TPC prototype

28Sebastien Murphy ETHZ                                                                                          NNN                                                         APC Paris Nov 4th 2014

Large area readout: the 40x76 cm2 prototype

19

60
 c

m

76 cm

40 cm

charge readout
plane

16 signal cables

4 capacitive 
level meters

detector fully assembled

going into the ArDM cryostat

A. Badertscher et al. JINST 8 (2013)P04012, 

zoom on the Charge readout plane
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80cm

Cosmic data from 200 lt DLAr TPC

29

Gain ≈ 10
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80cm

Cosmic data from 200 lt DLAr TPC

29
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80cm

Cosmic data from 200 lt DLAr TPC

29
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Double phase readout: detail

30Sebastien Murphy ETHZ                                                                                          NNN                                                         APC Paris Nov 4th 2014

LEM

Multilayer PCB anode

Extraction grid

liquid

Vapor

Double phase readout

14

e- (1)  charges extracted 
to vapor phase E 
field of ~2 kV/cm

(2) charges amplified 
in Large Electron 
Multiplier E field of 
~30 kV/cm

(3) charges collected on specially designed two 
view anode. Both views see the same 
amount of charge and have identical signals

data collected on a 40x80 cm2 DLAr TPC at CERN
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Optimisation of anode

31

Sebastien Murphy ETHZ                                                                                          NNN                                                         APC Paris Nov 4th 2014

R&D towards large area anodes

21

Detector inside the 
vessel
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anode pattern too corse. Low capacitance but 
charge collection not uniform

dC/dl ~ 100 pF/m

dC/dl ~ 150 pF/m

3 liter chamber. Small detector with rapid turnaround
ideal for testing readouts
anode: compromise between resolution on charge 
measurement and capacitance

C Cantini et al 2014 JINST 9 P03017

Shuoxing Wu ETHZ

To reach basic GLACIER 4x4m2 CRP (2m readout length) design: 
• reduce capacitance: have long readout strips while keeping minimum noise 
     (upper limit for ~1000 e- ENC noise ~ 350 pF) 
• simplify production: integrate two views on same PCB layer 
• symmetric X-Y charge sharing 

Anode requirements for large area readout

X pitch: 3 mm

Y pitch:  
3 mm

Best solution to optimize capacitance and resolution

ϕ

10

dC/dl~150 pF/m

TPC symposium, Paris, 2014

Shuoxing Wu ETHZ

To reach basic GLACIER 4x4m2 CRP (2m readout length) design: 
• reduce capacitance: have long readout strips while keeping minimum noise 
     (upper limit for ~1000 e- ENC noise ~ 350 pF) 
• simplify production: integrate two views on same PCB layer 
• symmetric X-Y charge sharing 

Anode requirements for large area readout

X pitch: 3 mm

Y pitch:  
3 mm

Best solution to optimize capacitance and resolution

ϕ

10

dC/dl~150 pF/m

TPC symposium, Paris, 2014
Shuoxing Wu ETHZ

To reach basic GLACIER 4x4m2 CRP (2m readout length) design: 
• reduce capacitance: have long readout strips while keeping minimum noise 
     (upper limit for ~1000 e- ENC noise ~ 350 pF) 
• simplify production: integrate two views on same PCB layer 
• symmetric X-Y charge sharing 

Anode requirements for large area readout

X pitch: 3 mm

Y pitch:  
3 mm

Best solution to optimize capacitance and resolution

ϕ

10

dC/dl~150 pF/m

TPC symposium, Paris, 2014
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LEM performance study

32

Sebastien Murphy ETHZ                                                                                          NNN                                                         APC Paris Nov 4th 2014
RD51 collaboration meeting

26

Fitting function:

LEM gain curves

Max Gain 180 
= MIP S/N ~800!

Sebastien Murphy ETHZ                                                                                          NNN                                                         APC Paris Nov 4th 2014
RD51 collaboration meeting

27

LEM gain stability

the LEMs have different 
charging up 
characteristics but all 
could be operated 
stably at gains of at 
least 20.
Paper in preparation

Sebastien Murphy ETHZ                                                                                          NNN                                                         APC Paris Nov 4th 2014

Further R&D on the LEM

25

                      Hole diameter: 
300 µm                 400 µm               500 µm

                  Hole layout: 
          square              hexagonal

Many runs in the 3 liter chamber with different LEMs. 
Checked the impact of LEM rim size, hole diameter, hole layout, LEM 
thickness on the maximal gain and long term evolution of the gain.

10 cm

10 cm

Sebastien Murphy ETHZ                                                                                          NNN                                                         APC Paris Nov 4th 2014

Further R&D on the LEM

25

                      Hole diameter: 
300 µm                 400 µm               500 µm

                  Hole layout: 
          square              hexagonal

Many runs in the 3 liter chamber with different LEMs. 
Checked the impact of LEM rim size, hole diameter, hole layout, LEM 
thickness on the maximal gain and long term evolution of the gain.

10 cm

10 cm
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LBNO far liquid Argon detector

33

anode & charge readout (CRP)

cathode

field cage
bottom of tank & light 

readout

40m(20kt)-65m(50kt)

20
m

20 KT 50 KT 100 KT
Liquid argon density at 1.2 bar [T/

m3] 1.38346

Liquid argon volume height [m] 22

Active liquid argon height [m] 20
Pressure on the bottom due to 
LAr

[T/
m2] 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

✤Design	
  for	
  an	
  affordable	
  detector
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Individual charge readout plane

34
Sebastien Murphy ETHZ                                                                                          NNN                                                         APC Paris Nov 4th 2014

Charge Readout Plane Details

15

• 3.125 mm readout pitch
• 3.4 mm thick

• 500 μm holes, 800 μm pitch
• 1 mm thick FR4

• 100 μm stainless wires
• 3mm pitch in x and y

LEMmultilayer PCB anode Extraction grid

4 m

4 m

Modules of 50x50 cm2

LEM

Multilayer PCB anode

Extraction grid

liquid

Vapor
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Modular design within single cryogenic system

35
Sebastien Murphy ETHZ                                                                                          NNN                                                         APC Paris Nov 4th 2014

Charge readout R&D

16

Each Charge Readout Plane is an independent detector

GLACIER 20kt, 50kt: 4x4 m2 modules

4 m 4 m

different geometries but all with the same 
functionality and identical construction 
sequence.

✴Each CRP has its own signal and HV feed 
throughs

✴Adjustable to LAr level
✴The LBNO demonstrator will have an 

enlarged 4x4 m2  => 6x6m2



A. Rubbia NIKHEF, January 2015

WA105/LBNO-DEMO

36

WA105 DLAr detector

9

6m
• Insulated membrane tank
Æ inner volume 8.3x8.3x8.1 m3

• Active area 36 m2

• Drift length 6 m
• Total LAr mass 705 ton (~300 ton active)
• Hanging field cage & readout plane
• # of signal channels: 7680 in 12 signal FT
• # of PMTs: 36

e-
dr

ift

Some detector 
parameters: 

CERN-SPSC-2014-013 ; 
SPSC-TDR-004 (April 2014)

• A 1:20-scale “demonstrator” & industrial solutions
• Technical proof-of-principle: 

• Purity in non-evacuated tank
• Large hanging field cage structure
• Very high voltage generation
• Large area charge readout
• Accessible cold front-end electronics
• Long term stability of UV scintillation light readout

11/2/2014 V. Galymov - NNN2014 10

Compared to LAGUNA/LBNO 20 kton DLAr

Modular independent 
detectors

WA105 MIND

11/2/2014 V. Galymov - NNN2014 11

500 ton magnetized iron detector 
demonstrator installed after LBNO-Demo
• Track secondaries escaping from DLAr
• Complement momentum 

reconstruction of high energy muons
• Study reconstruction for charge ID of 

low energy muons (<1 GeV) 

MIND = Magnetized Iron Neutrino Detector

5m

5m

Towards large DLAr detectors

• Purity in non-evacuated tank
• Large hanging field cage structure
• Very high voltage generation
• Large area charge readout
• Accessible cold front-end electronics
• Long term stability of UV scintillation light readout

11/2/2014 V. Galymov - NNN2014 5

Build and operate a large scale prototype (LBNO-Demo) to
demonstrate the feasibility of LAGUNA/LBNO DLAr TPC
design for O(10) kton detectors

WA105

WA105 experiment
Vyacheslav Galymov

on behalf of WA105 collaboration
Institut de Physique nucléaire de Lyon

15th International Workshop on Next generation 
Nucleon Decay and Neutrino Detectors

Paris, November, 2014
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The collaboration (formed in Oct 2014)

37

Sebastien Murphy ETHZ                                                                                                                                    LBNO collaboration meeting May 20141

22 institutes, 130 physicists
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WA105 experiment
Vyacheslav Galymov

on behalf of WA105 collaboration
Institut de Physique nucléaire de Lyon

15th International Workshop on Next generation 
Nucleon Decay and Neutrino Detectors

Paris, November, 2014

WA105 measurement goals

LBNO-DEMO:Technical demonstrator:!
Active vol.: 6 x 6 x 6 m3 (0.3 kt)!

28 3 DLAR DETECTOR OVERVIEW

3 DLAr Detector overview

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

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

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

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

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

sections are shown in Figures 13 and 14.

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

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

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

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

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

readout. The light readout consists of PMTs uniformly distributed below the cathode.

Sebastien Murphy ETHZ                                                                                                                                    LBNO collaboration meeting May 20146

Physics goals

5 GeV π-

5 GeV νμ

pions, electrons/positrons, protons, muons

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

Some goals!
✴Development of automatic 

event reconstruction !
✴test NC background 

rejection algorithms on “νe 
free” events!

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

✴What is the achievable 
energy resolution?!

✴Development and proof-
check of industrial solutions

CERN WA105 R&D programme 
(SPSC-TDR-004-2014).!

Measurement of hadronic showers

• LAr TPC provide a fully active homogeneous medium
• High granularity 3x3 mm2Å two orders of 

magnitude better than most granular calorimeters
• e.g., CALICE AHCAL prototype has 3x3 cm2

• Additional handle from dE/dx

Opportunity to provide unprecedented measurements 
of hadronic shower development to HEP community

11/2/2014 V. Galymov - NNN2014 7
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Purity and diffusion in LAr

25

Readout with 3mm pitch can be used
Fields 0.5-1.5 kV/cm up to 20m drift are acceptable
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WA105	
  DLAr
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28 3 DLAR DETECTOR OVERVIEW

3 DLAr Detector overview

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

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

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

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

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

sections are shown in Figures 13 and 14.

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

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

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

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

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

readout. The light readout consists of PMTs uniformly distributed below the cathode.

3.1 Design concept of the 6 × 6 × 6m3 prototype 29

Liquid argon density T/m3 1.38
Liquid argon volume height m 7.6
Active liquid argon height m 5.99
Hydrostatic pressure at the bottom bar 1.03
Inner vessel size (WxLxH) m3 8.3 × 8.3 × 8.1
Inner vessel base surface m2 67.6
Total liquid argon volume m3 509.6
Total liquid argon mass t 705
Active LAr area m2 36
Charge readout module (0.5 x0.5 m2) 36
N of signal feedthrough 12
N of readout channels 7680
N of PMT 36

TABLE I: Main parameters of the LBNO prototype.

FIG. 13: Plan view section of the 6 × 6 × 6m3.

• Membrane GTT® tank 
with passive insulation

• Top deck with chimneys 
and insulation

• 6x6m2 anode large 
readout area, 6m long 
drift length (3ms max 
drift time @ 1kV/cm)

• Charged particle beam 
window

• 300 ton LAr instrumented: 
7680 charge readout 
channels, 36 PMTs 
(baseline layout)

WA105 experiment
Vyacheslav Galymov

on behalf of WA105 collaboration
Institut de Physique nucléaire de Lyon

15th International Workshop on Next generation 
Nucleon Decay and Neutrino Detectors

Paris, November, 2014
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DLAr design work in progress
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HV (LPNHE, ETHZ)

Electronics and DAQ for charge 
readout (IPNL)

PMT light readout (APC, Barcelona, CIEMAT, KEK,LAPP)

membrane tank (ETHZ, CERN)

Anode deck suspension (LAPP)

charge readout sensors (ETHZ, Saclay)

all groups involved in software and data analysis

SiPM light readout (INR+Genève)

Field cage (CEA, Romania)

WA105 experiment
Vyacheslav Galymov

on behalf of WA105 collaboration
Institut de Physique nucléaire de Lyon

15th International Workshop on Next generation 
Nucleon Decay and Neutrino Detectors

Paris, November, 2014
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CERN Contribution to the Future ν Programs!

 !
!!

!
!

FNAL, September 23th, 2014!
Sergio Bertolucci !

CERN!

North Area Extension (EHN1-X)

41

Nord$Area$EHN1$extension$

19$

Photo taken on October 29th, 2014

 
CENF – Civil Engineering Extension B887 

Status – 23 October 2014 
 Preparatory Works: Tasks to be completed before the start of the works 

 

 
 
 

23 October 2014 
2 

Extension of Building 887 - Neutrino Platform General Meetings 
N.Lopez – M.Manfredi 

-EL: 
• Worksite Power Supply 

• Earthing Design for the EHN1 extension and 
coordination during construction works 

-CV: 
• Firefighting network work (North Area) 

• Potable Water for the worksite (hydrant?) 

• Temporary drainage water (ECN3-TCC8) 
deviation 

-GS-SE: 
• Trees felling + B.918 storage 

 

-TSO TT85: 
• Access condition for the TT85 visit  

 

-IT: 
• Internet connection 

-RP: 
• Monitoring System removal 

 

Extension area: 72m x 50m 

 
CENF – Civil Engineering Extension B887 

Status – 23 October 2014 
 Next Steps: 

 
9 Bids submission (DONE) 

 
9 Technical evaluation of the lowest bid and Preparatory works (ONGOING, 

completion in 2 weeks time)  
 

9 Construction Design Phase (ONGOING, completion by end-November) 
 

9 Adjudication foreseen in December 2014 FC 
 

9 Contract signature  
 

9 Start of the works officially in January 2015 (anticipation, if possible) 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

23 October 2014 
5 

Extension of Building 887 - Neutrino Platform General Meetings 
N.Lopez – M.Manfredi 

 
CENF – Civil Engineering Extension B887 

Status – 23 October 2014 
 

23 October 2014 
3 

Extension of Building 887 - Neutrino Platform General Meetings 
N.Lopez – M.Manfredi 

Preparatory Works: Trees removal…some photos!! 
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EHN1-X: charged beams
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I. Efthymiopoulos - CERN

The EHN1 Extension - Charged beams

‣VLE tertiary beams for the ν detectors 
- H2 extension: 1-20 GeV/c, hadrons (π±, µ±, p - mixed beam), electrons(e±) 
- H4 extension: 1-5(7) GeV/c, hadrons (π±, µ±, p - mixed beam), electrons(e±) 

‣ interest to go lower, down to 0.2 GeV beams for LBN TPC test

10

Preliminary designs!

H4

H2

Courtesy I. Efthymiopoulos

I. Efthymiopoulos - CERN

The EHN1 Extension - Detector Integration

3

WA105 
(LArgon)

WA105 
(MIND)

Service area 

(cryogenics) Service area 

(electrical)

WA104 
(ACM)

WA104 
(T150)

WA104 
(NESSiE)

Integration designs: V. Clerc  EN/MEF

I. Efthymiopoulos - CERN

The EHN1 Extension - Charged beams

‣ Issues to address/resolve for the beams: 
- particle momentum : beam acceptance ±5% in Δp 

‣ if not sufficient, must design and build a low-Z spectrometer (chambers) 
around the last magnet 

- how low we can go in energy? 
‣ from the hardware 0.2 GeV should be possible 
‣ the challenge is for pion beams: 

- already at ~1GeV only about 1000 particles produced at the 
secondary target 

‣ ..and 58% will decay in the 30 m of the line! 
-  particle content: 

‣we can make pure electron beams and muon beams with high (>80%) 
purity 
‣ hadron (π, p) beams will always be mixed beams from e/µ content 
!
‣ particle tagging is possible with threshold Cherenkov counters (but also 

add material to the beam!) 
- background to experiment: 

‣ from secondary high-intensity beam (~ 104 higher rate!) 
- efficient trigger system would be required 

‣ LArgon part inside the cryostat upstream the active volume 
- possible to introduce an extruder, possibly covering part of 

acceptance to do tests with/without it?

12

‣ π/µ ratio on axis for a π VLE beam

P
re
li
m
in
a
ry

‣ µ/π ratio on axis for a µ VLE beam
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WA105 timescale
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Timescale

11/2/2014 V. Galymov - NNN2014 20

Construction of EHN1 extension on the critical path
Optimization of construction schedule
Currently aim to start data taking by mid 2018

?

WA105 experiment
Vyacheslav Galymov

on behalf of WA105 collaboration
Institut de Physique nucléaire de Lyon

15th International Workshop on Next generation 
Nucleon Decay and Neutrino Detectors

Paris, November, 2014
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Membrane tank

9

corrugated membrane tank

1 m thick insulation 
(plywood + polyurethane)

Steel outer-structure

3m3 DLAr TPC

1m20 thick top-cap.

chimneys and feedthroughs

WA105/3x1x1m3 proto

44

WA105 experiment
Vyacheslav Galymov

on behalf of WA105 collaboration
Institut de Physique nucléaire de Lyon

15th International Workshop on Next generation 
Nucleon Decay and Neutrino Detectors

Paris, November, 2014

7.3m

Timescale: 2014-201620 ton prototype to be exposed to cosmic rays

4.9m

4.7m

3x1x1m3 DLAr TPC  
(5 ton active)
1280 r/o channels

light readout

drift cage 

CRP & hanging system
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Cryostat + top cap
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Outer structure was installed before christmas

and insulation + membrane + top-cap by April

outer-structure-construction-time-lapse
click here to download movie:

https://dl.dropboxusercontent.com/u/66703310/timelapse_outer_str.gif
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Sebastien Murphy ETHZ                                                                                                   ELBNF meeting                                     CERN Jan. 13th 2015

Charge Readout Plane (CRP)

14

LEM

Multilayer PCB anode

Extraction grid

liquid

Vapor

3 m

1 m

extraction grid-LEM and anode all in one single module

50x50 cm2 LEM+anodes mounted in readout modules of 1m2 on a 1x3 m2 frame

2 mm

10 mm

3 individual 1m2 
modules for 
anode+LEM

Aluminium frame

wire holders for extraction grid

wire holders
1m2 modules

Charge Readout Plane (CRP)



A. Rubbia NIKHEF, January 2015

The CRP mechanical structure
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±1mm planarity over the 3m2.
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The anodes

48

50 cm

50 cm

C Cantini et al 2014 JINST 9 P03017

✓ “simple” multilayer PCB. 3.4 mm 
thick.

✓ 3 mm readout pitch

✓ Equal charge sharing on both 
collection views.

✓ low capacitance per unit length 
(~150 pF/m)

✓ design is a result of ~1 year R&D. 

✓ relatively easy, cheap and fast to 
produce. All channels electrically 
tested by the company.

✓ soldering of the 20 KEL connectors 
at SMD CERN workshop. Takes 
about 2hrs for one board.
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The LEMs
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50 cm

50 cm

o(500’000) holes

✓ PCB CNC drilled with o(150) holes 
per cm2. 1 mm thick.

✓ 500 um hole diameter 800 um pitch.

✓ 40 um dielectric rim around the 
holes to avoid edge-induced 
discharges

✓ powered at around 30 kV/cm

✓ design is the result of many years of 
R&D on smaller scale prototypes.

✓ Latest paper on hole/rim size 
optimisation for stable gain in LAr:ø dead areas for 

pillars= 3.8 mm

ø hole= 2.2 mm

LEM + anode 
mounted together

arxiv 1412.4402 Dec. 2014 
(submitted to JINST)

http://arxiv.org/abs/1412.4402
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The extraction grid
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        Extraction grid
✓100 micron stainless wire with 3 mm 

pitch in x and y directions
✓effect on gain uniformity tested in LAr 

on 10x10 cm2 readout
✓design has been extensively tested 

on a 1 m2 prototype.
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The drift cage
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✓Following similar design to 
ArDM’s drift-cage.
✓Assembled off-site and 

delivered to CERN.
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The light readout
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 R5912-02MOD

Baseline design: 3 Hamamatsu 8’’ R5912 PMTs. Same installation as ArDM.

✓PMT ordered and bases are 
fabricated at KEK following design 
from ArDM.
✓WLS coating and testing at CERN 

planned in April.
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Entering the “global” era

• CERN European Strategy:  
CERN should develop a neutrino programme to pave 
the way for a substantial European role in future long-
baseline experiments. Europe should explore the 
possibility of major participation in leading long-
baseline neutrino projects in the US and Japan. 

• US P5 report:  
Recommendation 12 : In collaboration with 
international partners, develop a coherent short- and 
long-baseline neutrino program hosted at Fermilab.

53
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Beyond LAGUNA-LBNO…
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2. Construct and operate the LBNO-DEMO demonstrator at 
CERN (WA105 project) implementing all the techniques developed 

in LAGUNA-LBNO and in the context of the neutrino R&D & 
charged particle beam platform.

3.Develop the plans for an underground PILOT project, to test all 
the aspects of the underground installation and operation and 

provide an early physics programme.

1. Following the Update of CERN European Strategy and coherent 
with the US P5 vision, explore the North American and Asian 
options, and best exploit the LAGUNA-LBNO studies to help 

foster a major European contribution to the LBNF facility 
being developed in USA.

A threefold strategy was adopted by the Consortium:
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LBNE-LBNO geotech meeting
• Joint meeting on rock mechanics and LAr cryostat design in October 2014 at SURF, 

South Dakota + underground site visit
• Working towards a common understanding of cryostat design within the SURF facility
• Goal: develop a unified design for cavern, cryostat and cryogenics → towards 

common conventional facilities design for single- and dual-phase detectors
• Outcome: urgent joint & focused effort needed at quickly resolving pending issues 

with implementation at SURF (shaft limited access, cavern size, self-supporting tank, 
construction, safety, risk analysis, etc.)



A. Rubbia NIKHEF, January 2015 56

LBNE-LBNO geotech meeting

PYHÄSALMI   +   HOMESTAKE
TABLE OF CONTENT

Guido Nuijten2

1. Global deep science lab caverns and facilities
2. Site Location
3. Mine introductions
4. On-surface access
5. Existing infrastructure at experiment level
6. Horizontal drifts / accesses
7. Decline
8. Ventilation
9. Dewatering / drainage
10. Hoist
11. Shaft reinforcement / lining
12. (Hoist) Control room
13. Rock hoisting capacity
14. Rock waste handling on surface
15. Material transport 
16. Concrete (material) transport capacity
17. Continental geology
18. Regional geology
19. District geology
20. Site seismicity

21. Hydrology
22. Site Investigations
23. Intact rock strength
24. Rock stresses
25. Rock Quality Designation (RQD)
26. Rock fracturing / joint orientation
27. Optimum cavern shape
28. Max. cavern size
29. Deformation / long term rock behaviour
30. Reinforcements analysis + design
31. Bill of Quantities
32. Liquid spill / risk assessment
33. Dynamic analysis / risk assessment
34. Experiment
35. Status of design
36. Preparation works and costs
37. Infrastructure construction programme
38. Cost references
39. Infrastructure costs (site preparation)
40. Mine transfer issues
41. Operational costs

Side-by-side comparison of Homestake and Pyhäsalmi sites
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Rectangular vs. Cylindrical Cryostat
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LBNE	
  Design: 
Rectangular,	
  rock-­‐supported	
  cryostat

• Current	
  reference	
  design	
  for	
  LBNF	
  
• Rectangular	
  geometry	
  makes	
  maximum	
  
use	
  of	
  excavated	
  volume	
  

• Rectangular	
  geometry	
  requires	
  rock	
  
support

• Follows	
  industry	
  standard	
  design	
  and	
  
construction	
  methods	
  

• Requires	
  larger	
  span	
  cavern,	
  similar	
  to	
  
LBNE	
  WCD	
  design	
  	
  

Joint	
  LBNE	
  –	
  LBNO	
  –	
  FNAL	
  –	
  CERN	
  evaluation	
  launched

LBNO	
  Design: 
Cylindrical,	
  free-­‐standing	
  cryostat

15	
  Jan	
  2015
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ELBNF international project
• An on-going process to merge all previous efforts and any other 

interested parties to build, operate, exploit 
• a (staged) 40 kt LAr detector, at the SURF site, 1300 km from FNAL 
• a high granularity/high precision near detector 
• exposed to a 1.2 MW, tunable ν beam (1st and 2nd max.) produced by the 

PIP-II upgrade at FNAL by 2024.
• Fermilab to work with international and U.S. partners, with a model derived 

from the CERN LHC, which clearly separates the ownership of the 
experiment (International Collaboration) from the ownership of the facility 
(Host Lab) 

• The process of setting up a large international collaboration is in motion. 
On Jan 22-23 first ELBNF proto-collaboration meeting. 

• The goal is to enable the operation of an initial 10 kt far detector in ~2021 and 
provide a clear path to the full ELBNF experiment soon thereafter. 

• A strong R&D program has started and is needed to provide the 
necessary input to the definition of ELBNF. 

LOI submitted to Fermilab PAC in December 2014  
Signed by ≈500 authors, 142 institutions, 23 countries
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Summary and Conclusions (I)
• A next-generation very large-scale neutrino observatory must be capable of addressing 

key open questions and complete our knowledge  in neutrino oscillations: 
• Is there CP violation (CPV) in the leptonic sector ? 
• Are matter effects in long-baseline oscillations understood and what is the neutrino mass 

hierarchy (MH) ? 

• The recent measurements of the PMNS mixing matrix has now promoted these open 
questions as the next milestones, with exciting implications on our understanding of the 
matter-antimatter asymmetry in the Universe.  

• These challenging physics goals can be uniquely addressed by a new very large underground 
detector coupled to a long-baseline neutrino beam. Such a new facility will also be an ideal 
observatory for solar, atmospheric and supernovae neutrinos, as well as for high 
sensitivity nucleon decay searches. 

• The European neutrino community has early on recognised the importance of this sector 
and has been strongly supported to prepare the new experiment with the LAGUNA and 
LAGUNA-LBNO design studies.  

• Following the European Strategy Recommendation and the P5 report in the USA, neutrino 
physics “entered the global era” and the European neutrino community is now exploring 
the international merger – ELBNF – to be hosted by Fermilab.

59
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Summary and Conclusions (II)
• Since the completion of the DS, the LAGUNA-LBNO consortium is active in the 

construction of a large (300t) demonstrator (CERN WA105) using the 
techniques developed during the conceptual design phase.  

• WA105 is now an approved CERN experiment, which will provide vital 
input for ELBNF. We have a set of well defined technical and physics 
goals to deliver which will have implications for the long baseline neutrino 
programs being developed. 

• WA105 although an a priori independent effort, was strongly supported by the 
LBNE management, the Fermilab management and is included in the ELBNF 
LOI submitted to PAC in Dec 2014, as part of the necessary path towards 
the definition of the far detector modules.  

• The success of the WA105 R&D will allow to expand the physics 
capabilities of ELBNF by permitting the addition of cost-effective 
modules to help reach the design value of 40 kt.  

• WA105 is open to all new collaborators. 
60
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Thank you !
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Expected event rates for 20 kton

Nu	
  beam CERN	
  SPS	
  700kW CERN	
  HP-­‐PS	
  2MW Protvino	
  450kW
υμ	
  CC υe+υe	
  CC υμ	
  CC υe+υe	
  CC υμ	
  CC υe+υe	
  CC

NEUT 2056 21

GENIE 1428 10 4007 26 1805 18

GLOBES 1426 10 3975 26 1756 18

POT normalisation  
(corresponds events/1 year):

Protvino: 4e20 pot @ 70 GeV
CERN: SPS 1.5e20 pot @ 400GeV and HP-PS 3.5e21 pot @ 50 GeV

Anj-­‐nu	
  
beam CERN	
  SPS	
  700kW CERN	
  HP-­‐PS	
  2MW Protvino	
  450kW

υμ	
  CC υe+υe	
  CC υμ	
  CC υe+υe	
  CC υμ	
  CC υe+υe	
  CC

NEUT 561 6

GENIE 559 5 1438 26 525 6

GLOBES 680 6 1741 26 629 6

¯ˉ ¯ˉ ¯ˉ

¯ˉ ¯ˉ ¯ˉ¯ˉ ¯ˉ ¯ˉ
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TPC symposium, Paris, 2014

Other anodes tested

dC/dl~100 pF/m

dC/dl~250 pF/m

Shuoxing Wu ETHZ

Pattern too loose, non uniform charge collection between strips

Compatible performance as 150 pF/m anode, but has higher 
capacitance

26

JINST 9 P03017


