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Facilities for long baseline accelerator exps.

In Europe
LAGUNA T i

European design study for Large
Apparatus for Grand Unification and
Neutrino Astrophysics

LAGUNA-LBNO
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LAGUNA/LAGUNA-LBNO —
study considering three
detector options for

> s g"f. :wrﬁ;‘ﬂ"""-iﬂ' astroparticle physics and new

long baseline in Europe
proteml TRN

= 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
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LAGUNA consortium

Large Apparatus for Grand /

(\
Uhnification and Neutrino Astrophysics vi 9"‘ +
- Long Baseline Neutrino Oscillations

» LAGUNA DS (FP7 Design Study)
— 2008 — 2011

—~100 members; 10 countries

Steering group:

— 3 detector technologies ® 7 sites, Alain Blondel (UriGe)
. . llias Efthymiopoulos (CERN)
different baselines (130 - 2300km) Takuya Hasegawa (KEK)

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

¢ LAGUNA'LBNO (LOng Base“ne LotharOberauer(T’UM)

Neutrino Oscillations) romas Paak (476, ar)
Federico Petrolo (ETH Zurich)
- 20 1 1 - 2 O 14 André Rubbia (ETH Zirich)
. Chris Thompson (Alan Auld Engineering)
—~300 members; 14 countries Wiadyslaw Trzaska (Jyvaskyla)
. . Alfons Weber (Oxford)
— Down selection of sites & detectors Marco Zito (CEA)
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Multlpurpose neutrino observatory (\
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Which kind of large volume detector?

e |n 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)

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

= As a consequence for LAGUNA:
e 1stpriority: LAr, LSc at the

Shomm ey longest baseline (2300km),

RN W high energy wide band beam
N (neutrinos >1 GeV)

b~ _ 2" Priority ® 2nd priority : WCD at the

-~ 9540kton

, Voo > shortest long baseline
(Liquid Scintillator) 100kt0r(1l_iquidArgon) “ (1 30km), IOW energy beam

1 Priority (neutrinos <1 GeV)
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The Pyhasalmi 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

Pyhasalmi

optimal conditions satisfied simultaneously: gSioden
Pyhasalmi, Finland , RS
- Infrastructure in perfect state because of current Norway | ‘_"),.-;f»-v"”FinlanB\‘.//

A

4 Helsinki ctered g.
sinki St Pc\%rs\.ur 0

‘.
oTal iwj,, AR %
gEs.toni.a ' g
\ .

exploitation of the mine )

- Unique assets available (shafts, decline, services,
sufficient ventilation, water pumping station, pipes for

. . . Latvi .
liquids, underground repair shop...) Noigiek . Mescon
. . United Denmark L:thuania_;"
- Very little environmental water 7, Kingdom . ~ Protvino
-  Could be dedicated to science activities after the mine roiand B " Weweigas 0o Bens
exploitation ends (around 2018) E selgam Germéhv_, e R .
-  One of the deepest location in Europe (4000 m.w.e.) Cattic Sea Paris ” f*f°3.§°n‘l e Ukrainie
] . .. ©° ustria " -”"‘A-"I'—'oxbva 0 Zaporozhye
-  The distance from CERN (2300 km) offers unique long B ol _’;»“ A o aj'é;.. Hungav,, S oahy
baseline opportunities. It is 1160km from Protvino. =20 e A o
. . Serbla OBlmarest - [
-  The site has the lowest reactor neutrino background in | C ERN taly XS Bu.gar.a BuckSesil
Europe, important for the observation of very low energy  porugai e TR;m.cl (s stanbu
. ‘ .
MeV neutrinos. Lisbon’, Spain ® 2100 km from RAL, 1500 km from
.. , - L e DESY, and 1160 km from Protvino.
* Second prlorlty: Frejus’ France' 7 f° @')n’l’)(?.nnnln-Mnr\r{nfn@?fﬂ?Rnnnr;;\_ﬂ.:é‘r\:\‘nln

*  All other sites are presently considered as backup
options for LAGUNA.
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Present state of mine (\

LAgVNA
Present: The Pyh&salmi mine (Inmet Mining Ltd., Canada)
» Produces Cu, Zn, and FeS»
» The deepest mine in Europe N

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

» [he most efficient mine of its size and type

» Very modern infrastructure

» |ift (of 21.5 tons of ore or 20 persons) down to 1400

metres takes ~3 minutes
» via 11-km long decline it takes ~40 minutes (by truck) X
» good communication systems AL

» Operation time still 7-8 years with currently known
ore reserves (presumably until 2018)

» Compact mine, small 'foot print’

» water pumping and other maintenance works not
major Issues

LIOneutrino2012 A. Rubbia — LAGUNA-LBNO Lo 7
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Pyhasalmi mine
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Cafeteria, meeting room and sauna at 1400 m below ground Mobile phones work and internet available also at 1400 m
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Lagvna

Layout of the LAGUNA-LBNO
observatory at Pyhasalmi
(-1400m)

Available space for up to
2x50 kton LAr + 50 kton LSc
879’000 m3 excavation
Design to be finalised within
LAGUNA-LBNO by =2014

.y
=4
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LBNO

Expression of Interest for a
very long baseline neutrino

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

An incremental approach, based
on the findings of LAGUNA

Submitted in June 2012
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LBNO main physics goals

® Long baseline neutrino oscillations

- Appearance: vy~ Ve & vy~ v; and Disappearance: vy~ vy & neutral currents
- Separately for v and anti-v

- Test of three generation mixing paradigm by direct measurement of the oscillation

probabilities as a function of energy (L/E behaviour) — in particular covering 15t and 2"
oscillation maxima

- Direct observation of the energy dependence of the oscillation probabilities induced by
matter effects and CP-phase terms, independently for v and anti-v

- Break parameter degeneracy between MH and CP phase (E, coverage and large L)

- Direct determination of neutrino mass hierarchy (MH) and test of CPV in lepton sector
(CPV), which is different from extracting this information from global fits

® Nucleon decays (direct GUT evidence)
® Atmospheric neutrino detection
- Oscillation measurements and Earth spectroscopy
® Astrophysical neutrino detection
- Galactic supernova burst
® Search for unknown sources of neutrinos (e.g. DM annihilation)
® First very long baseline experiment, towards the Neutrino Factory (NF)
— (Not surprisingly) optimised distance of 2300km is also optimal for NF and large 013
LIOneutrino2012 A.Rubbia — LAGUNA-LBNO ol
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Neutrino mixing matrix (PMNS)

e Neutrinos are produced and interact as weak eigenstates. V, U, Uypn Up Vi

e The weak eigenstates are coherent superposition of the .
fundamental mass eigenstates. The mass eigenstates are VH _ Ulll UHZ Uu3 V2

the solutions of the free Hamiltonian and represent the V¢ Uy Up Up V3
propagation of the neutrinos in space.

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

* The PMNS matrix is usually expressed in terms of 3 rotation angles 013, 6>3, 0;3
and a complex phase 0, using the notation s;; =sin;;, ¢;; = cos 6;;

Uet Ue2 Ues I 0 O ci3 0 s;3e ™ ci2 si2 0
Uin U Uz | =1 0 c23 s23 | X 0 ] 0 X | —s12 ci2 O
Ut Urp U 0 —s23 €23 —s13¢ 0 0 ¢p3 0O O 1
Y Y
“Atmospheric” “subleading” “Solar”
LIOneutrino2012 A. Rubbia — LAGUNA-LBNO ™ | 4
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Global fits: e.g. Bari results

1 F | 1 & No hints for neutrino
. e e T - mass hierarchy (MH)
2 S W A :_.‘.._.\. ......................... 1 < Both NH and IH
S 1 [ NH/ . solutions are allowed
R, WIS A i [ O VIR | e
E 1 F 1 <& All values of 6 are
(| STSTETETINY SNITIT R SURE T ¥ SUT IR : allowed at 20 C.L.

65 70 75 80 8520 22 24 26 28 00 05 10 15 20

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

- -3
Sm?/10° eV? AmMZ/10~ eV? S/ % &~ favored (10), i.e
Ji.e.
4 | LR T Ll | °
I : ; CP-conserving ? no
E 1 PMNS-induced CP ??
2 : : ] <% Is the Bari group right
: : : (again) ?
3 E {1 % Caveat: Global fits
e 3 | A | A cannot replace real
025 030 035 03 04 05 06 07001 002 003 004 data (ELISI, NPBZO]_Z)
Sin° 6, Sin® 6, Sin’ 6. ,
LIOneutrino2012 A. Rubbia — LAGUNA-LBNO ™ |5
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LBNO approach to CP-phase

00 05 10 15 20
O/t
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LBNO approach to CP-phase

** Measure L/E dependence of oscillation
probability, independently for neutrinos and
antineutrinos

3
¢ Resolve MH >50 C.L. in the first two years of
running 50%-50% neutrinos-antineutrinos
) thanks to the very long baseline (2300km)
¢ A conclusive knowledge of MH allows to
optimise neutrino vs antineutrino running
1 to maximize CP violation sensitivity
\\

** In ten years reach an error on the CP-phase
value of Ad = £20°

¢ Differentiate the two CP-conserving

00 05 10 15 20 scenarios (06 =0 and 6 =) by L/E
O/t

Jarlskog invariants: J(PMNS) = 5x1072sind > J(CKM) = 3x10™° ?2?

LIOneutrino2012 A. Rubbia — LAGUNA-LBNO
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Vu—>Ve appearance probability
¢ Rich physics to be explored as a function of L/E
Matter effect

2
sin” 2643
Py, — ve) = sin 993 sin .A) Leading term
(A

.
-y — Li — sin(A) sin( 4& )sin((1 — 4]&]
J1{1 — A)
Q7 ) ) CP-terms
Fa——2 — cos(A) sin(AA) sin((1 — A)A)
A(1—-A)
2
5 CO8” g3 sin 29010 5, 4 Solar term
CPV +a T sin“(AA)
JG'P = 1/{'.05 913 sin 2912 sIn 25’13 sin 2993
=
lop = 1/8(31::5 )15 sin 2619 sin 2014 sin 26094
a = Am3,/Am3;, A = Ami| <« Ey dependence

A =2VE/Am2, ~ (E,/GeV)/11 For Earth’s crust.

LIOneutrino2012 A. Rubbia — LAGUNA-LBNO
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CERN-Pyhasalmi: matter effect vy— ve

*Normal mass hierarchy
0.04

=2300 km Ocp = 0 deg.
o - Am=+00025ev2,  -==- \acuum

> 0.03Ex * sin?2013 = 0.01, + solar terms Matter

|

=_. 0.025H
> | NB: matter effects are
§ 0.02f important for all planned
P LBL experiments.
e 0.015
o
0.01
0.005
0 1000 T 2000 T 3000 4000 5000
| Ene (MeV)
2nd Max.  1st Min. 1st Max.
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CERN-Pyhasalmi: CP-effect vy—ve

*Normal mass hlerarchy L 2300 km

o2& A

> m >012 =
AN A
. | (0]
E>_' 0.1 SCP_O _ % 0.1 .f- BCP_45 -
CP-conserving ] f:
0.08 0.08 fi"a -
@) 0.06 0.06 s &
< .
d 0.04 0.04 g =
|| 0.02 0.02 [RA®
oYY A B B ' A S\ T T T T T N | TR 4 ) S T T T I T T
o 0 O ™23 2 5 B8 7 8 9 10
CS E, (GeV)
N
N—" - L L B L LR BRI BN B B —~ . g7 [BLELELELE B AL B L L B
~ />\°o.12 - />\°o.12 -
. (0] - 0]
.E E>_/ 0.1 SCP—QO - B_?/ 0.1 6CP_1 80 _
0P

CP-conserving |

211111

. 0.08

0.06 g&="= 0.06
| |
[ |
0.04F % 0.04
0.02 0.02
0 S 0
i 2 3 4 5 6 7 8 9 10 i 2 3 4 5 6 7 8 9 10
E, (GeV)
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CERN-Pyhasalmi: CP-effect vy—ve

*Inverted mass hierarchy L=2300 km

20120 R 2 0.12
A ] A
1 ‘.. -1 1
= — - =
= 0.1 “0 SCP_O . Z 0.1
o . o o
., CP-conserving -
0.08 - 0.08
-y 0.06 . 0.06
- ]
- 0.04 . 0.04
|| 0.02 : 0.02
N el
ap) O 2 3 4 5 6 7 8 9 10 0
Q‘E‘ E, (GeV)
N
N— — LI T T 1 T 1 T T T T - T T T L I ! !
A -~ .0 “ (o) i A 9] -
o - BE. 5 §.=90° | = 8.,=180°
o r—{ o ] .ﬁ : Q‘ CP ] o CP ]
| a n . .
2 = oo x *s ] "o, CP-conserving
0.08 Bam = = . *s . o ., ]
m | | _ * -
" y "’ ] ., — i
u _ L 4 -
0.06 a . ey — 1 ‘., vV 1
..' ’0.. V | '0,. |
L 4 7 .. -
0.04 y 't,. . Yo, .
] N ]
. 1/ ey 14 Treay
0.02 N ]
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LBNO experimental

Beam

Fully exploit long baseline neutrino oscillation pattern

perform L/E analysis over large energy range
(15t and 24 maxima)

Wide Band Beam (WBB)
Ep2rdmar > 5GeV = L > 1000 km

requirements

pmat(y) — pmat(y))

Acp(p) = abs (

w
o
o
o
—

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

p=2.8gcm Mo

0

Baseline (km)
N
(6}
o
)

2000 fl
1500 |

1000 B

500 i

00 05 1 15 2 25 3 35 4 45 5

Neutrino Energy EV (GeV)

T )

CP(5CP) = abs (Pvac(l/) n PUGC(D)

- ESOOO 1
Detector £ < 0.9
S & = 2500 cigll 0.8
8 5 .
Better signal efficiency and background rejection 5 2 &, 07
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Neutrino beam requirements

® Medium energy to cover at E, = 4 GeV (15 maximum)

® Horn focused, wide band to cover 15t and 2" maximum
® Small tail at high energy

® Positive and negative focus (v and anti-v modes)

® High beam power (initially 700 kW)

® Point to Pyhasalmi (10deg dip angle, distance = 2300km)
® Muon monitors

® Near neutrino detector

*** 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)

LIOneutr in02012 A. Rubbia — LAGUNA-LBNO - —

Tuesday, October 23, 12



Neutrino beam layout

TIE 2 LBNO near detector
CERN North Area (850m from target)

L ol Side view

Beam parameters

400 GeV protons from SPS (initial)

Survey info:

CN2PY & SBL2NA 4
SRSl /.~ 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

Targ et Beam M uon - dip angle : 10.4 deg, 181 mrad
. . » Neutrino b t Pyhdsalmi (Bmax = 30 MeV/E,) : 14+34 Km for Ev 2:5 GeV
Stathn dump mOnltOrS eutrino beam at Pyhdsalmi e or e
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The neutrino focusing

»CN2PY Layout : ND| [ND

: ® Desigh based on
=~ ] - CNGS experience
: ® Parameters still
=  soom om — Under optimisation

K-
y

70m

AAA """

\ 4

Detailed simulation
Tracking of secondaries

= 0.6F g 104
E i Full GEANT4 simulation of the neutrino o 0 -
e REFLECTOR | production beam line o -
0.4_— . . . i |
0.2 f_ HORN / | / \5 ) -:a’
- o "
- > 10/
0.2 [ graphite (1.83 g/cm?), ~ T N U TPP Doy Ll
L 1 m length (=2)\,,)), > e
~ 2 mm radius. aQ
0.4 TUNNEL =/ iR [ T—>V
- 107" ¢ vz : T—>[L—>V
-0.6 _| L 111 | I ‘ I I | I ‘ I ‘ I | I I | [ N E:. .............. K— >Vu
35 40 45 50 55 60 65 70 ;5[ ] :‘\ _ K=>T—>V
E 1010 i_ ________ K—>}_L—>V
Flux optimised using physics S ke, Ko
. . e HE =2V,
requirements (CPV sensitivity) — effort on - woll o e K0,
o o > L1 1 | L1 1 | 1 1 1 I | .| I 1 1 |__E__|,__|___|__J_,|||.I|Illl,lll“lll,li
going ; improved compared to Eol 0 2 4 6 8 10 12 14 16 18 20
E, [GeV]
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Flux optimisation

Maximize two conditions: (1) event rate at first maximum and (2) ratio of 2"4/15t maximum flux
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Near detector and hadro-production

e 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,...

~13m

A

e Concept: 10 bar gas argon-mixture e |tis widely recognized that hadro-
TPC surrounded by scintillator bar production measurements with
tracker embedded in an thin or replica target are really
instrumented magnet with field 0.5T crucial for precision neutrino

e 270 kg argon mass, of which =100 experiments (eg. K2K, T2K,
kg fiducial MINOS).

e (0.2 event/spill @ 700 kW e CERN NAG1 acceptance study

e O(100°000) events/year for 400 GeV incident protons

® Precision neutrino cross-section measurements: e.g. MINERVA, T2K-ND280,
LIOneutrino2012 also nuSTORM (FNAL LOI) A. Rubbia — LAGUNA-LBNO o 26

Tuesday, October 23, 12 26



Far detectors requirements

® Fiducial mass at least equal to that of SuperK (=20kton)

® Clean neutrino detection in the energy range
0.5<E\<10 GeV (— multi-prong events, not only QE)

® Fine granularity for clean v,—>ve appearance signal

® Neutrino energy resolution AE,/E, < 10% to observe L/E

® Full kinematical reconstruction, e.g.

for vp—=>vr

® 41t acceptance for all tracks and neutrals

® Charge and momentum determinati

on for muons, to

e.g. study v, /v, in both horn configurations

**Liquid argon TPC complemented by
magnetized iron detector (MIND)

LIOneutr ino2012 A. Rubbia — LAGUNA-LBNO
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field cage

Far liquid Argon detector

anode & charge readout 2 Double phase LAr LEM

TPC (GLACIER,2003)
(hep-ph/0402110,
J.Phys.Conf.Ser. 171 (2009)

A
012020, NIM A 641 (2011)
48-57, JINST 7 (2012) P08026)
=
o .
N liquid argon
e volume height
! Design based on
S I A T - .
Gt extensive experience
L :
with smaller scale

cathode

LIOneutrino2012

devices

bottom of tank & light
readout - 28

A.Rubbia — LAGUNA-LBNO
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LAr detector prototyping efforts

_ gl (1) ArDM-1t @ CERN
’ &k J.Phys.Conf.Ser. 39 (2006) 129-132

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

40x80cm?2
JINST 7 (2012) P08026

(2) J-PARC T32 (.2 -,
J.Phys.Conf.Ser. 308 (2011) 012008

0.4 ton LAr TPC

World’s largest sample of charged particles

events ever collected (4) 10T @ CERN
J.Phys.Conf.Ser. 308 (2011) 012024

(3) ArgonTube @ Bern

i

./\

>

Nucl.Phys.Proc.Suppl. 139 (2005) 301-310

Aim to demonstrate world’s longest
electron drift path

_ Purity by flushing w/o evacuation
LIOneutrino2012 A. Rubbia — LAGUNA-LBNO =
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Real cosmic rays in LAr LEM-TPC

Cosmic track in double phase 80x40cm2 LAr-LEM TPC with adjustable gain
The best imaging performance S/N > 100 for m.i.p, in both views !

|

View 0: Event display (run 14456, event 8044)
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View 0: Event display (run 14450, event 1511)
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View 1: Event display (run 14456, event 8044)
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LBNO far muon detector concept

35kton MIND magnetised iron with scintillator slabs
(MINOS-like, reference IDS-NF)

Magnetized Iron Neutrino Detector (MIND)

v, Charged Current

1_5_|IIII|IIII|II | II|IIII|IIII|IIII|III\|I\
— 1_
.§, L
£ L
2 8
[";]
g 05— ,
g 6
g [ I [ |
o -1 !
E o IIIII... 4
= L
F 2
0.5—
I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III\|I\ 0
0 05 1 15 2 25 3 35 4

Depth (m)

MINOS

40m

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

LIOneutr in02012 A. Rubbia — LAGUNA-LBNO L - 31
Tuesday, October 23, 12

31



LBNO detectors tentative layout

Magnetized Iron Neutrino detector

32




1) exclude the opposite mass hierarchy and
2) exclude dcp =0 or 1t (CPV)

LBNO sensitivity for MH&CPV

e We estimate the significance C.L. with a chi2sq method, with which we can

e Minimize chi2sqg w.r.t to the known 3-flavor oscillations and the nuisance parameters using

Gaussian constraints

Name Value Error (1o)
L 2300 km exact
Am3, 7.6x107° eVZ  exact
Control of [AmZ,| x1073 eV? 2.40 +£0.09
systematic sin” 614 0.31 exact
errors will be sin® 20,3 0.10 +0.02
fundamental sin® fa3 0.50 +0.06
Average density of traversed matter (p) 3.2 g/cm? +4%
Name MH determination CP determination

! Error (1o) Error (1o)

Bin-to-bin correlated: C i
Signal normalization ( fsig) +5% +5% onservative
Beam electron contamination normalization (f,_ cc¢) +5% +5% errors
Tau normalization (f,_cc) +50% +20%

v NC and v, CC background (f,,.) +10% +10%

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

Bin-to-bin uncorrelated +5% +5%
™ 33
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Neutrinos from CERN to Pvhasalmi

arXiv:hep-ph/0305042v1
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Lower crust,density 2.8-2.97g/cm® %% High-velocity lower | P- and S-wave low velocity zones
3 .

crust, density 3.01-3.2g/cm®

e Distance CERN-Pyhasalmi =2288 km
e Deepest point = 103.8 km

e 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)

e Densities = 2.4+3.4 g/cm3

® Remaining uncertainty has small effect on neutrino
oscillations (equivalent to less than +4% global change in
matter density)
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Neutrino/antineutrinos and MH

Running mode:
v/anti-v:25%/75%

Detector response and resolution included
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Sensitivity to matter hierarchy

2.25e20 pot

Al T T T T I T T T T I T T T T I T T T T I T T T T I

X 120

< ' MH determination
| 50% nu+50% anu

—2.25e+20 pots —

100

80 —
Z 60 ,""l’ ~~~~“s~ B
40 T . -
_______________________________________________________________________________________________________________________ 90
20 - :
e 30 ... 5
TS 90%C.L.. 5
0 i i PR B R S
0 1 2 3 4 5 6
True o

Provide a >50 direct determination of MH for all values of 6cp
within 2.5 years of running

Other methods proposed (atmospheric neutrinos, reactors) do not provide such a
level of sensitivity and could be prone to irreducible systematic errors

L
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Sensitivity to CP violation

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

20 L I |||||||||||||||| I |||||||| = 20 |||||||| I |||||||||||||||| I |||||||| =
= NH true T2K (5+())+NOVA (3+3) — : IH true T2K (5+O)+NOVA (3+3), — 3
18 E LBNO — 3 18 N LBNO |— 3
: \ | LBNO+TK : “p\?\ LBNO+T2K :
PX‘ LBNO+NOvA N\\ LBNO+NOvA
N\\ﬁ A

%
2
e
12
1 8
- E - ERS)
O - - 0 - -
—180 —90 0 90 180 —180 -90 O 90 180
dcp (true) in degree dcp (true) in degree

The power of combining several different baselines L:
LBNO 20kton(5+5) + T2K(5+0) + NOVA(3+3) = 40-45% CPV at >3c C.L.
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Mode Events/year
v, CC 1440

v, CC 310

v, CC 2440(w/o osc)
, CCO 680(w/o osc)
vNC 640

(=12 v CC / year)

LIOneutrino2012

A. Rubbia — LAGUNA-LBNO

Atmospheric neutrinos

)

m
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o
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o

drift length (c

1030 [
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view 1: length (cm)

“Free once you paid for an
underground location”

w
o
o
)

N N

o (&)

o o
amplitude (ADC counts

Neutrino oscillation physics complementary to long baseline beam
Clean ve & v, CC over all range of energies (GeV,MultiGeV)
Good neutrino energy and angular reconstruction

Recoil hadronic system on an event-by-event basis
Statistical separation of v and anti-v by exclusive final states
v,—V: appearance significance >3c after 3 years exposure
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nh

Proton decay sensitivity &5

For an exposure of 10 years (200 ktonxyear)

Mode Lifetime (90%C.L.)

p—vK* >3%x103% yrs
p—e’y, p—u'y >3%x10%* yrs
p— Tt KY >3%x103% yrs
n—e K* >3%103% yrs
p—utK°, p—e*K° >1x103* yrs
p—re*r’ >1x103% yrs

p—utr® >0.8x103* yrs

n—e'n" >0.8x103* yrs

Expect =linear sensitivity improvement with exposure until 1000 ktonxyear
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Supernova detection channels

For a SN explosion at the distance of 5 kpc
(E,) =11MeV,(E;) = 16MeV, (E,. ) = (E5 ) = 256MeV Events:

ve WAr — e~ K*  (Ey> 1.5 MeV) ~23820
v, WAr — et *0C1* (E, > 7.48 MeV) ~2420
vy OAr — v, + 20Ar” ~30440
Vg € — Uy €7 ~1330

e Unique sensitivity to electron neutrino flavour (most other

SN-detectors detect inverse beta decays)
e Combined analysis of all reaction modes

e Neutrino mass via TOF

A. Rubbia — LAGUNA-LBNO
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Milestones - Timescale !

LAGUNA Design Study funded for site studies 2008-2011
Categorize the sites and down-select Sept. 2010
Start of LAGUNA-LBNO

Submission of LBNO Eol to CERN
Pyhasalmi extended site investigation

End of LAGUNA-LBNO DS: technical designs,
layouts, liquids handling&storage, safety, ...

Critical decision

Excavation-construction (incremental, pilot?) 2016-2021 ??
LBL physics start 2023 ?7?7?

LIOneutr in02012 A. Rubbia — LAGUNA-LBNO Lo 42
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Conclusions (l)

e LBNO, proposed to be located underground at Pyhasalmi 2300km away from
CERN, has truly unique scientific opportunities.

= All transitions (e/u/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 £20° error

= A fully conclusive mass hierarchy determination(MH) at >50 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
>30 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, ...).

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

LIOneutrino2012 A. Rubbia — LAGUNA-LBNO
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Conclusions (ll)

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

e 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.

e 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 Pyhasalmi.
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LAGUNA LAr prototype @ CERN

- BX6x6mMA3 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)
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CPV: LBNE vs LBNO

§ NH true LBNO —— :
- 5% systemati LBNE E

e Assume same 10t
systematic :
errors for both 8¢
setups

e LBNE 10 kton |
@ 1300 km %

e | BNO 20kton
@ 2300 km

0=
—180 -90
dcp (true) in degree
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Hic Hyper-K CPV sensitivity

(Exclusion of ©=0,TT) 5% systematics on signal, V, BG, Ve BG, V/V

10
—~ E 7.5 MWyears
é E 3.75 MWyears
T o
= [
a F
| =
o =
E
i
s
1F
O ] ] ] ] | ] ] ] ]
-1 -0.5 0
Sin22613=0.1 true 0 (TT)
Normal hierarchy For 74(55)% of 0, >3(5)0 with 7.5MWyrs
., Masashi Yokoyama (U.Tokyo) - g I st open meeting for Hyper-K project,Aug.22-23 2012 LBL and p-decay with Hyper-K 4kB
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CP asymmetry at 295km

0.06

Leading(013)

0.04
0.02
0
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-0.02 CPC(COSB)CP

-0.04 (sin2203=0.1,8=T1/4)
L E SR

Ey (G eV)
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Low Energy Neutrino factory (LENF)

Pure beam and multiple oscillation channels
Requires magnetised far neutrino detector
LENF is the baseline since U3 is known to be large

Neutrino Beam

Proton Driver:
o— Linac option p v
Ring optio ~
e

n
y
Z \
7 \
&
4 \
\

. S \mercey New  baseline
e for IDS-NF
N (Apr 2012):

LENF:
E=10 GeV and

. -

e —

T
. £
(O g
—@r 8 N

Linac to 0.9 GeV 0.9-3.6 GeV RLA

Phase Rotation

Cooling

s g
1\-\_‘) )

7PN 3.@12.6 GeV RIgA
7 L=2000 km
! GeVFFAGF‘ with MIND
Neutrino Beam R i Al ; N}i
. { - b J
el A;Iuon Decay Ring D63 Dassline 2010210

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

The precision measurement of the oscillation parameters
will become very important once the mass hierarchy and
CPV are established.

0.02"

Estimated reachable precision on 03 and Ocp

0.08"

\Y

—— IDSI1b
— — — LENF

Daya iBay (expected)

Ao1s|

10}

Coloma et al.,, 1203.5651

5|

150 100 50 O 50 100 150
013(°) 5
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Matter density effects

e-like sample

4§- 35 __l 1T 1 I 1T 1T 1 I | L I 1T 1T 1 | L 1T 1T 1 2 . 5
3 30F s 3.1
- F L
> o5 [ T |Z]‘E|E ]
GJ I 1 —
= - i 1 _
§ B 1 11 _
= i A —
g L | -
E __ \ 4 ﬁ_ EIE _—
5 °F fJ I -
10— F H‘l_L —
z AT
S —
O I I | | L1 1 1 | L 1 1 1 | L1 1 1 | L 1 1 1 | L1 1 1 | L 1 1 1 | L1 1 1 | L 1 1 1 | L 1 1 1
0] 1 2 3 4 5 6 7 8 9 10
Reco v energy (GeV)
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FIG. 73:

entries/ 200 MeV / 3.75e+20 pots

polarity
between

LIOneutrino2012

entries/ 200 MeV / 3.75e+20 pots

CP-phase sensitivity

Reconstructed event energy for (left) neutrino horn polarity running and (right) antineutrino he
running, for different values of true dcp and for normal mass hierarchy (NH). A 25%-75% shar:
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neutrino and antineutrino running mode and a total of 1.5 x 10%! pot have been chosen.
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FIG. 74: Same as Figure 73 but for inverted mass hierarchy (IH).
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LIOneutrino2012 A. Rubbia — LAGUNA-LBNO

CERN European Strategy for

Accelerator-Based Neutrino Physics
arXiv:1208.0512
Neutrinos must be part of the CERN Roadmap.

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.

LAGUNA-LBNO and CERN—Pyhasalmi: 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 Pyhasalmi (2300 km) is unique
in this regard.

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.

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 ?).
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y—llke CC sample (+)

w -
S 20 kt LAr Detector response |-
S 300~ +MIND - - and resolution -
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Tau like sample

(2 oY ) S L L A LN B (2 i L L L L IO B L L LN R B NN N
3 - —+— all electron-like events - Q 22 © —+— all electron-like events
~ 18F I V. CC beam - — 5 C I V. CC beam H
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= B ] 6
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2 = 2
0 . 0
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CPV dlscovery statistical only

g\°/ 90 CPV dlscovery 90% C‘L'_;
o maoagner g :
© 80 30 C-L- =
> - 20 kt LAr ) 2 :
G TO e R e =
o S O .
S 60F ' E
ks -
- 50 1 E
O -
S 40 E
L - E
A 70ktLAr :
10} :
0* ' R
20 25 30

Integrated SPS 400 GeV p.o.t. (x 10%°)
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CP-phase determination

o =R LI LI VA LI L7 EL L L LA I B
O 6_ _
) (o) o) _
% i 68% and 90% C.L. L/ > PRELIMINARY -
= - 50% nu+50% antinu ]
> 1.50e+21 pots B
- 20 kt LAr
4 - —
-
2
10
O:"""""""""'>I("'|IIII|..|...|...
O 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
True s.in22€)1 ;
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Effect of matter uncertainty
* INFLATED ERROR ON MATTER DENSITY +10%

pi ey

o0 |- CPV discovery RE

g
g E 8cp = O, exclusion E 900/0 CLE
c 80F E
Q : 20 kt LAr ? :
9 70F E
0 -
w B0F E
S :
- 50 - B
O -
S 40F -
™ .
30 ¢ e
2 ;:
20 - B
10} t
N S E
0 5 10 15 20 25 30
» PRELIMINARY Integrated SPS 400 GeV p.o.t. (x 10%°)
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CP coverage at 36 (%), 5+5 y err.sys. = 0.05

100

90

2290 km on-axis 50 GeV p-driver
/30 km 10 km off-axis 400 GeV p-driver

e Effect of VBB

80

70

60

30

o e Effect of
% hierarchy

40

30 NH known. OFA-10km 400GeV, 730 km

CP coverage at 36 (%), 5+5 y err.sys. = 0.05

20— 4 ™ mnnmmmmnnm NH unknown. OFA-10km 400GeV, 730 km

---------- NH known. ONA 50GeV, 2290 km
NH unknown. ONA 50GeV, 2290 km

10

0.5 1 1.5 2 2.9

MW 107 s Mton
A. Longhin et al., NUTurn|2
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Why the neutrino mass hierarchy ?

e 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 MWxyears (note: >10 years at present JPARC MR power)
MH known: 65% coverage — MH unknown: 35% coverage

= 10 MWxyears needed to reach 65% coverage if MH unknown!
rather unlikely within present JPARC projections.

® Qv 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).

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

® We need a definitive & conclusive determination of the MH !

L
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HyperKamiokande CPV

100 . 5
- 8In“2613= 0.1 0.03 ——— MH known
i 0.01 0.003 = -==-=---- MH unknown
. 80
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O 40
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Integrated beam power (MW- year)
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LBNE: 10 years @ 700kW

Mass Hierarchy Significance vs dqp CPV Significagce VS Scp
Normal Hierarchy, sin“(26,,)=0.07 to 0.12 NH(IH considered), sin“(26,,)=0.07 to 0.12
16 T T T I T | j T 1 7 | ; , , , | | | |
Ash River 30kt + NOVA(16) + T2K Ash River 30kt + NOVA(16) + T2K
14 L Homestake 10kt + NOVA(6) + T2K wzzziz | Homestake 10kt + NOVA(6) + T2K
Soudan 15kt + NOVA(16) + T2K 6 -  Soudamakt + NOVA(16) + T2K .

[l 1 1 1 [l ' ] 1
1 1 i ] [l [l ] ] 1
1 i i i 1 i T 1 1
. . . . . ' . ' .
T T T T T T e T LT LT T [y pupapunpappp—
" I v I . " v v "
1 1 1 1 1 1 ] ] 1
1 1 1 1 1 ] ' ' 1
1 1 1 1 1 1 | i 1
. . i i i ' . . .
. . . . . . . . .
. . . ' ' ' ' ' .
1 [l [l ] ' ' ' ] [l

—
o=

Significance (o)
o 0]
Significance (o)

-1 -0.8-0.6-04-0.2 0 0.204 06 08 1
Bcp/ﬂ:

-1 -08-0.6-0.4-0.2 0 0.204 06 08 1
BCP/TC

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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LBNE 10-kton (surface?) @ 700 kW

Mass Hierarchy Sigpificance vs 3¢p CPV Significapce vs 3cp

Normal Hierarchy, sin“(20,,)=0.07 to 0.12 . . h
Homestake 10 ki LAr NH(IH conﬂgemr:gt)élfén1 52&11)52-07 to 0.12
Matt Bass (CSU)

Lol I S B B S A A R e T
8

Significance (o)
(o}
Significance (o)

-1 -0.8-0.6-0.4-0.2 0 0.20.40.6 0.8 1 -1 -0.8-0.6-0.4-0.2 0 0.20.40.6 0.8 1
acp/J'lJ acplﬂ'li
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Tracking performance

JPARC T32 exposed to KI1.IBR tagged beam

n 80T T . ]
T I T32 800 MeV/c Pion | Data well described b)’
Hc:) 600 B . + Data | Birks Law Raw charge
é e 4 (0.
2 400 __ __ Observable charge I +(k / € ) X ( dE/dX) X (l/p)
200 ] A =0.8 o/ )
I ] CcImn
b M 1 k= 00886 kv
0 200 400 600 800 €
Hit Charge (ADCXMS) 121400 [ Hl:gggrge
J-PARC T32 chamber (ETHZ-KEK-Iwate-Waseda) HE: ] ; : S '|' R '-
s 5 g 800 [ , T32Proton
£1000 - _
= 1 2 600 =MC S|mulat|on

800

600 400 ]

400 ]

200 -

200 [ ]

O 00 1000 Teoo 30 0 500 1000 1500 2000

Hit charge (ADCps) Hit charge (ADCps)

TPC Channel
Courtesy T. Maruyama Good understand of tracking
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Calorimetric performance

Michel electrons form
stopping muon decay sample

Oe 11%
E  /E(MeV)

b 4%

MC simulations at
higher energies:

> nnnnnn
E
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- e Data
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e G3 and G4 comparison
u 03— —
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— L 0 0.25 .
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Purity and vessel evacuation

* 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 O: 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 !
LA LAPD ti;:ulate C M eaS’d i m P U I’iti es i n LAI"

100

® Oxygen (liquid) 160 ppb -> 100 ppt

10 ® Water (vapor) steady at 40 ppb
g @ Nitrogen (vapor) 0.75 ppm -> 0.36 ppm
1
LN2 phase
separator
N N 0.1 =k
First electron lifetime reading of ~3 milliseconds
about 100 ppt of oxygen equivalent contamination
0.01
Zeolite (H,0) filter (v f 0 2 4 6 8 10 12
s | Volume Changes

Courtesy B. Baller & B. Rebel
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A
11000 |—
20m drift path@1kV/cm =10 ms drift (GLACIER)
10000 |-
_ 9™ Meas'd e-lifetime in ICARUS T600 (West) 1
_% 8000 o : - v e & :
2 - i :
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LIOneutrino2012

Purity and evacuation

* Excellent purity has been reproducibly achieved in various setups always relying on
commercially available techniques, of various sizes and capacities.

Record purity in ICARUS 50L
o @CERN>10ms

(volume evacuated)
Phys.Rev. D74 (2006) 112001

Record purity in

® |CARUS T600 =7.5 ms
(volume evacuated)

. Lower bound in LAPD =3 ms

(volume non-evacuated !)

o LBNE requirement =1.4 ms

Courtesy F Pietropaolo
A. Rubbia — LAGUNA-LBNO

Date

for S/Nmip > 9

NB: “Outgassing” sources should
become negligible after long periods
of purification (e.g. 1 year)
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Electron cloud diffusion

* The physical limit to long drifts is determined by diffusion = |ikely 20m !

- -1 H —
Ep 3. VoIt Pl Torr Drift fields E=0.5,0.75,1,1.25,1.5 kV/cm
10, - 0001 0. 001 0.01 0.1 10 | Longitudinal Diffusion | Transverse Diffusion |
= B T T LA T =] T LI | L T 1 1
® Wagner, Davis & Hurst Transyerse g 4 g 7:_
* Townsend & Bailey L= = < F
© Warren & Parker -2 %351 0.5 kV/cm ° ok 0.5 kV/em
- C . 6
1.0 Argon, 179K -2 5 B
2 g ‘e 5[
= 25 -
3 : .5 kV/ecm 15 1V
01 : Longltudinal 2;_ * cm
I 1 155
1+
0.0 f- 0.5- D=4 cm?/s Dt=13 cm?/s
1 i L I || i | 1 C L
I B e e I e e s o
7 Drift path (m) Drift path (m)

EN, wolt cm

* Diffusion coefficients not well known (in particular for transverse diff.):
- after 20 m drift: transverse diffusion = 5mm, longitudinal diffusion =~ 3mm
* New measurements: ==

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

5m drift (UCLA)

Courtesy |. Kreslo

LIOneutrino2012 A. Rubbia — LAGUNA-LBNO

Tuesday, October 23, 12 70



GLACIER charge readout layout /\

im :

-

= Signal Feedthrough
-l
Dy "
Positio
&
N
.\’v‘|‘

A ~
1L!‘ m
- -
| - < =
‘ = b >
| o~ =

| Lo o
| - o
v
.“‘
>~

20 KT

Scale 1:200
@in(LAr) = 37 m — S(LAs 'S )
lonization Charge Read Out : f A 3

- n Aron
MALRIVE ATCa - |

844 Read Out Planes (804 x 1m? square + 40 < 0.5m* triangular) NEUTRINO BEAM DIRECTION
Electrically connected 2 —» 1 (signal line length = 2m)

416 Signal Feedthroughs with 666 ch/each (Nch=277'056)
Active Mass with 20m LAr depth = 22.799 K1

44 Field Shaping Ring Supports
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Scaling

detector

parameters

linked to the outer deck)

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 [m?] 1075.2 2375 8 4536.5
Liquid argon volume M7 536546 52268.2|  99802.1
Total liquid argon mass Tl 325256 71869.8| 137229.9
Active LAr area (percentage) [m?] o o 3634

824 (76.6%) 1854 (78%) (80.1%)
Active (instrumented) mass [KT] 22 799 51.299 100.550
Charge readout square panels
(1mx 1m) 804 1824 3596
Charge readout triangular panels
(Imx1m) 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 1288 909

(Imx1m)| (1.2mx1.2m) (2mx2m)

Number of field shaping electrode
supports (with suspension SS ropes 44 64 92

LIOneutrino2012
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GLACIER charge readout

- A. Badertscher, et al., NIM A 641 (2011) 48-57

: e Cosmic Data from 40x80cm? LAr LEM TPC@CERN-ETHZ
- See also arXiv:1204.3530 [physics.ins-det] osmic Data from 4UxS0cm= LA @

70

@ 500
* Novel double phase LAr LEM-TPC readouit: S F 6
- ionization electrons are drifted to the liquid-gas interface £ wo:—S/ N > 1 OO ! 50
- if the E-field is high enough (= 3 kV/cm) they can efficiently be extracted =
to the gas phase T 40
- in the holes of the LEM the E-field is high enough to trigger an electron R £ 30
avalanche E 28
- the multiplied charge is collected on a 2D readout 200~ ‘0
- gain allows sharing charge in collection mode for both views!! C
5 0
_ : 100;_— -
Design of a compact, robust and S|Ignal coll. 2 80cm 10
scalable readout cassette plane e e e,
” . L 0 50 100 150 200 250
( sandwich ) HV decoupling channel number
g o o o . capacitors Landau distribution fitted to dE/dx distributions of
.-3;‘ i.mi"’ '*i‘“. 'ﬁ u / 03 muons on 3L LAr LEM-TPC setup @ CERN-ETHZ
i - 1 .

LEM —— 31 KVicm
—r— 32 KV/cm

- . 0.2 —¢— 33 KV/cm

capacitive level meters 2 extr. grids — 3 —e—33 SkVian
— —— 34 KV/cm

2D anode ‘ LEM ___ . § i gam 34.5kV/om
- , —— 35 KV/cm

X)X
00.%“‘
S

—e—35.5kV/om

gain=27

TT40 80 B0 100 120 140 160 180
dQIdE (Clem)
B
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GLACIER light readout layout

1m £
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g/
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2
Scale 1:200 A
Din(LAr) =37 m
Scintillation Light Read Out NEUTRINO BEAM DIRECTION
Active Area = 824 m?
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J.Phys.Conf.Ser. 308 (2011) 012027

Drift hlgh VOltage mU|t|p||er arxiv:1204.3530 [physics.ins-det]
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Thu 10.12.09 C
L Red : measurements

8 7 Black : linear fit
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' Extrapolation to long drift
Z fi Extrapolation of the ArDM design
b/ é fff Changing Cs for fixed Cp = 2.35 pF and Vpp-in = 2E = 2.5 kV
: . E T *{ ArDM
12 e Drift length m| 124 5 10
2 e —. Total output voltage for | kV/iem| V | 124k 500k IM
& ? £ - Input voltage Vpp-in = 2E v| 820 2.5k 2.5k

:;f jz Shunt capacitance, Cp F 2.35p 2.35p 2.35p

. ;"}:n Capacitor F | 328/164n |  475n 1.90u

"a‘\‘,"i; Number of stages, N - 210 319 638

| — . N per 10 cm - 16.9 6.38 6.38

Total capacitance F 1250 303p 2.43m
Capacitance per 10 cm F 10.4u 5.99u 24.3u
Total stored energy J 21.7 948 7.58k

Actual ArDM parameters are given just for comparison.

For extrapolation, 2yN = |.42 is always assumed. Vipax = —

LAr vaporization heat 160 kj/kg
A.Rubbia LIOneutrino2012
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LAr-LEM TPC@CERN: Production of a
40x80 cm? charge readout sandwich

»After successful test of LEM and 2D anode in the 3L setup we designed and produced a 40x80 cm?2
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

2D a_lnode_ LEM

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

Design of a compact, robust and signal coll. //// // ‘ /I

scalable readout cassette plane
(“sandwich™)

HV decoupling

- da wE capacitors S| =
snl] uwm 25 ao el e L
anO e ] = il
. Cockcroft-Walton —_—
| o LEM HV multiplier o
capacitive level meters 2 extr. grids oy
LIOneutrino2012 A.Rubbia — LAGUNA-LBNO L S
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m ETH Institute for
Eidgendssische Technische Hochschule Ziirich \_ Particle Ph)/SICS
Swiss Federal Institute of Technology Zurich

‘Charge readout sandwich

68 pin Erni connector

signal plane 2 f] surge arrester

O

— — HV-decoupling

signal plane 1 —_1— pos. HV

2D anode readout =~ —— strip
Large Electron Multiplier (LEM)

__________________

2 extraction grids
(in liquid and gas phase)

LIOneutrino2012 A. Rubbia — LAGUNA-LBNO e E 17

= 40x80 cm? designed, built and tested
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ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

The ETHZ preamplifier

electric layout

> Cascode design with 4 parallel JFETs
at the input (C. Boiano et al. IEEE

Trans. Nucl. Sci. 52 (2004) 1931)
» RC=470 us feedback (C=1pF)

> RC-CR shaper with zero-pole sub.

mechanism (no undershoot)
> over-voltage protection at input

0-Av6 VI

LIOneutrino2012

= R1 10
1
—
=

Q3 ¥ Qs
BFg62 BFSG2  BF862 BF8G2

ETH Institute for
Particle Physics

(@]

.|| b ls_

5

b\ +/_38

}L

RI21 10

1

I,

C119

R

IC1A
ADB656

> 1 Out

C13
47pF| |

Ha L
T

I
RI8

C120 1uF 3.3k
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RrR11 10k
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A. Rubbia — LAGUNA-LBNO

realization

>preamplifier is realized
with discrete components
>two preamplifier circuits
are implemented on a
single 4-layer PCB

78

Tuesday, October 23, 12

78



EI‘H (D ETH Institute for

Particle Physics

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

Performance of the ETHZ preamplifier

32 preamplifiers have been Summary
characterized with a well defined shaping time 7p 2.8 £0.1 us
charge input: shaping time 77 0.45 £ 0.02 us
sensitivity 13.84+0.4 mV/{C
|(’[) At open loop gain ~ 10*
A — linearity (0-180 fC) +1%
ENC (RMS, C =~ 200 pF) 770+ 30 electrons
>t 5/N(15C, C =200pF) 81403
pulse shaping (varying At) RMS ENC vs. input capacitance
~1800[ ;932000:
S 1600 100 ns : o 1800
3 1a00L. 1 us fit ?}1600;—
j§1zoOf— data z 1400 & IR
2 1000 S LS 1200 -
g 8oof— 1000;—
600/ 10/JS 800 |- *
400 20 us 600 .=
200 400
OZ; \\\K 2002—
200 b O " THo0 200 300 400 500
time (us) input capacitance (fC)
LIOneutrino2012 A. Rubbia — LAGUNA-LBNO - 79
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E'H ETH Institute for
Eidgendssische Technische Hochschule Ziirich g Particle Ph_YSICS
Swiss Federal Institute of Technology Zurich

The CAEN A2792 acquisition board

16 preamplifier prints

TT-link digital | analog p

clock and
trigger
propagation

o

¢ { »
9 ~ - o~ 4

RRRRREREY

input

e -

optical link

32 ADCs: 2.5 MHz 12 bit
programmable ADCs with serial interface

FPGA (no multiplexing)

LIOneutrino2012 A. Rubbia — LAGUNA-LBNO

screening box
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LAr-LEM TPC@CERN:The largest LEM-TPC ever

Detector fully assembled

"
.9
IS

LIOneutrino2012
Tuesday, October 23, 12

Chamber going into the ArDM cryostat

' FI ' P p ’) % [ E
. h ) ."‘ " \ : | < f
|6 signal cables B ol (e |

: / \ w | 7 - ‘ i 9“ 2 : /'
charge readout £ 2%
i . » » e PP . "\ :
\ G NeT B g

sandwich

4 capacitive
level meters

Cockcroft-Walton HV system

Final connection to the DAQ system
Ra— 7/ ‘
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