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Long-baseline v = v,
neutrino oscillation physics:

structure of the mixing matrix, CP Violation in the neutrino
sector, hierarchy of the neutrino masses

Limiting factor in sensitivity for long-baseline neutrino
physics is v, event rate and background rejection

Massive LArTPCs provide excellent means to
do this physics

 Improved efficiencies and background rejection
ameliorate statistics limitations of long-baseline
neutrino physics

e Success of the ICARUS To600 proves technical
feasibility for “small” detectors



Outline:
What we know, and don't know about:

The promise of LAr detectors for this physics
The feasibility of building these detectors
-on the surface
-underground

Discussed in the context of:
LArTPCs for extensions to NOvVA

LArTPCs with a wide-band beam
LArTPCs in an underground lab

Goals for this study......



Looking for just a handful of oscillated v_s

Need a detector
to well identity signal and background!

Physics Requirements:
eoptimized for 1-10 GeV neutrinos
*high statistics

e very large mass (~10's ktons)

o identify with high efficiency v, charged current

interactions
*good energy resolution for background rejection
e v, Intrinsic background has a broader energy

spectrum than oscillation signal
*good event topology for background rejection
e ¢/n’ separation
e ¢/u,h separation
*For surface detectors: appropriate shielding for
* reasonable data rates
e appropriate background rejection
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Neutrino Scattering
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1-10 GeV neutrinos
-> dynamic region with xsecs

Deep Inelastic turning on and off....

Scattering need to differentiate v, CC interactions
from backgrounds -> fine-grained detector



Liquid Argon TPCs:
Fine-grained tracking, total absorption calorimeter

55,000 electrons/cm
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Drift ionization electrons
over meters of pure
liquid argon to collection
planes to image track




Liquid Argon
TPC
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Allows for high resolution imaging like bubble
chambers, but with calorimetry and continuous
digital readout (no deadtime)

Run 308 Event 7 Collection view
T

1§ it data
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3D
representation
of data event

ICARUS images



LArTPCs
e Total absorption calorimeter

e 5mm sampling
-> 28 samples/rad length
* energy resolution

v, efficiency
NC rejection

First pass studies using hit level MC show
~80 + 7 % v, etficiency and

NC rejection factor ~70 (99 = 1% eft.)

(only need NC rejection factor of 20 to knock background
down to %2 the intrinsic v, rate)

Studies from groups
working on T2K LAr indicate 85-95% v, efficiency

in documents submitted to NuSAG



Electrons versus n''s at 1.5 GeV

Dot indicates hit
color indicates collected charge
green=1 mip, red=2 mips
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Multiple secondary tracks
can be traced back to the
same primary vertex

Each track is two electrons
—2 mip scale per hit

Use both topology and dE/dx to identify interactions



Neutral current event with 1 GeV =°
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Efficiency and Rejection study

Analysis was based on a blind scan of 450 events, carried out by
4 undergraduates with additional scanning of “signal” events by

experts.

Neutrino event generator: NEUGEN3. Used by MINOS/NOVA collaboration.

Hugh Gallagher (Tufts) is the principal author.

GEANT 3 detector simulation: trace resulting particles through a homogeneous
volume of liquid argon. Store energy deposits in thin slices.

Training samples:
50 events each of v,CC, v, CC and NC

Individual samplesto traln
mixed samples to test training
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Overall efficiencies

N pass €
NC 200 4 - @ 99 )

signal v, 32 26 1¥O.81
Beam v, CC 24 14 0.58 -

AL N B I Signal v,: DIS

1
2 OFL Res
Efficiency is substantial = *& T
even for high multiplicity
//V
events

This is the first step towards detailed MC
studies including automated reconstruction, noise, etc.
Focus of this study: advance this work




T2K efficiency studies in LArTPC

T2K studies also show excellent e/pion

separation:

autmoated reconstruction -> dE/dx in first 8
hit wires combined with scan to look for
displaced vertex -> NC pion inefficiency of

0.2%

NC pion regection improves with increasing
energy (dE/dx only)
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from T2K 2km NuSAG submission
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What is beyond NOvVA...
-larger 2™ detector at the 1°* oscillation maximum
-2™ detector placed at the 2" oscillation maximum
-Wide band beam option

\J

-physics sensitivity
-technical feasibility



Given very high v, efficiency and NC background

rejection well below %2 of the
intrinsic v, beam backgrounds,

how sensitive are these detectors?

i

Sensitivity =
detector mass x
detector efficiency x
protons on target/yr x
# of years

How does this technology compare to conventional
technologies?



As an example: focus on paper
by Mena and Parke
hep-ph/0505202

Small Medium Large
NOvA | 30kTon 30kton + 30kton +
PD or PD +
XD Mmass or exposure X5 mass or exp.
LArTPC 8kton 40kton 40kton
(90% v, + PD or
eff.) exposure

All sensitivities assume 3 years running each in

v and v mode



Sensitivity to CP phase(sin 8) vs sin®26,, for
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2" Maximum experiment

6
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slide from Peter Litchfield



NOVA at the 2™ maxima:

*alternating xy cells of liquid
e scintillator
= ecells: 15.7m x 3.87cm x 6.0
7] “““*'f ‘ cm
(i, TR 7 w_:=ﬂ= *0.8mm looped WLS fiber in
w || € Iy / =l each cell for light collection
™ udme 4 sWLS fibers read-out by APDs
~= = W/ *80% active material
for 2" detector location: .1313 pass of efficiencies
escale to 100kton n NOVA'hke detector
edetector at 735km Indicate .....

*5 year neutrino run



2" maximum experiment

| ran my selection program with the variables and cuts | used to
examine the Booster 8 GeV beam in Nova and a very minimum of
tuning (~2 hours)

Parameters: 100kton detector, 5 years run, 3.7 10 pot at 735km
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SuperNOVA sensitivities with LAr.....

OM, SPalomares-Ruiz and S Pascoli,” ' Determining the neutrine mass hierarchy and CP Vielation in Mova with a second
off -axis detector,”” hep-ph/0510182
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Efficiencies and purities
in NOvA-like detector
make expt. at 2™ oscillation max
difficult/impossible

Efficiencies for LAr at lower energies (~800 MeV)
is the same or better than at higher energies (>80%)

(T2K LAr study demonstrates 90% efficiency for
800 MeV off-axis T2K beam at 2km)

preliminary sensitivity studies
using GLOBES underway....
(Scott Menary)

e LAY
N 4w "”eitlvvxlev study
simple GEANT3 MC to ncies ags need f‘gﬂmmm
understand energy resolutions, ]:{tcs enebe‘ move qu
backgrounds, etc... at d 10



What about going to a wideband beam?
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Need to differentiate v, 's from background

up to 5 GeV

backgrounds from 1z and DIS go up..

resolving interactions via topology -> suggest

LAr very good in this regime

How good is the energy resolution at these energies?

How does this affect sensitivity?



For all possible scenarios....

Cosmic Backgrounds....

:

Necessary Overburden....

What overburden (if any) is necessary to reduce
backgrounds for v, appearance searches?
-beam timing helps
-reconstruction helps 4 fur

What physics gain is there with significant overburden?
-> proton decay



2 Sep 2005

Getting above 1034y

* Massive water Cerenkov detectors in the megaton range:
Hyper Kamiokande

« Liquid Argon detectors in the 100 kton range (evolution of
ICARUS in the “Dewar” concept)
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experiments and proton decay seasches
A, Ersdiizto” wnd A Rubizis"

Pkl tn Tavwaade il s N oeare TNF I'I_'-' 1Tl

L |

&

F

Dol P Teilesecplosil, ZTHE, T'H-52 F ' ['m] =" Hl [B.C-I e Ei[CDI

Pi== I\ ¥y

o

"

Figire B (left) MO event of p— U720 in & hquid Argoz T2C. {right) Teal cveme collected

w TCATIVS TR cosmme ron perfosnmes an surface witn a stopping <acn topclogy
VENEZIA, 0802106 L.MAIANI. Proton Decay

16




Discovery potential of Water Cerenkov and

Liquid Argon technologies

Verv massive undergroun
searches!
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etectors for proton decay
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Looking for just a handful of oscillated v_s

Need a detector
to well identity signal and background!

Physics Requirements:
eoptimized for 1-10 GeV neutrinos
*high statistics

e very large mass (~10's ktons)

o identify with high efficiency v, charged current

interactions
*good energy resolution for background rejection
e v, Intrinsic background has a broader energy

spectrum than oscillation signal
*good event topology for background rejection
e ¢/n’ separation
e ¢/u,h separation
e For surface detectors: appropriate shielding for
* reasonable data rates
e appropriate background rejection



Can we build these detectors?



Technical Feasibility:
History of prototype work on ICARUS

3 ton prototype

1991-1995: First demonstration

of the LAr TPC on large masses.

Measurement of the TPC
performances. TMG doping.

T

W T2

vt cige
| | || | NCMAD
Baam
\'el:u_uunln!l/ T \

vigger
ccunter

Pt convener
shower NCMAD veto NOMAD
countor igger coLmars

24 cm drift
wires chamber

10 m3 industrial prototype

1987: First LAr TPC. Proof of principle.
- Measurements of TPC performances.

50 litres prototype
1.4 m drift chamber

1997-1999: Neutrino beam
events measurements.
Readout electronics
optimization. MLPB
development and study.
1.4 m drift test.

1999-2000: Test of final industrial solutions for the
wire chamber mechanics and readout electronics.



Cryostat (half-module)

The success of the ~ V .
ICARUS T600 P e

On|et of th tw
T300 mo ule

tested above
ground in Pavia
in 2001
now below
ground in
Gran Sasso




Signals and event reconstruction from T300

Hun 909 Event 21 Collection view

&  Front-end Output A o
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External plane v & |E
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= e
* - 2 L8] e
. Drrift time o o Drift tim E g i
E :
3 wire planes (0°, +60°) 5] =

~ wire coord

*3mm wire pitch, 3mm distance b/t wire
planes

°0° wires: 9.4 m long, =60° wires: 3.8m
long

Run 909 Event 21 Induction view 60 deg

cm

drift coord

430cm

*[nput capacitance (wire+cable) wire coord
0° wires: ~400 pF, £60° wires: ~200 pF

*Jonization signal: 55,000 e/cm @ 500 V/cm (before atten.)
*Signal/Noise ratio ~10
*cach wire digitized at 2.5 MHz by a 10 bit flash ADC



Can we scale up to more

massive detectors?
15-50ktons?



Drouble Wall
Steel Tank

Suspanded Deck
Imnas Eortom 3 Ni

Pardite |rmslation

Frossuere Coniaining

‘Tattom inswation

Eimt Steel Bonam

Many large LNG
tanks in service

Excellent safety
record
Last failure in 1940
understood



Modularized drift regions inside tank

6 Wire
Sectors,
each
containing
6 Wire
Planes

Trusses
(schematic)

field cage

7 Cathode
Planes

Scalable = 15-50 kTons
4 - 6 wire planes




Each wire plane:
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drift
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drift
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bmm spacing
between planes

Wires are
150 um stainless steel
>mm pitch
»23m long (15kton)
35m (50kton)
100K total (15kton)
220K (50kton)

ONLYW|RESTHATREACHTOPAREREADOUT— ................. ere plane S

head on

2 wire readout

3 wire readout
. (overconstrained)

Electrons drift 1.5m/ms (150kV field) over 3m drift region
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Electronics:

ICARUS scheme: an intelligent waveform recorder on
each wire: (S/N = 8.5/1)

edigitize with commercial ADCs: adequate
performance, resonable cost

sintelligence from commercial FPGAs: adequate
performance, resonable cost.

Data acquisition
*Use commercial switches and multiplexors
Have a design to achieve 5 Gbytes/sec



A 100 kton liquid Argon TPC detector

Electronic crales

.o o T
Max drift\f f-‘;‘
| o -

hep-ph/0402110

Single module cryo-tanker based on industrial LNG technology

A “general-purpose” detector for superbeams, beta-beams and neutrino
) factories with broad non-accelerator physics program (SN v, p-decay, atm v, ...)

from A. Rubbia's talk at NuFACTO0b5



What are the advantages/disadvantages of this design?

A tentative detector layout

[ u = 70 m, eight = 20 m, perdite insulated, heal inpul = 5 Win®
o ng Aurpon, bow s e
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. lner deiecior dim ensions Disc =70 m bocated in gas phase stowe Bouid phase
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S ¥ Tighd), 27000 & i 8% PMTEof 20P: .

Visible Roht readout .Wm #Elﬁﬁﬂ'.“m & LETE

Charge readout plane

E=3 kViem \\

-] 2 Electronic
. & racks
o ®

Extraction grid . e
: 5 :
E —
: # LAr :
® ®
: : \
- E=1 kV/cm
. 21 Field shaping
@ v : electrodes
— <o

Cathode (- HV) z UV & Cerenkovw light readowt PMTs

magnetized LAr? from A. Rubbia's talk at NuFACTO05



Challenges for massive
“ multi-drift region” detector

Purity:
3 m drift in LAr

purification - starting from atmosphere (cannot evacuate detector tank)
- effect of tank walls & non- clean-room assembly process

Wire-planes:
long wires - mechanical robustness, tensioning, assembly,
breakage/ failure

Signal processing:
electronics - noise due to long wire and connection cables (large
capacitance)



Can we drift over over long distances (3m) ?

Experience from ICARUS: L
Max HV: 150kV o ao K
(E=1kV/cm in T600) '

VdI‘ift = 1.55+0.02 mm/MS

mm/Ls)

(1

Drift velocity

@ 500 V/cm
‘N 0; ............. 5. l;.yTon.‘ia. ". ......
08 e : — g NIM 2516, 1375”'2 " Ef-l(;ield (kv(,)?Em) l N
08 \ \‘ | e ggms
. N 4 | Bm : :
5 , 1o To drift over macroscopic
i ~d_ distances -> very pure LAr
0 +— oy
g "
; \\ L .
fu N * a concentration of 0.1 ppb
Vo= L6 m s .. Oxygen equivalent gives an
: electron lifetime of 3ms

0 1 2 3 4 5 6
Drift length (m)

for 3m drift and <20% signal loss
-> electron lifetime of 10ms



R&D efforts
underway

~8ft

| | Hydrosorb
Oxysorb

Vacuum pump

at FNAL at UCLA/
CERN

LANNDD - 5mD
CRYOSTAT



Material tests

System at Fermilab for testing
filter materials and the
contaminating effects of detector
materials (e.g. tank-walls, cables)

Vent

I

i| H20 Monitor x

PR

™" \carus B
purity monitor

G. Carugno et al.,
NIM. A292 (1990

Filter

Filter

| Test Samples
Dewar

Vacuum pump

C.Kendziora6.13.05



purity monitor measures
transmission of electrons
from cathode to anode

A

Flb EBJL  deileal Hoic'%og  Trig Ciod=v Soers Meaoos Fadde Hal MeSoops Rz Hel

anode signal

cathode signal

a 2.8 millisecond drift, Q,,056/Qcathode ~ 0-4

() peaks need some correction for cathode signal rise-time

Feb 27, 2006 All Experimenters Mtg. 12



Long wire tests (ultimately in a LN, vessel)

A first setup in air of 20 meter long wires to study noise
(microphonics) and have a first stab at electronics.

Long
wires tests

* measurements of the
mechanical properties of the
wires both at room temperature and in LAr

e 100 uwand 150 u Stainless Steel 304V
*develop wire holders that work at cryogenic
temperature and do not pollute LAr

edetermination of wire tension

* electrostatic stability
* wire supports
study of noise on long wires
* mechanical vibrations (i.e. induced by LAr flow)
* measure damping effect of LAr on wire oscillations
* study of electronics coupled to long wires (large input
capacitance !)




Addressing the ~ mﬁst move bleyond
Challenges: small technical setups

en route to massive
The A detectors
R&D
path 15 kton

Record complete neutrino interactio
Establish Physics Collaboration
Develop Event Identification,
Develop Reconstruction,
Develop Analysis,

Establish successful Technology

Mechanical Int
Readout /N
Microphonics due to Argon Flow

‘ Technical S:Btups

ansfer ‘

Purity Monitor Materials 5 m Drift Long Wires Electronics
Development Tests  Demonstration Tests Development



How large a detector is needed for
-Physics R&D?
-Engineering R&D?

What are the added challenges of going underground?

-underground construction

-space constraints

-safety considerations
-LAr spill containment



Conclusions:

Goals for this study......

Its clear that the efficiencies and purities in
LAr detectors are great for this physics....

need to be more quantitiative:
backgrounds from n’s vs energy
backgrounds at higher energies (DIS)
cosmic backgrounds (determine overburden)
v, efficiencies (can be adjusted for by fid volume)

Quantitative studies for
274 off-axis detector options
wide band options

fold in issues related to technical feasibility
how to best address these isssues



