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Outline

The "Ultimate” goal in neutrino oscillation physics (at
least for the next decade)...

How to achieve the ultimate goal with LAr Detector
technology

g5 kI\<T LAr as an important intermediate step to do
oth:

- Necessary R&D needed to go from small/medium to very large
scale LAr detectors

- And interesting v oscillation physics

Summary / Conclusions

N. Saoulidou, Fermilab, 3rd Project 2
X Workshop 06-07-08
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The ultimate goals in v oscillations physics 3¢
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PHASE II: Measure CPV, extend 0,5 reach, 3¢
extend neutrino mass hierarchy reach

Conclusions from all studies are the same. In order to
achieve the goals of Phase II one needs:

- Massive cost effective detectors that are larger than
those of Phase I (>20KT)

- Intense neutrino beams with intensity possibly higher
than that of Phase I (> 700 KW )

- The ability to break inherent degeneracies between
genuine CP violation and “Fake CP violation" from
matter effects.
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Ingredients for achieving the ultimate goals (1) aF

One needs:

First : Statistics

Massive Detectors (Liquid Argon,Water Cherenkov, Liquid
Scintillator, etc) that are scalable in the XXX Kt scale

y i Super-
: - Ane

?\ _ Liquid Argon

K Water Cerenkov




Water Cherenkov vs Liquid Argon Detectors ¢

All detector technologies are challenging, for the sizes
we are interested in, and both have :

Advantages AND Disadvantages
Water Cherenkov:
Proven technology Low efficiency

@ 50kT Scale : Superk Low Background Rejection
Need large underground caverns

Liguid Argon :

High efficiency Not proven
High Background Rejection  technology at large scale
Need smaller underground caverns
Working on shallower depths
or in the surface(?)

N. Saoulidou, Fermilab, 3rd Project 6
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Comparison of Water Cherenkov and LAr 3¢
detector technologies
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Liquid Argon TPC R&D Path
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Ingredients for achieving the ultimate goals (2) 3¢

One needs:
Second : Statistics

Powerful neutrino beams of very high intensity, like
Project X

2500 Fermilab vision :The Intensity
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Neutrino beam and experiment baselines : 4=
~ Two Options

(A) L ~800 Km and

r NuMI Off Axis Narrow Band Beam.

Dutut ¥ - Implications on Detector Technology:

If detector not in Soudan Mine, then it
has to be on the ~ surface :

Water Cherenkov detectors not an option
for that reason.

LAr TPCs need to be able to operate ~
surface.

Madison

Fermilab

IL

Implications on v beam and baseline :

If L 5> 800 km then NuMI beam axis many
km above ground, so beam can only be off
Axis Narrow Band Beam.

N. Saoulidou, Fermilab, 3rd Project 10
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Neutrino beam and experiment baselines : =3g
~ Two Options

(B)L ~ 1300 Km (Fermilab-> DUSEL)
New On Axis Wide Band Beam
Implications on Detector Technology:
Water Cherenkov
(Homestake Mine at 4850 ft level )
OR LAr TPC

(Homestake Mine 300 ft level, or ~
surface)

Deep Underground Scienc

e
and Engineering Laboratory @t Homestake, SD

DUSE

Implications on v beam :

New beam has to be designed and
constructed

N. Saoulidou, Fermilab, 3rd Project 11
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Wide Band Neutrino Beam: Advantages
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o
Longer baseline (>>L) AND a new Wide Band Beam bl
|

45 e, NuMTLE 735 b

With new Wide Band Beam :

1)Increase ‘useful” flux (at first and
second oscillation maxima)

v, O Eventsiht/1e20/250MeV

2) With mcreasmg L oscillation maxima
T T ey "appear”  in more  “favourable”
Ty positions in the neutrino energy
spectra

= 3)Thus study of first and second
rat30km| 1 oscillation maxima fs easier (one
detector instead of two, higher
rates, etc)

o

w

o 0.09 Continous Line :Normal hierarchy
1300 k Dashed Line : Inverted hi

4) With increasing L matter effects
increase and hence potential for mass
hierarchy determination is increasing

True Neutrino Energy (GeV)
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Technical Issues (as discussed by all -

members of the LAr community world-wide)

Many technical issues need to be addressed for the
large (~100 KT) scale detectors

- Design Considerations - Scaling considerations
- Modularity
- Liquid Argon purity — - Shape
maximum drift — - Total-Fiducial-Active
volume ratio
- Thermal insulation — - Number of electronic
Operation cost channels
- Surface-to-volume ratio
- Location : (heat input and wall
surface/underground outgassing)
- Mechanical stability and - Cryostat thermal insulation
safety — cryostat design techniques
» Cosmic ray backgrounds - Materials and construction
- techniques
N. Saoulidou, Fermilab, 3rd Project 14
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Why a 5 kiloton step? ¢

Various opinions on the size of the “intermediate
step” detector exist within the LAr community (some
Colleagues would even strongly argue that no
intermediate step is needed..)

The step after the 100 - 200 t detector, could be 1 t0 5
kilotons

- The main technical purpose of this step is to determine
construction techniques and the scaling laws, especially in
regards fto cost

Location of 1 - 5 kilotons

- 1 KT in a near location gets lots of events, does near detector
physics - no oscillation physics,

- 1 KT potentially can be constructed faster/cheaper than a
larger detector with a goal to do oscillation physics?

- 5 KT in a far location is about the smallest one can build and
have decent sensitivity to physics measurements

N. Saoulidou, Fermilab, 3rd Project 15
X Workshop 06-07-08



Similar idea evolving in Europe :Project
MODULAr

A new, very massive modular Liquid Argon Imaging Chamber to detect low
energy off-axis neutrings from the CNGS bearn,

{Project MODULAR)

E. Babussinoy”, M. Baldo Cealin’, G. Rauisioni’, F. Benetn®. A. Bewio®. E. Calligarich”,
M. Cambiaghi™, . Cavenne', 5. Centro’, A . Coceo®, B Dolfini®, & Gigli Herzelari’,
C.Famese”, A Fava’, A, Ferrart®, G. Florille®, O, Gibin', A, Gugliaiml”, G, Mannocehi®,
F. f\l'lnuri'!, A Wleregar ", . 'I\Mngr, *. Montanai®. 0. Psranmm', L. Parlale” A. FJsucII"_
P. Fieen®, F. r‘lelrc\paola", A Flapgol A Gl Rasen? © Hubeba™? PSas’, G, Sans®
F. Varanini”, 8. Werura®, C. Vignoli

"DJ;a\ammanm oF Fisica e A Eliversits of Cadova, wa Maresio 8 35737

EDJ;mm'mm to af Fisica & PN Diriversits of Midane, wiz Celaria 2 1-200127

*Dipartimento df Fisica Nuclears, Teorica & INFN. Universiza of Pavia, wia Bassi 6, 127100
:f-;nhor.!mri Nlazsgpeayii (ot Giroes Bt gl TVEN, Axsergi (AN Tralty

* Dipartieneara of Seienee Fisicte, IWEN amd University Fedecico W Napol, sty

&) horatori Madonsil of Frasceti [INFN, via Ferwd 40, 100044

- Abstrint.
The paper is cons kering an cpporiunity for the CERMIGranSasse |CHE5) neutrine momplo:, concurment
v wise wainl T aned B 11 [ o peed |y disrripalon of @ = 20 ki feluci walume: | A TPE Tallawing
wery clesely the chnology dewbopsd Tor the [ICARBS-TH0D, which will be operativnal ax CHGS2 sarly in
008,
The presend gresiminary proposak, calied MODULAL is fecused omoene Tollwing theee man eclivitics,
T Tl e s Yrak ) axieed IARRTONaE CH lbeation:

{11 st maigrine tete rem e DERH 40 GeW opeodan deame and an oplimisas barn Fosuss g,
wveniually with an nereasml inleodily in thy frameesrk of the LH sicelsator impsvemen] programme.

1 A agw agperirase e | MOS-BL of a1 lacd STO00 m' w10 ks ol fof tha wain
Lahoeatory, eventualty upgracable vo larges sices. A3 a camparison, e present LGS labaratory has three halls
Fen a toalof TAD OB . A lorsciom ks under conslderation al shoui 1.2 kn aguivs ket waner dapth. The bubsla
chambor like imagirg and the very fine calorimelry of the LA PO detector vl ensere the Lest backyroand
rocognaian nat anty from the ot-axis neurings from the CRGS b alsa tor preban decay and cosmic reulrines,

(3 4 e LAF dmaging detecton, a1 Dol initially with stout 20 kit ducial mas:. Such an intrease in tha
wnlurie muer the currenl ICARLUE TE0D necds 10 be carcfully considercd. It 12 conctuded thal 2 smgle. bugs
welinne of such & msgnivsde & uneconon | arel Inoperahbe for ey reasors, A ey Jarge s s hast
realisad with & moduls 3ul of many idertical, bul indepeadent units, esch of abma S kL "cloning”’ the besic
techinalogy of the TEDD. Seworal of such modulsr ks will be Such a5 ke rasch at Izasy 20 Kt as Inilal sensithoe
v FUnivr phasss may fncas svtaralnns ol BOCHTT e wes amss regqined Dy e Rt pligsics gost.

Campared with Iorge waker Cheranioy (T2K] ang fme prained scimliiatees (MOw®). tha LA TP affars
a higher detection efficionsy For a spven mam ond ke bashgioln®, since virluslly oll channels mey be
unambigucusly reccgnized. In addiion Lo the search far iby ascillationz and OF wakaiion. it soeukd be possible
ba collect a bange rumbcr of accuralely identliicd cosmic ray neubine cvones and perferm search tor pratan
sy 10 s ol chanbals

Tha sparbmant mighe reasanabiy ba apsraticral nabauk 455 years, previied a naw hall 1s excavated In
e wicinity of the Can Sasese Labaratory and adaguets funding and paricipation e mads il sl

fdari 820871

1%1 Zomrespond ny author: Sarlo Fubbia@cem.ch

X Workshop 06-07-08 .

e ~20KT fiducial volume,
modeled after ICARUS T-600

— Upgraded neutrino beam from
the 400 GeV CERN SPS

— New experimental area 10 km
off-axis of CNGS neutrino
beam

— Multiple 5kT LArTPCs
 (8x8x60m?3 per 5KT unit)

Cryostat (half-module) '
S| p— ik .

. Fermilab, 3rd Project
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Advantages and disadvantages for NuMI option =3¢
ADVANTAGES:

- The NuMI beam exists; it will be upgraded to 700kW for
NOvA

- Soudan

- The SOUDAN cavern + laboratory infrastructure exists.

- The underground location eliminates the concern about surface
operation (which in principle is possible, but likely to lead to
additional challenges).

- Any detector constructed for proton decay will need to be at
depth

- This 5kT may be able to make a contribution to the p— Kv
search

- Physics reach is comparable to NOvA => ~Doubling the mass
DISADVANTAGES:

Reach in mass hierarchy limited by length of baseline and by
less optimized L/E (given that we now know Am?)

N. Saoulidou, Fermilab, 3rd Project 17
X Workshop 06-07-08



Advantages and disadvantages for DUSEL option 3¢

ADVANTAGES :

- Longer baseline and better optimized beam (L/E) give
higher reach in mass hierarchy (and similar reach in 6,;)

- Detector will be in the location that the next , PHASE
IT, large detectors will eventually be placed

DISADVANTAGES :

- The DUSEL beam doesn't exist ...

- The cavern does not exist...

N. Saoulidou, Fermilab, 3rd Project 18
X Workshop 06-07-08



Combinations of different neutrino beams @

o
L2

different on-off axis locations that we considered
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Assumptions on Detector Capabilities -

For the Sensitivities shown next we used a Bkt LAR
Detector with:

Signal selection efficiency :807%

Beam v, selection efficiency : 80%

No NC contamination

Systematic uncertainties on the Background : 5%

No energy smearing (true neutrino energy used), no
reconstruction .

250 MeV bins are used in true neutrino energy

N. Saoulidou, Fermilab, 3rd Project 20
X Workshop 06-07-08



LArS5 @ SOUDAN (ME-LE)
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LArb @ L = 1300 km
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Summary - Conclusions 3

The “ultimate” goal (given what we know at the moment) on v
oscillation physics is to construct and operate world class CPV
experiments.

If we want to achieve the "ultimate” goal we need:

- A) Powerful (very intense) neutrino beams : Project X

- B) Massive (at the XXX kt scale) and powerful (in signal selection and
background rejection) detectors : LAr or Water Cherenkov

LAr detector technology is extremely attractive (for both v-
physics and proton deccg) but not proven in large scale: Need fo
follow a well defined R&D path while on the same time doing
interesting v-oscillation physics...

A 5kt LAr detector would significantly increase the physics reach
of PHASE I while on the same time it would be a major step on
the LAr R&D path towards the “ultimate” goal ...

N. Saoulidou, Fermilab, 3rd Project 23
X Workshop 06-07-08



BACKUP SLIDES

N. Saoulidou, Fermilab, 3rd Project
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Discovery Potentials: Technical details 2F
0,3 Discovery Potential :
Null hypothesis : 6,5 = 0

Both 3cp and sign of Am?;; allowed to float in the fit

Scp Discovery Potential :
Null hypothesis : 5., = O or 5., = n (take worst y?)
Both 6,5 and sign of Am?;; allowed to float in the fit
Mass Hierarchy Discovery Potential :

Fit the energy spectrum to 6,5 , &cp and both signs of
Am?;; in order to determine

2 = 2 2
Ayc = % true hierarchy~ X false hierarchy

*We do not fix the mass hierarchy in any of the Discovery Potentials shown,
which corresponds to the "worst case scenario”.

**  We assume 57% systematic error on the background

*** We do not let the rest of the oscillation parameters float.

N. Saoulidou, Fermilab, 3rd Project 25
X Workshop 06-07-08



Events/5kt/250MeV

NUMI LE On Axis - Off axis 4

Signal and Background Spectra Comparisons :

On Axis "wins” due to more Signal events
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Events/5kt/250MeV

NUMI ME On Axis - Off axis e
Signal and Background Spectra Comparisons :
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Number of Signal Events/5kt/50MeV

Discovery potential for the v mass hierarchy : ¢
Why LE on axis better than ME on axis

g —TT"" T T
—— LE 735 km ON AXIS : Signal :

—— ME 735 km ON AXIS : Signal

—— P(v,->v,) Normal hierarchy (x15)
—— P(V;->7]) Normal hierarchy (x15j
........... P(v->v,) Inverted hierarchy (x15]]
----------- P(V.->7V;) Inverted hierarchy (x15) ]

8
True Neutrino Energy (GeV)

What we measure in v
oscillation experiments are
oscillation Probabilities.

The lower the beam energy the
better one can experimentally
measure with difference

ween Normal and Inverted
»_hierarchy for neutrinos
\

and anti-neutrinos

N. Saoulidou, Fermilab, 3rd Project 28
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LArb @ Ash River (ME - LE )
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Putting it all together : A Phased progr'am#
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