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A decade after CHOOZ: the 013 revolution

o T2K (Jun 2011): See talk by GL Fogli
sin® 2013 = 0.03 — 0.34 (90% CL).

T2K Collaboration, Phys.Rev.Lett. 107 (2011) 041801
° Solar + KamLAND
............... .(7’,..-....-.-----'
Q MINOS (JUIy 2011) -4~ Original Flux
sin® 2013 # 0 at 89% CL. o MINOS I
""""""" - oELELEEEEE -£ == Inverted Hierarchy
MINOS Collaboration, Phys.Rev.Lett. 107 (2011) 181802
° ‘ T2K
e Double CHOOZ (Dec 2011): | ‘= e
sin® 2013 = 0.017 — 0.16 (90% CL). h Double Chooz
Double CHOOZ Collaboration, arXiv: 1112.6353 [hep-ex].
Daya Bay 10 C.L
—— .
e Daya Bay (Mar 2012): J : 1 1 1

sin2 2013 # 0 at 5.20 (!)’ D 0.05 0.1 0.15 0.2 0.25 $i"2280.3
best-fit = 0.092. —

Daya Bay Collaboration, arXiv: 1203.1669 [hep-ex].

O Reno (April 2012):

exclude no oscillations at 4.90
Reno Collab, arXiv:1204.0626v2
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—> sin” (2013) = 0.092 + 0.016(stat) £ 0.005(syst)

5 sin”260;3 = 0.113 £ 0.013(stat) £ 0.019(syst)
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http://arxiv.org/abs/1204.0626v2
http://arxiv.org/abs/1204.0626v2

The knowns and unknowns...

~
.2 0.017
sin® 015 = 0.3127 015 > Solar
Ami, = (7.597013) x 107°eV? parameters
) SK,SNO, Kamland
in2 0 0.591 = 0.06 A
23 =
0.52 = 0.06 Atmospheric
2.45 £ 0.09 _ parameters
Am%l — _(2 34_|_0.10) X 10 36V2 y SK,K2K, MINOS, T2K
9% -0.09

— Mass ordering is hierarchical or inverted ?
sin? (2613) ~ 0.09 + 0.02

docp = |0,27| — Complex phase is unknown. Because of similarities
with CKM matrix, it is natural to expect a CP violation in
the lepton sector. But what is the size of the effect ?7?

A. Rubbia NuTURNI2 - May 2012
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T2K and NOvVA: in the future

e Preliminary estimation of sensitivity
of T2K and NOVA  goc 1ok by Schwetz o

e Nominal beam power scenarios

(750kW). Need to check beam power

assumptions.

e For sin?2013=0.1, approximately (at

90%C.L.):
e MH: =50% coverage

e (CPV:=30-40% coverage
(robustness vs MH ?)

e |s90% C.L. enough ? at 30 C.L.
sensitivity is highly reduced even
with largely increased statistics.

e Atmospherics to the rescue ?

MH

| Dashed: NOvA witH neutrinos‘only
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IH

e (Official curves to be produced by DT oot D" oo,
experiments with revised projections. Huber et al., JHEP 0911:044,2009
| not official . |,
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Ultimate physics goal - the next decade

e \We cannot be satisfied with just setting limits.

® Neutrino oscillations data now indicate that significant CP-
violation could occur in the leptonic sector.

® Need to address the unsolved puzzle of the matter-antimatter
asymmetry of the Universe in a satisfactory way, by finding
new sources of CPV and possibly baryon number violation

% We must determine the neutrino mass hierarchy,
measure O0cp and determine the existence of CPV

% We must search for proton decay to test GUT

A new massive neutrino observatory for long baseline

= | neutrino studies, expandable to cover full CPV parameter

space, and located deep underground, capable of proton
decay searches

A. Rubbia NuTURNI2 - May 2012 el 5
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Oscillation phenomenolo%y

Approximate formula (M. Freund) quad ratic CIeP on

3
4= -~ matter effect ~E

sin” 2615 ) ~7500 km

9 G200 1Y/
P(v, — ve) = sin” fa3 {;1_ 1)2 sin” ((A l)i/ magic bln

8.Jc ﬁ f , A
# - —— ‘ P_, - sin(A) sin(AA) sin((1 — A)A)
CPV term A(l—A) TR, ~2540 km

. A h ol
approximate 2P os(A) sin(AA) sin((1 — A)ATEC PP
dependence A1 - A) solar

E : 2 i

&= linear dep.on B3

Jop = 1/8sin d¢p cos O3 sin 2619 sin 2013 sin 2094

Iop = 1/8cosdcp cos 15 sin 26019 sin 2015 sin 263 CP asymmetry grows as
0,3 becomes smaller !

a = Am3, /Am2,, A = Am2,L/AE

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

A. Rubbia NuTURNI2 - May 2012
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CP and Matter Asymmetries

P’UCLC(V) L Pvac( )>
Pvac(y) + Pvac(ﬁ)

Ny

* CP-asymmetry in
vacuum;

an(0cp) = abs (

Pmat(y) L Pmat( )>
Pmat(y) + Pma,t(ﬂ)

Ny

*  Asymmetry due
to matter effects:

Acp(p) = abs (

e CP asymmetries are largest at the 2"9, 39, ... maxima.
e Matter asymmetry dominates around the 1st maximum.

® [ ong(er) baselines, wide-band beams to cover several
maxima are needed to resolve degeneracies.

e Experimentally: E2"¢™% > (5GeV = L > 1000 km

A. Rubbia NuTURNI2 - May 2012 el 7
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CP-violation determination (CPV)
Pvac(y) L Pvac(y))

CP(5CP) = abs (Pvac(y) + Pvac(p)
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Mass hierarchy determination (MH)
tortp = an (ot B0

Pmat (V) + Pmat (ﬂ)
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A\

Lar'ge * Deep Underground Science Facilities

Apparatus for for v Physics & Proton decay

Grand

o . * Feasibility of a next generation Vv

Unification and observatory with very large volume

Neutrino detectors

Astrophysics * Prospects for next generation long

- baseline flavor oscillations with
neutrino beams from CERN

Long

Baseline e Options in Europe

Neutrino e Funded by the EC FP7 framework

Oscillations programme since 2008 (present grant

until 2014)

ETH
A.Rubbia NuTURNI2 - May 2012 Sevins Fedees | Irwtiusie of Techoslogy Durch
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LAGUNA-LBNO consortium /|
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TU Munich
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European sites: LAGUNA-LBNO

4g\"
arXiv:1003.1921 [hep-ph]

Three far sites 2 ST i
CN2PY (Pyhasalmi) |

COHSIdered In dEtalls | = |nitial : beam from SPS (500kW - 750kW) M"Pyh;m‘ "’
) Large Water Cerenkov Detector. [N L“HP-PS-ZMW - @
CERN-Fréjus is a short baseline. i, - % . |
It offers good synergy for

enhanced physics reach with -
beam at y=100

p Liquid Argon TPC & magnetized
iron + Liquid Scintillator detectors
CERN-Pyhéasalmi is the longest
baseline. It offers good synergy

for enhanced physics reach with Bt
a NF . CN2FR (Fréjus) | .
=  HP-SPL + accumulator fnt CrandiSdsso Lab
. (5 GeV — 4 MW) ‘ W R TN
» [CNGS is an existing beam butis | o % i CNES-lmeb;gg(SOOkw)
. . . N i b | ‘ U eam irom
COnS|dered at |Ower prIOI‘Ity R “wat S Y * No near detector

possibility

(missing near detector, limited
power upgrade scenarios)]
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SN

Pyhasalmi site location

See talk by T Enqvist

4 -
)
e

LAgVNA

E“E:‘:;ﬂ.ﬂ? Lol » CUPP : Centre for Underground Physics
o8 in Pyhasalmi (www.cupp.fi)

|y, re
_:ﬁ N _.'_l-l-_: I| | 3
o j ':.'E!'.'-F‘F:r‘i 'rf. 5 E:I[. >

i;:%ﬁfﬁﬁ:nr;ra}r NS > Location: 63° 39" 31"N — 26° 02’ 48"E
» Distances (by roads)

> Oulu — 165 km
N EF. - > Jyviskyld — 180 km
s > Helsinki — 450 km

o » Distance to CERN 2300 km

g #
A
.-: - . .
A7 epyuan » Good traffic connections
{ B i . .
3 » the main highway:
Gulf af = & . . . .
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4 by » the second busiest airport in Oulu
b ol o ur el 1 . .
} e A BHEIsinki “— S >
%Eu!mmlam e A rail yard at the mine
Bie pLESTONA » Inhabitants: ~6000
'é{_.f"' '--...:II:_H b "'-._ -.:"-.::;
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Present state of mine (\

Present: The Pyh&salmi mine (Inmet Mining Ltd., Canada)

» Produces Cu, Zn, and FeS»

» The deepest mine in Europe
» 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

A. Rubbia NuTURNI2 - May 2012 . 14
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Some unique features of Pyhasalmi

> Many optimal conditions satisfied simultaneously:

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

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

> Very little environmental water

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

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

LAgvnA

> The distance from CERN (2300 km) offers unique long baseline opportunities.

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

A. Rubbia NuTURNI2 - May 2012
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LAgVNA

Cosmic Ray experiment EMMA at shallow depth

Cafeteria, meeting room and sauna at 1400 m below ground Mobile phones work and internet available also at 1400 m

A. Rubbia NuTURNI2 - May 2012
Thursday, May 10, 12




Layout of the LAGUNA-LBNO

observatory at Pyhasalmi

(-1400m)

Necessary space for

0 A

|7
17

NuTURNI2 - May 2012

A. Rubbia

Thursday, May 10, 12



arXiv:hep-ph/0305042v1
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eDensities = 2.4+3.4 g/cm?

oscillations
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CERN-Pyhisalmi:

*Normal mass hlerarchy
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P(v, >V,
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CP-conserving ]

SiIl2 (2913) — 0.09
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211111
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CERN-Pyhasalmi: oscillations

*Inverted mass hierarchy L=2300 km
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A. Rubbia NuTURNI2 - May 2012

LBNO Eol: the priors

A significantly better sensitivity than the (combined) T2K and NOvVA, with an
improved method to conclusively determine mass ordering and to explore CP-
violation " exploit L/E dependence with WBB at long baseline " spectral
information provides unambiguous oscillation parameters sensitivity.

A detector with better signal efficiency and better background rejection than
T2K & NOVA but with a mass of the same order as T2K/SuperK & NOvVA —
>20 kton very fine sampling tracking detector

There are compelling v-astrophysics measurements and nucleon decay
searches to be performed — deep underground location

A conventional wide band beam at an energy above 500 MeV is technically
achievable and affordable, and enables at long baseline to study L/E

dependence of oscillation probability with 1st & 2nd maxima — new
conventional beam aimed at a baseline >1000 km

Large sensitivity to mass hierarchy with 100% coverage at >50 and the

presently available beam power requires a very long baseline —
baseline >1500 km

At a distance suitable for the NF for long term — baseline >2000 km.

21

Thursday, May 10, 12
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LBNO Eol: the rationale

e The adequacy and choice of the far location are based on several years of extensive
and detailed site studies performed within the LAGUNA and LAGUNA-LBNO design
studies. The LAGUNA-Pyhasalmi project is well advanced and on track.

e The choice of Pyhasalmi/FI recognizes that the features of the infrastructure at the
deepest mine in Europe allowing underground access to -1400 m, and a baseline of
2300 km from CERN, fulfill all priors, and offer unique technical advantages and
physics opportunities not found or easily replicated elsewhere.

e The Eol considers as an initial step a new conventional neutrino beam from CERN
aimed at an 20 kton double phase LAr LEM TPC (GLACIER) and a magnetized iron
detector (MIND).

e L Ar LEM TPC offers new look and increased physics reach in many physics
channels with a mass comparable to SuperK and NOVA.

e The magnetized detector with muon momentum and charge determination collects

an independent neutrino sample, and serves as a tail catcher for events occurring
in the LAr.

e The Pyhasalmi site allows virtually limitless excavation possibilities hence target
mass expansion until the ultimate “megaton” scale envisioned by LAGUNA.

e This project, called LBNO, is the first priority of the LAGUNA-LBNO consortium
and is endorsed by the NF community.

A. Rubbia NuTURN2 - May 2012 o 22
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LBNO Eol: the physics reach

e Initial setup 20 kton LAr LEM TPC + MIND + CERN SPS 700kW upgrade
e Ultimate long baseline oscillations measurements:

e[ BNO can measure all transitions (e/u/tau) and determine precisely
oscillation parameters. It can achieve a 50 C.L. determination of the
neutrino mass hierarchy in a few years. In a 10 years run, it explores a

significant part of the CPV parameter space, namely 60% CPV
coverage at 90%C.L.

¢ Both the local situation and the distance make it such that it can evolve into
larger detector(s) and a more powerful beams (e.g HP-PS and/or NF) and
thus, offers a long term vision. For example, with a three-fold increase in
exposure, it reaches 75% CPV coverage at 30 C.L.. Competitive with
T2HK (even more with JPARC MR at 700kW...) and LBNE.

e Strongly extended sensitivity to nucleon decay in several channels.
E.g. some channels with sensitivity similar to HK:

Br(p — vK) > 2 x 10°*y(90%C.L.)  Br(n — e KT) > 2 x 10**4(90%C.L.)

¢ Interesting astrophysics: LBNO acts as an nu-observatory in the 10 MeV-
100 GeV range. 5600 atmospheric events/yr relic SN, WIMP annihilation, ...
>10000’s events @ SN explosion@10kpc

A. Rubbia NuTURN2 - May 2012 o 23
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Far detectors for long baseline

® Double phase LAr LEM TPC (GLACIER): best detector for
electron appearance measurements with excellent energy
resolution and small systematic errors

» Exclusive final states, low energy threshold on all particles
» Excellent v energy resolution and reconstruction ability from sub
GeV to a few GeV, from single prong to high multiplicity

= Suitable for spectrum measurement with needed wide energy
coverage

» Excellent m%electron discrimination
= \Wide band On-Axis beam is tolerable
® Magnetized Muon Detector (MIND): conventional and well-
proven detector for muon CC, and NC

» muon momentum & charge determination, inclusive total neutrino
energy

» compatible with NF

A. Rubbia NuTURNI2 - May 2012 ol 24
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New LBNO neutrino beam

See talk by | Efthymiopoulos

® CN2PY horn focused neutrino beam towards Pyhasalmi/FlI
» Starting point is SPS and CNGS operation (achieved 420k\W)
» Protons extraction, transfer & secondary beam lines
» Target, horn focusing systems, beam monitors design
» Decay tunnel =300m, 10deg dip angle
» Low energy optimization; WBB covering 0.5—5 GeV

® Benefit from improved performance of SPS+injectors;

consider further options to upgrade power of SPS
(LAGUNA-LBNO WP4)

® Upgrade path: HP-PS accelerator (50 GeV) with significant
power improvement compared to SPS complex (— “MW”
beam). Exploit synergies with the NF R&D.

A. Rubbia NuTURNI2 - May 2012 ol 25
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CN2PY layout (option A)

Option A:
Target station between the CERN sites, close to BA2
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CN2PY layout (option A)

Option A:
Target station between the CERN sites, close to BA2
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CN2PY layout (option A)

Option A:
Target station between the CERN sites, close to BA2
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SPS/FT : Operation experience

SPS-PAGE1
(38BP, 45.6s)

Current

I Duty factor: 30s(CNGS)/45.6s (total) = 66%

- 260 kW average power

I/E11
48.1 3
19.5 9
246.5 0
0.1 0
182 E11
189 E11
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3743 E10
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Comments (01-08-11 12:40)
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OK (0)
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| Duty factor: 42s(CNGS)/49.2s (total) = 85%
- 365 kW average power
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H6/H8

COMPASS

V.V

0.0

0.0

0.0 0
CNCS T40.1 203 E11 OK(0) Comments (08-05-11 01:12)
CNGCS T40.2 197 E11 OK(1) Phone: 77500 or 70475
LHC 10.9 E10 Dest: TI2-R1
User Injected Flat Top
CNGS1 4066 E10 3911 E10
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SPS-PAGE1
SC 21969 (41BP, 49.2s)

Current user: SFTLONG2
FT: 9690 ms

01-08-11 21:56:03

Last update: 10 seconds ago
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Realistic SPS proton intensity for LBNO

e We consider the CERN SPS 400 GeV as the only realistic accelerator for the
initial LBNO phase. Then, we assume:

* 85% SPS “sharing” by taking 2 hours/day out for LHC filling
* 80% efficiency for the accelerators

e Today: SPS intensity is 4e13 ppp and factor 61% from SPS sharing (situation
of today, likely can change within the timescale of LBNO when NAG2 or
COMPASS physics is completed).

e In the context of LBNO (>2018): the SPS intensity is upgraded (also thanks
to LIU project) to 7e13 ppp at 400 GeV with cycle time = 6 seconds.

* yearly integrated pot = (0.8-1.3)x 1e20 pot/ yr

total integrated (12 years) = (1-1.5)x 1e21 pot

range corresponds to sharing 60—85%

studies ongoing within CERN accelerator team in LAGUNA-LBNO WP4

b R D o
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SPS 400 GeV p.o.t/ year

Integrated pot / year (10" pot)

~ f_SES_today . -

4 | =300kW
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FT protons-per-pulse (x10' ppp)
A. Rubbia NuTURNI2 - May 2012 ™ 29

Thursday, May 10, 12

29



Total mtegrated p-o. t
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Target, optics optimization

e Preliminary optimization done within LAGUNA DS for various baselines to
maximize 813 sensitivity, and assuming 50 GeV protons from HP-PS

e Present activities within LAGUNA-LBNO WP4.
e Optimization for 50 HP-PS vs 200, 300 and 400 GeV SPS protons
e Focusing optimization to maximize MH&CPV physics reach.

e Target optimization.

x10'? v, Flux
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s [ A e 6skm | T T e e 200 GeV
o — - — — . -
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~ B i I- Lo -, --1050 Km | > =
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Expected sensitivity

¢ \We estimate the significance C.L. with a chi2sq method,

with which we can

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

¢ \WWe minimize chi2sq w.r.t to the known 3-flavor oscillations
and the nuisance parameters using Gaussian constraints:

Amg’QO — (2.40 T
sin® 209, = 0.51 -

0.09) x 1073 eV~
- 0.06 i1 O

-0.02 «

sin® 209, = 0.10 -

4+ solar terms fixed

~ present errors

+ include systematic errors (see later)
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LAr detector performance

e Based on simulated exclusive final state events
(0scan revival part of LAGUNA-LBNO WP5 task).

e [ast simulation through detector geometry.

e Do not simply rely on “Gaussian” parametrizations
Realistic digitization
(based on measured LAr LEM TPC performance):

View 0: Event display (run -1, event 1)

drift length (cm)
o
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o
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view 0: length (cm)

View 1: Event display (run -1, event 1)
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Real cosmic rays in LAr LEM-TPC

Cosmic track in double phase 80x40cm2 LAr-LEM TPC with adjustable gain : SIN > 100 for m.i.p !!

{ View 0: Event display (run 14456, event 8044)

View 1: Event display (run 14456, event 8044)
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Neutrino energy reconstruction

top view of detector

entries / 100 MeV

150

100

nue CC events generated with
GENIE and CN2PY fluxes
GEANTA4

CCNuUE resolution: 8.7% RMS
for vertex in center of detector
Preliminary result:
(Edep-Ereco)/Edep = 0.7%
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HU-like sample
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Analysis method (=myfitter)

e Based on simulated exclusive final state events. Fast
simulation through detector geometry.

e Binned chi2sg method:

XX => ) [Né — {1 + %fu/?} ' ((1 + fsig) - g + (L4 fne) - nive + (L+ fu.ce) - ny.cc
FRp

i 2 AT f81g ch 300 fuTC’C’ f+/—

051g e ovecc  Yu.cC +/_

» +, —=Dbeam (horn) polarity — at present assume 509%-50% sharing
between + and — runs

> Ni = simulated number of expected events in energy bin |
> Ny = number of expected events from source “x” in energy bin |

» fyx = systematic error for “x” — at present assume 5% systematic
errors for each source
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MH determlnatlon
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CP-phase determination
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CPV dlscovery
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CPV discovery as function of p.o.t.

LBNO - CERN-Pyhasalmi
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»

Milestones - Timescale ..

LAGUNA Design Study funded for site studies: 2008-2011

Categorize the sites and down-select: Sept. 2010
LAGUNA-LBNO: detector design, costing and LBL

beam options 2011-2014
Submission of LBNO Eol to CERN <« 2012

Critical decision 2015 ?
Excavation-construction (incremental): 2016-2021 ?
Phase 1 LBL physics start: 2023 ?

Phase 2 incremental step implementation: >2025 ?
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Conclusions

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

= conclusive mass hierarchy determination, in a cleaner and more significant way
than any other methods/proposals

= very good chance to find CPV with the spectral information providing unambiguous
oscillation parameters sensitivity. With 10 years at 700kW SPS and 20 kton LAr
+MIND (=initial phase), the reach is 309%(70%) CPV coverage at 30(90%) C.L.
This step will inform future investigations (e.g. systematics).

= >x10 better sensitivity in several nucleon decay channels

= detection of several astrophysical sources and fresh new look at atmospheric
neutrinos with high granularity and resolution.

e | BNO defines a clear upgrade path (long term vision / incremental approach) to fully
explore CPV. E.g., a three-fold exposure yields 75% CPV coverage at 30 C.L. !!
Comparable to T2HK and better than “other” proposals with conventional beams.
Baseline adopted by NF community and LBNO has magnetized detector in initial phase.

e We are submitting an expression of interest to CERN SPSC. The proposal offers an
attractive and effective approach to move neutrino physics forward (in Europe and in a
global context) and has a long term vision. Eol already largely endorsed by the
community and open to anyone willing to contribute !
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v, Flux at 400 GeV F|UX OptimizatiOn
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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):

e 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
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Matter effects density effect

e-like sample
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