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Will the present and next generation of neutrino experiments (Sno, Borex,

SK, Kamland, K2K, MiniBoone , Minos, Opera, Icarus) be the end of the story?

Certainly NOT. Probably they will be only the starting point.

The two most important parameters in the neutrino mixing matrix would be still to

be measured:

e (13 (very probably).
e The CP phase 0.

In case of a positive result from MiniBoone the experimental issues would be much

more and the roadmap for the future experiment to be re-thought.
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Neutrino Oscillations

Neutrino oscillations depend from
e 3 mixing angles, 012, 023, 013
e 2 mass differences: Am?,, Am3,
e 1 CP phase ¢
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The capital impor tance of 013

esent limit from CHOOZ: sin? 26;5 < 0.1. Both solar and atmospheric results are compatible with 13 = 0.

Solar+Atmospherics favor a near bi-maximal mixing matrix (VERY DIFFERENT from CKM matrix!)

1 0 0 C13 0 813€_i6 C19 s12 O
U= 0 cy3 893 0 1 0 —s12 c12 0 |,
0 — 38923 Co23 —813€i5 0 C13 0 0 1

013 — 0 = The 3x3 matrix is a trivial product of two 2x2 matrixes.

013 drives v, — 1, subleading transitons =
the necessar y milestone for any subsequent search:

neutrino mass hierar chy and leptonic CP searches.
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The CP phase 9 is well hidden in the mixing matrix

(v, — v, ) developed at the rst order of matter effects

p(v, = ve)=
4¢3 457,855 sin’ ATE%?)L : (1 + Aij%g(l — 23%3)) 613 driven
+ 80%3812813823(0126236085 — $12513823) COS AZ%?’L sin ATE,?’L sin ATE%2L CP — even
— 80%3012023312313323sin5 sin ATE?’L sin AngL sin AT%L CP — odd
+ 457525 {C25Coa + 519553573 — 2C12C23512523513€0S0 } sin AT%L solar driven
— 82,852,535, COS Amg L sin AmiyL al (1 — 2s%,) matter effect (CP odd)

4F AF 4K
(1)

here a = £2v/2Gpn.E, = 7.6 - 10~°plg/cm®|E,[GeV] [eV?]

\t the rst order, neglecting matter effects and CP:

o Am3sL
1F

Py, — v, ) x sin? 26,5 sin? fo3 sin
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e Possibilities of the next Long Baseline experiments.

The hunting for 013 e Possible experimental approaches.

® Proposals for new initiatives
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Possib le experimental approaches to 643, Part |

Long Baseline Experiments

Detect v, — v, transitions via v, appearance in a
not so pure v, beam.
Experimental backgrounds:
e Beam 1, contamination (~ 0.5%)
e 7° production in NC v, interactions.
® vV, —VUr =T € Vely
(N.B. v, production o< (Am3,)?, very dif cult
to normalize in absence of a precise measure
of Ams3,)

MINOS

Twice the Chooz sensitivity, limited by the coarse
granularity of the detector and by the systematics.
ICARUS

Five times the Chooz sensitivity in 8 years of data
taking with a 3 kton detector. Computed neglecting
systematic errors (but no close detector in the
CNGS beam).
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Upgrade CHOOZ
(Mikaelyan et al. hep-ph/0109277
D. Nicol6 at NO-VE 2001)

The cleanest approach to 63 is

.. 92 . 2 Am2, L
p(ve — Ve ) ox 1 —sin® 26,3 sin® —2tm=,

not in uenced by § or MSW effects.

Chooz can be improved by a factor 5 if:

e Use a detector as big as 10X the Chooz detector.

e Use a close detector, to be placed underground =
Osys =~ 0.5%

e Measure backgrounds at reactor off =
Tstar =~ 0.5%



Possib le experimental approaches to 643, Part Il

Atmospheric Neutrino MSW resonance in the Earth
(Bernabeu et al. hep-ph/0102184, Monolith internal
notes)

The resonance is described by

o Frp = 4 cos26 _Lvy
R 135 /3G N,

. Am?
o FR = 2Sln2913m.

This latter can measure 673, having a detector with

a good L/FE resolution, as for instance Monolith.
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200 kton/year = 2 X Chooz
400 kton/year = 4 X Chooz (scales with sin 263)
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SuperNovae neutrinos MSW in the Earth
(Smirnov-Lunardini. hep-ph/01006149)

Three big Supernovae detectors are running: SK, SNO,
LVD in three different contintents.

In case of a galactic (~ 10 Mpc) SuperNova explosion,
it's very likely that one detector can measure the
SN neutrino spectrum undistorted, while another can
measure the v after they have crossed the Earth's Core.
The r st one normaliz es the spectrum, the second
can directly measure the MSW distor tion to the

spectrum.

Model independent measurement of sign(Am?,) at 2-3
o and a veri cation that sin” 26,53 > 107° (otherwhile

the transition cannot happen).



JHF-Japan Hadron Facility at Jaeri

eutrino beam from the 50 GeV - 0.75 MW proton
eam at the Hadron Facility at Jaeri, Japan.

aken off-axis to better match the oscillation
aximum at the SuperKamiokande location (295

m).
he neutrino beam line is not yet approved. Approval
expected by the end of this year.

K2K JHF
6 - 1012 Protons per pulse 3 .10
2.2s Cycle 34s
12 GeV Proton energy 50 GeV

40 Events in SK per year (no osc.) 2200

1.5 Mean neutrino energy 0.8
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Off Axis Neutrino Beams. BNL-E889 proposal: http://minos.ph y.bnl.go v/inwg/paper s/[E889

ecay Kinematics A qualitative argument:
v (E) 0.06 —_—
7 (m_.p,) / I 30° 15° | e Transverse
0.03 momentum, Lorentz
M (m,.p,) invariant: m, — my,.
<
om momentum energy conservation: 3 0 e Longitudinal
O :
2 2 — momentum is Lorentz
E My — m# =
— N boosted.
Y 2(Ex — prcosh) a”  -0.03
I | e At
7 0.06 ] an angle 6 there is an
- q= Omrad . 0 1 2 3 accumulation of lower
gq= 7mrad ] i i
4= 14 mrad : P (x) (Gevic) energies neutrinos
g=27mrad )
10 - . e Maximum neutrino ux at 0°.

e Off axis is the most efcient way to have a narrow band
beam.
e /. come from 3 body decays (kaons or muons) while

off-axis is optimiz ed on the pion 2 body decay=- the

U, contamination below the peak is reduced.
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JHF (contin ued)

‘ecision measure of the atmospheric parameters: Sensitivity to 913
» O3, with a resolution of 10 eV?2,
- 0 .
» sin” 2055 atl +~ 2 %. 10 90%C.L. senS|t|V|t|es

0 1000 2000 3000

E.(MeV)

SRR I NN R
atio of the measured v, spectrum with respect to the 10 1072 1072 107"

n-oscillation prediction in case of oscillation (5 years).
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SuperBeams (2) SPL-SuperBeam at CERN

feasibility study of the CERN possible developments

n/100m?/20 meV

horn captur - 3
" Target T" ;
7 i

/ =T 8
A% i

Decay Tunnd - oy

\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\_Y_‘lllllllll

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Energy (GeV)

Near Detector

Flux intensites at 50 km from the target

N Flavour Absolute Flux Rel. Flux (E,)

(v/10%3pot/102m?) (GeV)

Possible Low Energy Super Beam Layout Yu 1.7-10% 1 0.26
v, 4.1-10" 24% 024

Ve 6.1-10%" 0.36%  0.24

U, 1.0-10' 0.006 %  0.29
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MW-Linac: SPL (Superconducting Proton Linac)

45 keV 7 MeV 120 MeV 1.08 GeV 2.2 GeV
13m pe—— I18mM e 334m 345m —»
3 MeV 181\iIeV 237MeV 389MeV
H [{RFQ1 chop. RFQ2-DTL CCDTLHB 0.52 B 0.7 0.8 {  LEP-II —— dump
Source Low Energy section DTL Superconducting section
Stretching and
. collimation line
Re-use superconducting
LEP cavities PS /Isolde <
Accumulator Ring

KIN =2.2 GeV 3

2
ower =4 MW — 10 protons/year

rotons/s = 1016
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Performances on sin” @s3, A?’ng3 and sin? 2603
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— ¢

L=130 km, 40 kton
L=130 km, 400 kton

& Testing points
90% CL, syst=2%

30, syst=2%

Improve by 15 (60)
times the Chooz
sensitivity on g, 5
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What about Numi and CNGS off-axis?

NuMi off-axis (Lol of 05/06/2002)
e Use NuMi Medium Energy beam
e Place a detector at ~ 730 km, 9 km off-axis (0.7°),
that means NOT deep underground.
e The far detector is not yet well speci ed however it
should be:

— 20 kton, ducial = 85% of total.

— Good 7° rejection in the 1-3 GeV energy range
(m° bacground must be reduced below the level
of beam v, contamination)

— Cost below 100 M$

— Ready in 2008 (the JHF clock!)

Under these conditions it could have a ;3 sensitivity

similar to JHF.
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CNGS off-axis (Dydak's talk at Neutrino 2002)
Modify the CNGS in order to have a mean energy
of 3.5 GeV (renouncing to any tau appearance
experiment at LNGS or waiting for 2011).

Place a detector underwater, off-axis, in the Gulf
of Taranto, in TWO positions corresponding to the
SECOND oscillation maximum and minimum.

The detector should be made by 4000 PMTS, in a
grid of 6m side, equipping a cone of 1 Mton of water
(radius 110m, height 25 m).

With a coverage of 2% of the surface (SK has 40%)
it should reduce the 7° background to less than 1%
of the VEC (SK has 2.5% of m° with not optimized
algorithms).

It should cost 100 M$ (??7?)

It should be ready in 2008 to compete with JHF
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Leptonic CP

Two conditions to make Leptonic CP detectable:
e Solar LMA con r med

e 013 > 0.5° (see the following).

A big step from a 6,3 search:

— Ve vy — Ve di t CP
from p(v, — 1) £0t0 4 Pk 7 ¥e) 7P = 7e) (direct CGP)

p(v, = v.) #pve - v,) (T search)

This will require:

Super Beams

1. Neutrino beams of novel conception. Neutrino Factory

Beta Beams

2. Detectors of unprecedent mass
3. Improved control of systematics = Dedicated experiments on neutrino cross-section, hadron

production, particle ID.
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Detecting the 0 phase at the Neutrino Factories

As=[P(ve - v, ,0 =+4+7w/2) — P(ve > v, ,06 =0)]/[P(d =+7/2)+ P(6 = 0)]

Compare the measured v, — v, oscillation probability, as a function of the neutrino energy E,, to a “Monte-Carlo”
prediction of the spectrum in absence of J-phase.

Problems: it's model dependent, requires a precise knowledge of the other oscillation parameters, possible degeneracy

between solutions and strong correlation with the 8,3 parameter.

Acp(8) = [P(ve = v, ,8) — P(T. — T, ,06)]/[P(ve = v, ,8) + P(T. — T, ,0)]
Compare the appearance of v, (v, ) in a beam of stored ,u+( u~)decays as a function of the neutrino energy E,,.
Problems It must compete with the fake CP from matter effects. Run time is more than doubled: I/ cross sections are half

the v cross section and matter effects disfavor v oscillations.

Ar(6) = [P(ve v, ,0) — P(v, — Ve,0)|/[P(Ve = v, ,0)+ P(r, — Ve,0)]
Compare the appearance of v, in a v/, beam AND v, in a v, beam as a function of the neutrino energy E,.
Problems Electron charge must be measured in case of a neutrino factory experiment. Systematics of muon and electron

ef ciencies must be kept to very small values.
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Are CP-odd effects detectab le?

P(?e — ?“) —Plv. - v, ) - si.n 2012 G0 - sin Am?,L
P, —=v,)+Pve - v, ) sinbs 4F

Acp =

Acp vanishes in the limit Am2, — 0

AOP oX SIn 2912
Only the solar LMA solution allows a detectab le A¢p

Latest SNO results are very much in favor of LMA, but the nal

worlds will come from the Kamland experiment, that's running.

LSND scenario: CP violation arises from interference between:
e LSND frequency ~ 0.3to 2eV?.
e Atmospheric frequency ~ 3 - 1073 eV2.

Amplitudes comparable at atmospheric baseline

Near 100% CP asymmetry is possible
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0 and O3 interpla y.

Py, — ve) x sin® 26,3 Acp

e

sin?26;3 < 107%® = practically impossible to detect CP

through v, — v, transitions (see later).

sin? 26,5 small = small statistics but big asymmetry.

sin? 2613 big = high statistics but small asymmetry

4

The two effects tend to balance BUT detector requirements are
very different in the two cases: high mass and reduced resolution
against "small” mass but high resolution.

Very risky to start a CP search without knowing the real value of

613 , certainly without knowing that sin? 26,3 > 10~2
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To detect v, — U, transitions with high

sensitivity are needed:

Very clean neutrino beams.

Very intense neutrino beams:

The CNGS beam
intensity is about two orders of magnitude
smaller to what needed to run a CP search at
the appropriate baseline (~ 8000 £m) with

enough statistics in a 50 kton detector.
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0 and 0,3 interpla y (I1).

On the other hand any 6,3 experiment not sensitive to CP can see the effect but cannot precisely measure 613 .

ontributes to p(v. — v, )in the case of the JHF experiment, from

2p-ex/0106019 JHE 295 km
10 % :
. 0.008 “ “ [BRA B e s — — . 10% syst. on backgrounds
E : : : : : : : : : . 8 uncertitude
- 0.006
| % mass hyerarchy
0.004 ® uncertitude >
- 0.002 S
| 0
—0.002
20,004 M- 103
I 1l L I ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | \7 103 102
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 sin?26;3
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SuperBeam vs. Nufact

PROS

e Negligible matter effects: it can be run at the optimal baseline

e Negligible matter effects: reduced correlations between 613 and 0

e Counting experiment: less in uenced by uncertitudes on the other mixing

matrix parameters

e Smaller CC rate

® Intrinsic beam contamination
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SuperBeams (1) - JHF phase 2

pgrade the proton driver from 0.75 MW to 4 MW
pgrade SuperKamiokande by a factor 40 — HyperKamiokande

| T T T | T T T T T T T T T | T T T T T T T T T
‘v FooEr . p=2.8g/cin® L=300km-
= I  Amia=3x107 Yt/ 4

2800 = 045 """""""" Am%ﬂxﬂ@"‘&;w/%*
L 93 - sin®29,=0,01 | :

2600 |- """""""""" AN - """""""""" e e """""""" -
wo [ L e
oo [
2000 - rrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrr rrrrrrrr (”95 rrrrrrrrrrrrrrrrrrr P rrrrrrrrrrrrrrrrr .
1800 |- rrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrr s rrrrrrrrrrrrrrrr -

1600 b — T T R 1o
1 i 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 IO27|O

1600 1800 2000 2200 2400 2600 2800 3000
N(e™)
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Super Beams (2) Upgraded SPL SuperBeam

e Assume the upper value of LMA: m?2, = 107* eV/?

e The CP violating observable is xEZI;;xEZ:g corrected for the different ux es and cross sections.
Here e~ (e™) indicates all the e-like events selected with the 77 (7~ ) focused beam.

e Run for 2 years with the 7 focused beam and 10 years with the 7~ focused beam, to compensate
the unfavorable (v, /v, ) cross section ratio

e Fit simultaneously § and 8135 on N(e™) and N(e™) separately.

e Take A3 = 5°,8°,10° (sin?(2613) = 0.03, 0.08, 0.12) and a maximally violating CP phase,
0 = +90°

~U (see gure)

e CP sensitivity does not worsen very much with 6;3.
e In the 40 kton detector, 90% CL, a maximally violating CP phase (0 = =£90°) would be just
distinguishable from a non violating CP phase (0 = 0°).

e \With the 400 kton detector the prospects to observe CP violation are much improved.
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Preliminar y CP sensitivity

40 kton water detector 10, 90%CL, 99%CL lines 400 kton water detector 10, 90%CL, 99%CL lines
150 — 150 —
100 +— | 100 —
50 — 50 —
0 — 0 —
-50 — -50 —
—100 — —100 —
-150 |- ! y g —150 |-

| M /
27\\\.\g\\\\i\\\\‘g\\\\é\\\\;\\\1‘8\\\\9‘\’\ WW‘O\\\\W‘/‘\'\\\WZ 27\\\\%\\\\!)»\\\\5‘)\\\\é\\\\;\\\\é\\\\g‘\\\\w‘o\\\\w‘w\\\\w2
By B3
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Neutrino Factories

e The dream beam of every neutrino physicist.
e The rst case in which the whole neutrino production chain,
including proton acceleration, is accounted on the budget of

the neutrino beam construction.

e Oscillated events IV, at a distance L:

P=+0.3
E3 L P=
vV o2 =0
Nose ~ Flux X 0, X Ppge ~ 12 S E, x E, P=-0.3

N s increases linearly with the beam energy. Optimal energy:

as high as possible.

Number of charged current interactions

e Beam intensities predicted to be two orders of magnitude Ve P=-1 ~—
higher than in traditional neutrino beams. /// f’f__-_‘?;??\\

e No hadronic MonteCarlos to predict neutrino ux es. /"/"{-"{::::m';;;b"_é \\

e Neutrino beams from muon decays contain ONLY two types of ! W ""(')t4 06 08 1
neutrinos of opposite helicities (v, v, or v, v, ). Itis possib le E/E,

to search for v, — U, transitions characteriz ed by the
appearance of WRONG SIGN MUONS, without intrinsic

beam backgrounds.

ezzetto, "Neutrino Factory projects”, Varenna, 14 june 2002. 25



Why a Neutrino Factory is far more ef cient of a conventional neutrino beam

BCT1  SEMs Al Collimator Reflector Muon Pits CHORUS

Decay
BCT2 N Horn Earth

Tunnel
450 GeV/c protons TDX collimator Iron Shield NOMAD

== 0

In a conventional neutrino beam, neutrinos are produced by pions (and kaons) generated by the proton beam interaction
on the target. Given the short life time of the pions (2.6 - 10_83), they can only be focused (and charge selected) by means
of magnetic horns. Then they are let to decay in a decay tunnel, short enough to prevent most of the muon decays.

Hard to predict the details of the neutrino beam, since it derives from hadronic interactions. At least four neutrino a vours

are present (v, , Uy , Ve , Ve )

In a neutrino factor y pions decay inside a solenoid, and most of the muons are collected. Muons are longeval enough
(2.2 - 10~ %s) to open the possibility to collimate and accelerate them to the desired momentum.
Much more ef cient way to produce neutrinos BUT a real challenge to accelerate, in a very short time, particles generated

with a large emittance .

Two possible solutions, R&D.
e |onization cooling (stochastic cooling is too slow). No need of hadronic MC to predict the ux es and only
e \ery large aperture accelerators (FFAG) two v a vours in the beam

Both solutions have never been implemented and require
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Reducing the u Energy Spread 1

o PHASE ROTATION: Drift followed by a time-dependent

Acceleration (fast particles de-accelerated, slow accelerated)

US Scheme: use 260m long (r = 95 ¢m) Induction Linac

with internal 1.25T solenoid: o(p)/p = 55

“1:2 m Section]

MR Moinle

Aflter

oxp 44 %
Ca 2195 (w) ~

Pulse system |

Study 1
[

“ f "disouting"

Study 2
m"un«dhhrﬂng"

SCE. Set

W Linac section |
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Reducing the Transverse Phase Space 13

Transverse phase space too large lonization Cooling
to fit within normal accelerator | — :
Must ““‘cool” the beam fast -

Before muons decay

Electron cooling & stochastic
Cooling too slow

>> USE IONIZATION COOLING
= S | Coulomb scattering tries to heat beam
An 1onization cooling channel

Can be thought of as a LINAC

: ‘ | Use Liquid Hydrogen absorbers
Filled with material

Use strong radial focusing

Need high gradient RF to keep
>> high field solenoid channel

the muons captured
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The basic concept of a neutrino factory (the CERN scheme)

e High power (4 MW) proton beam onto a liquid
mercury target.

e System for collection of the produced pions
and their decay products, the muons.

e Energy spread and transverse emittance
have to be reduced: “phase rotation” and
ionization cooling

e Acceleration of the muon beam with a LINAC
and Recirculating Linear Accelerators.

e Muons are injected into a storage ring (decay
ring), where they decay in long straight
sections in order to deliver the desired
neutrino beams.

e GOAL: > 102%° p decays per straight

section per year
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A possible
layout of a
neutrino factory

Tonization
cooling

Linacs 2 > 50 GeV

2000-05-16 * Peter Gruber, CERN-PS

,” v beam to far detector

——

H- linac 2.2 GeV, 4 MW Accumulator
ring + bunch
compressor

Magnetic
horn capture

Target

Phase rotation

Linac 2 2 GeV

Decay ring — 50 GeV
~ 2000 m circumference

== v beam to near detector

TTHWTT
ket
T T T

u+v
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Proton Deiver
Target Station
50m decay/dnift
100m Ind Lina

60m bunching
140m coshng
6 GeV. 200MHz

Linac
0.2 -> 3 GaV

h-l'i”l, 1

7.5 MeV/m average
Accel Freq: 200 Mhz
Turns: 4 3
p. 30m

Arc. 100 m

Linac: 2 x 150 m

US v-Factory Scheme

7.5 MaV'm average
Accel Freq 400 Mhz
Turns: 5§

p. 80m

Arc: 380 m

Linac 2 x 600 m

Slorage Fing
Circ. = 1800 m
Straight = 600 m

| 50 GeV
muons
| 180 turns = 1/

\/
., O(10%0)
vV per year

Proton driver: Upgraded FNAL Booster
Carbon target in 20T capture solenoid
S0m decay channel (1.257T)

Muon energy spread reduced using
induction linac (phase rotation)

Muons bunched at 200 MHz

lransverse phase space reduced using
an 1onization cooling channel

Acceleration to 50 GeV in RLAs

, based on upgraded BNL AGS )

Hg jet target, better induction linac & cooling channel designs

)

Achieved 6 x Study | muon rate >> 2 E20 useful u decays / year
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Japanese v-Factory Scheme

(I)Low Freq.(~MHz) & High Gradient RF  E> IMV/m NO PHASE ROTATION OR COOLING
(D Acceptance : Trans..0.01-0.02xm.rad, Long AP/P~+-50%
@p-o 3Gev/c

N USE LARGE ACCEPTANCI
F'ﬂi-lﬁWf ACCELERATORS - FFAGs
p=leevY/c-3ce
e 36eV/c=206eV/c R&D Issues: RF, Injection/extraction,

magnet design, dynamic aperture
pe11GeV/c-20(50)GeV/c

(would benefit from some cooling)

| GOAL: 1.LE20 >> 4.4K20 USEFUL muon
WLIRCIEEI] DECAYS / YEAR @ 20 GeV >> 50 Ged

Proof of Principle | ; NEXT STEP
(POP) FFAG 150 MeV FFAG
tested at KEK in - ) ( '!|'.|:c.' -.l~.||1'-.[|'l_l.. tion
June 2000 2wl | \t KEK

RF R&D: US/Japai
collaboration
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Possib le detector s 1): Large Magnetiz ed Calorimeter

e Cylindrical symmetry. R = 10m, L = 20m.

e 6 cm thick iron rods intersped with 2 cm thick
scintillators, longitudinally segmented.

® 40 kton ducial mass (1980: CDHS was ~ 300 ton,
1990: CCFR was ~ 700 ton, 2000: MINOS will be
5400 ton)

e 1 Tesla magnetic eld

scientillator

iron

e Efcient to measure the muon charge for

p, > 4GeV/c. Fully ef cient for p,, > 10GeV/c
e 0P,/P, ~ 3%for P, > 10 GeV
e Jet energy resolution ~ 80%+/E.

Optimal performances for the wrong sign muon search.
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Possib le detector s 2): Liquid Argon TPC

ezzetto, "Neutrino Factory projects”, Varenna, 14 june 2002.

The rst 300 ton module is operational.

Excellent energy resolution, tracking, particle
identi cation.

Dif cult to scale to a multi-10kton detector.

Non trivial implementation of magnetic eld:
downstream spectrometers.  The possibility to
magnetize large, multikiloton volume of Argon is
under study.

Conceptual possibility to measure the charge of
electrons if the full volume is magnetized at 1 Tesla.
The best solution if redundant searches of
oscillations are needed to overconstrain the mixing

matrix.
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UNO detector

dicated Solar nu

tector (40% photo-cathode
verage, a la SuperK),
leV yfrom vK*

(10% covera

e Fiducial volume: 440 kton: 20 times SuperK.
e The

killer detector for proton decay, atmospheric

IT Plane

neutrinos, supernovae neutrinos.

e Energy resolution is poor for multitrack

events but quite adequate for sub-GeV

180 m

neutrino interactions.
Only optical
separation

e Dif cult implementation of magnetic eld:

Fiducial Volume
downstream spectrometers.

—

—r

id. vol. cut
m Veto shield

60 m
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A problem ...

scillated events V.. at a distance L:

E3 L
Ny ~ Flux X 0, X Py ~ ﬁ sin? B x E,

/,sc increases linearly with the beam energy. = Optimal energy: as high as possib le.

4

High Neutrino Energies = Long Baselines = Matter Effects
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Can genuine CP effects be separated from matter effects?

Genuine CP-odd, 0 driven effects can be

decoupled from matter effects, but paying a

high price:

1. The experiment must be run at a baseline
much shorter than the optimal one.

2. A strong correlation between 0 and 613 .

3. The experimental result is affected by the
uncertitude on the other parameters of the
mixing matrix and by the uncertitude on the

matter density along the beam line.

ezzetto, "Neutrino Factory projects”, Varenna, 14 june 2002.

Barger et al., hep-ph/0003184.
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L = 2810 Km

150 -

100

50 r

-50

-100 ¢

-150 r

7

150

100

50

-850 ¢

-100 r

-150 ¢

2 /@)

2 8 10
i3

L =2810 Km+ L =7332Km

[ %

* x

@\ L 7332 4@‘

LY A

ﬁl lﬁ\l

2 8 10
(o k]

37



Precision

measurements at the Neutrino Factories

Improve up to 4 orders

of magnitude the Chooz

sensitivity on 613

0.006

0.005

0.004

0.003

0.002

5106 10°
Sil’12913

01 s
5107 10°

510°%

Measure the atmospheric

parameters at 1%.
Measure the Ams3, sign

72 _ _ 20 -
x 10 E,=30 GeV, L = 2800 km, 2x10 u~ Decays

800
total /
binl | \

— — bin2 o

600 | | — — bin3 [ in

— — — bind 1l
bins £ |l

AP (r/2)/AA
B
3

200

4000 6000 8000 - 10000
L [km]

0 2000

1.2

Sin*20,s
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Final Sensitivity

e Matter effects must be separated from genuine

CP-odd effects. CP sensitivity, de ned as the capacity to separate at
e Strong correlations in the simultaneus t of 6,3 and 99%CL max CP (§ = 7/2) from no CP (§ = 0)
0. computed as function of the two critical parameters
e The errors of all the other mixing matrix parameters 6,5 and 5m%2
in uence the precision of the measure of §. On the
other hand a VF can measure 023 e Am3, at 1% 1
through the V/,l, dlsappearance. N?o E Nufact, 10** p decays, L=2810+7332
e Backgrounds ed efciencies computed for a 40 e
kton large magnetic detector (full simulation, full S L
50.6 — 21
. L Icarus, 732 km, 10 kton, 10 p decays, 90% CL
reconstruction). I N
e (J. Burguet-Castell et al., Nucl. Phys. B 608 (2001) 0.4 —
301) I
0.2
7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
Two detectors at two different baselines are the "0 1 2 3 4 5 6 7 8
0,4degree)

optimal solution for the Leptonic CP detection. Best
combination: 3000+7000 km.
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A comparison of CP sensitivities of Nufact vs. SuperBeam

P sensitivity, de ned as the capacity to separate at 99%CL max
P (§ = 7/2) from no CP (§ = 0). The limiting factors for the SuperBeam at small

ufact and SPL-SuperBeam sensitivities computed with the same 013 values are:

® The low ux of  and their small cross

nditions.
Y q section. This limits the overall statistic.
.\ . Nufact, 10%* p decays, L=2810+7332 e The beam related backgrounds that increase
: o8 SUpETEIEE) & TR0, L1, 2ljEers the statistical errors, hiding the CP signal.
' I As an example for 6,3=3°, dm3, =
06 - 0.7-107*eV?2, sin® 2615 = 0.8:
04 |- v, beam v, beam
I 2 years 10 years
0z L HCC (no osc) 14298 13658
L f Oscillated events (total) 16 68
| Spazio dei parametri misurato entro il 2012 Oscillated events (Cp_odd) -40 35
I I | ‘ I I | ‘ I I | ‘ I | ‘ I I | ‘ I | ‘ I I | ‘ I | H H
0 1 . . . . . . o Intrinsic beam background 28 33
0,(degree) Detector backgrounds 17 29
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Can the SuperBeam+UNO combination be upgraded?

YES

with a novel concept of neutrino beam: BETA BEAM.

ezzetto, "Neutrino Factory projects”, Varenna, 14 june 2002. 41



Beta Beam (P.Zucchelli hep-ex/0107006)

Muons are not the only unstable particles that decay
into neutrinos, there are also 3 emitter nuclei.

As for the neutrino factory the neutrino spectrum is
completely de ned by the parent decay properties and
by the Lorentz boost 7.

To produce a Beta Beam:

1. Produce (3 radioactive ions with a lifetime of the
order of ~ 1s. Best candidate: °He, 5~ emitter
(Fg ~3.5MeV,T/2~0.85).

2. Accelerate them to high energies in a conventional
way (PS).

3. Accumulate them in a decay ring with long straight
sections (SPS like).

4. Just ONE neutrino a vour is produced:

Ve OF Ve.

ezzetto, "Neutrino Factory projects”, Varenna, 14 june 2002.

CERN ISOLDE, if injected by SPL, could produce //
7-10' %He/s by using 1/8 of the SPL duty cycle.

PS + SPS (modied to have 2.5 km long straight
sections). Today they are already accelerating heavy

ions up to v = 150.

The complexity of the FAST muon acceleration is absent
(simply 4 x 10° more time).
It is technologically feasible to build neutrino beams with

intensities comparable with SuperBeams.

CERN is the only place with the complete Beta Beam
know-how:

e |sotopes production (ISOLDE)

® |on acceleration (PS+SPS+LHC)

e Neutrino Experiments (EP)
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ISOL ECR Linac Accumulator
target source 20 MeV/u >~300 MeV/u

) SPS Decay ring and
Ps-2l compressor

Bunch rotation is the crucial issue for atmospheric background control!

- 96\0
Physics reference numbers: 0,

65%Transmittance into the decay ring
=150 for ®He
Acceleration cycle into the storage ring: 8s

ezzetto, "Neutrino Factory projects”, Varenna, 14 june 2002.



The SuperBeam - BetaBeam syner gy

he idea behind is to run two neutrino beams to the same detector at the same time: SPL SuperBeam

Beta Beam.

Both beams need SPL, but the BetaBeam requires only 0.6% of the SPL protons

— the two beams can run together.

Both beams produce sub-GeV neutrinos — same baseline and same detector.

e A CP search using SuperBeam running with v, and v, .

e A CP search with Beta Beam running with OHe (V. ) and 18Ne (Ve ).

e Two T searches combining Super Beam neutrinos (v, — V. ) with Beta Beam 18Ne
(Ve — v, ) and Super Beam antineutrinos (v, — V. ) with Beta Beam OHe (Ve = Uy ).

e A nal powerful combination of the CP and the T searches, with redundant physical information
and several cross-checks of systematics.

e The most powerful combination would be however a single T search with neutrinos

(SuperBeam v/, with BetaBeam v ).
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a.u.

Optimizing the Lorentz Boost

Higher ~ produce more CC interactions

More collimated neutrino production and higher cross
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Efficiency

, preferred value:
Background

rate rises much faster

interactions

From resonant pion production in 7, NC interactions

g
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Beta Beam Backgrounds

omputed with a full simulation and reconstruction program.

7v from NC interactions
The main source of background comes from pions
generated by resonant processes (A production) in NC
interactions. Pions cannot be separated from muons.
The threshold for this process in ~ 400 MeV.

Angular cut have not be considered.

ezzetto, "Neutrino Factory projects”, Varenna, 14 june 2002.

e/ ;e mis-identi cation
The full simulation shows that they can be kept well below
10~3 applying the following criteria:
e One ring event.
e Standard SuperK particle identication with a
likelihood function.

e A delayed decay electron.

Atmospheric neutrinos
Atmospheric neutrino background can be kept low only by
a very short duty cycle of the Beta Beam. A reduction

factor bigger than 102 is needed.
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Other sour ces of Errors

Systematic errors: Beta Beam is the ideal
place where to measure neutrino cross
sections
e Neutrino ux and spectrum are completely de ned
by the parent ion characteristics and by the Lorentz
boost 7.
e The limiting factor would be the knowledge of the
number of ions in the storage ring.
e You can scan different -y values starting from below
the A production threshold.
e A close detector can then measure neutrino cross
sections with unprecedent precision
A 2% uncertitude level on the systematics will be

assumed in the following

ezzetto, "Neutrino Factory projects”, Varenna, 14 june 2002.

Errors on the other parameters
p(v, — V. )depends from all the mixing matrix
parameters: errors on parameters inuence the
sensitivity of a CP search.
At the time of BetaBeam
e JHF will have measured dm3,; with a ~ 10%
resolution and sin? 26,3 with a few % resolution.
e Solar LMA parameters measured at ~ 10%
precision level by Kamland (after 3 years, see

hep-ph/0107277).

Only diagonal contributions from dm3,, dm?2, and
sin? 612 will be taken into account. Their contribution

IS anyway marginal.

a7



The SuperBeam - BetaBeam syner gy: results

test point running SuperBeam with v, for 10 years and Beta

cam with v/, for 10 years.
3=3°,0m2, = 0.6 -10"*eV'?%

10 years SuperBeam Beta Beam

vy =175
CC events (no osc, no cut) 85421 18583
Total oscillated 111 63
CP-Odd oscillated -151 22
Beam background 165 0
Detector bkg. 100 10

ezzetto, "Neutrino Factory projects”, Varenna, 14 june 2002.

©

175
150 f
125 f
100 f
75 f
50 f

25 |

-25

-50

How two particular solutions can be improved by
BetaBeam (99%CL curves)

. SuperBéam 99 YCL ... b
— . SB+BetaBeam g=5599YCL |

1 2 3 4 5 6 7 8
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Two extreme cases

3 = 0.9° 5m%2 =9.10"%eV? 013 = 6°, 5m%2 =0.35-10"%eV?
10 years SuperBeam Beta Beam 10 years SuperBeam Beta Beam
Oscillated events (total/cp) 16(-68) 22 (10) Oscillated events (total/cp) | 760 (-175) 174 ( 26)
3ackgrounds 264 10 Backgrounds 270 10
Total Error 18.3 6.1 Total Error 41.6 14.3
0,5=0.8 Dm*23=2.5E-03 Dm?12=9.0E-05 d=90 L=130 g=55 0,5=6 Dm?23=2.5E-03 Dm*12=2.5E-05 d=90 L=130 g=55
E’ E : : : Total% ?0.025 -
F0.004 | —lig- -
E-/0003 ; ,,,,,, . ,,,,,,,,,,,,,, ,,,,,,,,,,,,,, ,,,,,,,,,,,,,, ,,,,,,,, C P_Odd ,,,,,,,,,, o 002
0.002 ; . ,,,,,,,,,,,,, ,,,,,,,,,,,,,, ,,,,,,,,,,,,,, _I\/Iatter ,,,,,,,,,,,, 0.015
0001 ; ,,,,,,,,,, LN\ ,,,,,,,,,,,,,, L ,,,,,,,,,,,,,, 001
0 F 0.005 1 1 1 ; 1
o b\ e— )
L1 (- ‘ I ‘ [ — ‘ [ — ‘ I | \M | ‘ [ — ‘ [ — ‘ I
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
E (GeV) E (GeV)
s - | | | —Total 025 [ S L Totalloore
F0.004 o N R g : : : : :
Tooos LN = 2P A\ =
0002 o] NN\ e e N\ e
0.001 i— """"""" """"""""""""""""""""""""""""""""
ot TS
-0.001 ; """"""" prerereeeeee AR o V : ; :
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A comparison of CP sensitivities.

S i Nufact, 10 ?p decays, L=2810+7332 (Nucl.Phys. B608, 301)
;_)\ i SuperBeam Only , L=130, 2+10 years

o Beta Beam Only, 3+7 yrs, Y =75

= -

e 1L SB (2+8 yrs) + BB (3+7 yrs)

(\5 ] T search, SB( V,) 10 yrs + BB(Ne18), 10yrs

0.5 [—
Parameter space explored by 2010
O\\\\‘\\\\‘ \\\\‘\\\\‘\\\\‘\\\\‘\\\\
0 1 2 4 5 6 7 8
0,,(degrees)
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A comparison of neutrino beam intensities

1e comparison of neutrino beam intensities is not a trivial task as far as concerns neutrino oscillation experiments.
1e optimal baseline to detect sub leading v, — v, transitions, is Leg =

sam intensities C'Ceg (v CC/kton/yr) are then compared at this optimal baseline L.g.

Beam (E,) Flux L cC Leg CCeg  Ratio
(GeV) (v/m?/yr) (km) wiktonlyr | (km)  wvikton/yr

K2K 1.3 3.9-10° 250 2 643 0.3 0.02
NuMi(High E) 16 4.9.10" 730 3100 7916 26.4 1.5
NuMi(Low E) 4 3.0-10" 730 469 1979 63.8 3.7
CNGS 177  3.5-10% 732 2448 8757 17.1 1.0
JHF (Phase I) 07 19.10" 295 95 346 69.1 4.0
JHF (Phase II) 07 1.2-10%2 295 570 346 414 24.0
SPL SuperBeam | 0.26 2.5-10" 130 16.3 129 16.6 1.0
vF* 30 2.4-10' 3000 17694 | 14842 723 42.3
BetaBeam™** 058 1.2-102 130 84 287 17.2 1.0

*) E, = 50 GeV, 0.2 - 10*! i decayslyr, computed for v .
() v = 150,°He (@, ).

ezzetto, "Neutrino Factory projects”, Varenna, 14 june 2002. 51



