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Gracow School

CNGS and OPERA

\
CERN to Gran Sasso Neutrino Beam :H::n
0
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First Running has

Dave Wark
N begun! Imparial College/RAL

Emulsion lavers
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CC event in the first magnet

horizonial projection

Event Number 115110}

= =< u-track

*'Am2 = 1.2x103 eV2 :
2.7 events

&
=
&

*Am2 = 2.4 x103eV2 :
11 events

* Nffrioia abpdt 36 S ligh/21);
54 events

COPERA collaboration
LNGS, August 21 CNGS/OPERA starting 9

&
=
&

Dave Wark
Slides from Yves Declais Imperial College/RAL
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Dl"if \J I'L Lu ‘HH\'JT'” ;‘ |"h?“|l | ‘
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Coord. 1 "M W i

Installation
Proceeding!

600t to be
operating

BRSEeE Dave Wark
T600 test @ Pv: Run 308 - Evt 7 Imperial College/RAL
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A smoking gun

H""‘-\
\
Froton beaé

LA NS, E accelerator /‘@
varte rtanget

Copper beamstop

Neutrincs

m-\\_\‘
Shielding blocks {zahaged
EBlack Hole area = relics of the ook war)

A thoyzand-sped datector

‘Water plug (rrore shizHing)

Dave Wark
Imperial College/RAL
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A smoking gun too many — LSND

AL
e Backgrounds in red

e Fit to oscillation hypothesis in
blue

Shielding bochs {=shaged
13

1? 5 5 @ Baam Excess

15}

Beam Excess

1251

‘Water plug (rrore shizHing)

Dave Wark
Imperial Gollege/RAL
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A second experiment...

_ 1L5%
JE[MeV]

INSTRUMENTS

liraen br- k. EErnnc. FEL

Dave Wark
...KARMEN saw no effect. Imperial Collage/RAL



Gracow School
LSND and KARMEN not inconsistent with each other

- just with everything else (assuming 3 neutrinos).

95% C.L.

90% C.L.

Joint LSND/Karmen analysis gives
restricted region (Church et al.

i Dave Wark
hep-¢x/0203023) Imperial College/RAL
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MiniBooNE Design

i

Py, v )= sin?20 sin’( 1.2?31116"]5]

L

target and horn decay region ‘ absorber dirt detector

N, W e s

— P~ 23
I_:ﬁ) V,{I%VE"'

primary beam secondary beam tertiary beam

(protons) (mesons) (neutrinos)

Order of magnitude
longer baseline (~500 m)

Order of magnitude
higher energy (~500 MeV)
than LSND (~30 MeV) than LSND (~30 m)

Dave Wark
Imperial Gollege/RAL
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MiniBooNE Detector

The MiniBooNE Detector

* 541 meters downstream of target
» 3 meter overburden

*12 meter diameter sphere

seeseannee (10 meter *“fiducial™ volume)

& & 8 & @ BFAES
# @ & B F B FEAER

" a8 sEBEREN = Filled with 800 t
T EEEEEREEIL

B s & 500 eem of pure mineral oil (CH,)

i & & & & F 8 F S

*ececessssiem (Fiducial volume: 450 t)

REEEELL + 1280 inner phototubes.

240 veto phototubes

« Simulated with a GEANT3 Monte Carlo

Dave Wark
Imperial Gollege/RAL




Cracow School MiniBooNE Detector

Dave Wark
Imperial College/RAL
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MiniBooNE Analysis

+ Data
< Monte Carlo
Corrected MO

intrinsic v
1%° ue.

(TB analysis)

data - expectsd background
- best-fit to full range . les ;
. B . xamples mn
sin”(26)=0.004, Am*=1.0 &V* | 1 o\
sin®(20)=0.2, Am’=0.1eV?  J | Jllowed

range

excess events / MeV

900 1200 1500 3000 Dave Wark
reconstructed E, (MeV) Imperial Gollege/RAL
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MiniBooNE Results

gin®(211) upper limit

— MiniBooMNE 80%6 C-.L.

lq.l._l.
=2
-
2 1
o
E
E

ke
=
=i

B LSND 905 C.L.

=i

102 ;
10°

L.SND 2v oscillation ruled out at 98% c.1. e i
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V)

If neutrinos have mass: 'V l> — Z U I;

For three neutrinos:

UL, Ut B S R @ s,e'f Sl
Uli:@Uu‘ Uy Uu"@:@ @ S“’@DH /. : foy @
1Uo Ur Uell 00 =8\ Sl I e 10 '
where c; = %os ;, anfl s, = sinf,
b
Three Angles
L
.Y .Y Am L
P(v,6 - v,)=sin Y@sin ().VVY )
Iz e E

Dave Wark
Imperial College/RAL



Gracow School

If neutrinos have mass: 'V l> — Z U I;

V)

For three neutrinos:

U,  Ug =Y, [l 1) ! ' H Cyy SweiSH 1Cyv Sy [l
Uli 3 @Uu\ Um qu@: @' Cyy SW@DH } : ) ) ED@_ Syvy - Cyy '@
:UT\ Uy, Urv: ] = Syr Gy [ H_ Swe_ i Cyy H RN ) \:

where c; = cosf;, and s, = sinf,

Two mass differences - each has a sign

:
P, - v,)= sin’ V@sin‘(\."\/{n% )
sin' Y§ = sin ¥
" (@-cosY9) +sin' Y6
0= -YJYG.N E/bm" Dave Wark

Imperial College/RAL
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V)

If neutrinos have mass: 'V l> — Z U I;

For three neutrinos:

U,  Ug=Y,[ [ i FCmey + Sy, Sl
Uli = @UM\ Uu\' qu@: @' Cyy Syv@ @_ Syy Cyy '@
1Un ~Un Uil 0 =8y Cwll RSN X
where c; = cos ;, and s, -
CP violating phase 0
fos - R .Y AmYL
P(v,- v, )=sin Y0sin ().VY )
I e
E
Dave Wark

Imperial College/RAL



Gracow School
What are the experimental targets now?

* More accurate determinations of already measured
parameters (better than CKM?) —is 6,, = 45°7?

— Existing experiments offer (modest) improvements

— Next-generation long baseline and reactor experiments
(T2K will improve on MINOS by ~10x).

Other signatures of oscillations — V_ appearance.

0,,—eitherv, — v, or v, disappearance.

 The sign of Am,,* (or Am,;?)

* The CP-violating phase 0

* The absolute mass scale.
* Are neutrinos Majorana or Dirac?
 Are there more than 3 — neuterinos?

: Dave Wark
* Surprises? Imperial Collage/RAL
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Three neutrino mixing.
If neutrinos have mass: ‘V l> = Z l/ |V

e Ul Usnen s vpiies v s ehy s ol
Uy =00, s B 0= 0w 2 By SWQDH g AN %DD S§e6y '8
:UT\ UTY UT\‘: ] T Sy Gy ] H_ Swe— 10 Cyy H i N \:

where ¢, = cosll ., and s, = sinf

% .
.. (1 + Amd, (1- _51)))
0 95”3%@ Xsmé COg§ % §1r}20 ASITL20 AR D Am3 L
_b(r_, gl7§113j!(’171 0085 00436? Sln 2@7 JL" ZQ)lGJOSA Sln 2A

+8C5551 9. COS 0 — Sin

523 81N 0 sm S111
4.5

+4S?)(g {@95’“ Oﬁﬁv’ﬁm ,5'20—12(8%1% APS 3513 (0%()} sin? AT;L
whiere,82:0  ~0.03  afdlh—=  [Iv4

A

And sin?20,, <~0.14
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Nobs/Nexp

Effect of 3v on reactor disappearance

i = Disappearance on very
short baselines —
no MSW, no CP viol

10° 10*
Distance to Reactor (m)

Measure this small deficit.

2 2
Due to Am? ,<Am?,, ),

this is almost pure 8,

Figure from Josh Klein

measurement

Dave Wark
Imperial Gollege/RAL
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Chooz Reactor Experiment

all data

V.2V, (disappearance experiment)

P.=8.46W,, L=1050km M= 5
overburden: 300 mwe - :

o
e’ energy

® v signal

— MC

Measured
Expected

Positron spectrum

U LTy
turged

Dave Wark
Imperial Gollege/RAL
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Current limits on 8,

' )’xﬂ#ﬁx&)&'ﬁxﬁf?ﬁxﬁxfxfxfr/ﬂff}/’ﬁc«"xﬂr

P S L A A L A A A L

KamLAND 2002
— KarnLAND 20 04

A A A A A AP A A AP A S 8 A A AP G 4 _."'_..

J.W.F. Valle, hep-ph/0410103

Dave Wark
Imperial College/RAL
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Can we improve on Chooz?

* More optimal baseline.

* Two detectors, near and far, to control
normalization.

* Much larger detectors (tens or hundreds of tons).

Dave Wark
Imperial College/RAL
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Double Chooz

{Jfajl_ii.l:

Sensitivity

sin2(20,,) < 0.03 at 90% CL

after 3 yrs, Am_.2 =2 x 103 eV?

hitp-//doublechooz.in2p3_fr/

(_.ﬂ 7

10 tons detectors

8.4 GW,;, reacior power

300 mwe overburden at far site
60 mwe overburden at near site

Z':E
&

L}
LI
il
fi
L
1
e
)
»
i
1
"
Ll
n

Karsten Heeger, LBMNL

Neutrin 2006, Santa Fe, June 15, 2006

see talk by D. Reyna

Dave Wark
Imperial Gollege/RAL
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. ! k. k_}’:’-ﬁh*'
Daya Bay - A Versatile Site <

:_'.‘
AN

Far Site
1600 m from Ling Ao
* 2000 m from Daya . :
Overburden- 350 m b ' ' e
—a ¥ . Ling Ao Near
500 m from Ling Ao
Overburden: 98 m
e B F o —
¥ ¥ . . :'.'_ Ling Ao Il

.,"_;-._‘,:-_ (under construction)

.-h"":..': 1

" 360 m from Daya Bay

qUerburden: bl | Site Reactor v, Signal

near ~560/day

far ~80/day

Mot a rare event experiment,
precision oscillation physics.

Dave Wark
Imperial College/RAL
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Can we improve on Chooz?

* More optimal baseline.

* Two detectors, near and far, to control
normalization.

* Much larger detectors (tens or hundreds of tons).

* Extremely challenging experiments — systematic
error budget on relative rates ~ 1-2%.

* Must understand relative energy scale and
linearity even better.

* Must correct for any differences in backgrounds.

* These are extremely challenging experiments,
and should be treated as such.

Dave Wark
Imperial College/RAL
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Daya Bay planned sensitivity
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Dave Wark
Imperial College/RAL
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Long Baseline v, = v, Appearance

* Modest improvements available from MINOS and OPERA

* Major improvements in sensitivity will require major new
dedicated experiments.
* Superbeams — v derived from mrdecay:
i 2K
— NOVA
— CERN - Modanne or LNGS or...
— BNL - Homestake or Henderson
— FNAL - various sites

[ Beams — v, derived from [-decaying nucleus:

— CERN
— FNAL
— EC beams? — produces ‘monoenergetic” neutrinos

Neutrino Factories — v, /v, derived from u decay:

— CERN
— RAL
— FNAL
- JPARC

Dave Wark
Imperial College/RAL
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Three neutrino mixing
If neutrinos have mass: ‘ V, > Z l/ =

e Ul Usnen s vpiies v s ehy s ol
Uh : @UM\ Um qu@: @' Cyy SW@DH ) : ) ) DD@_ Syv - Cyy '@
:UT\ UTY UT\‘: 0" 7 Sy Cyy [l H_ Swe— 10 4. Cyy H A X \:

where ¢, = cosl ., and s, = sinf

, Am3, L 2a _—
P V — V — —l(r) )Aq 3 Bill' el X (l ‘I_ I. l — 2‘8'.-_“) )
o ,._,:) ~ ~ - y y = -y = A ?7? ) )L . A ]7? )lL A ]72 ‘)l L
‘I‘b(* 1-3;512;513;523 2120923 COS C s ———— SIll —— Hlll —
- AE AE AE
_, . Am3L . Am2, L
(117(’)3511 73135)) sin 0 sin —)2 —)l

An?)lL
1B

9 2 2 ~2 2 2 9 ~
+"ls (’ 3 { ‘ffz(‘f)) + ;5115);519315' g ( 1)(1’73;91 7;973;813‘ COS ()} Qlll

7_ Am),L , Am-lL @hy . .5




Cracow School Common Features - Off-Axis Beams

Far Detector.

Near Detector

* Pros -
— Increases flux on osc. max.

— Reduces high-E tail, and thus
NC backgrounds

.-r_il'---. — Reduces v, contamination
mllli--- -. from K and u decay
----- * Cons —

A
ot — Complicates disappearance

.Il ..‘_._--II- measurement

' 'i.!‘!!!;ﬂz — Increases near/far differences
'-I.l--—h—-! EE*-- — Have to know angle! paye wark

Imperial College/RAL
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Common Features — Targetry is hard.

50 GeV 0.75 MW beam ! N

3.3E14 ppp w/ Sus pulse dose rate

When this beam hits an iron block, >1000Sv/h
cm

40 60

Temperature Rise (K/pulse)

1100°

(cf. melting point 1536°) Material heavier than iron would melt.

v Thermal shock stress ¥ E AT ~ 3GPa
(cf. Ti¥J7 ~300 MPa)
Material heavier than Ti might be destroyed.

v Cooling power and radiation shield 12GeV PS x 100

Dave Wark
Imperial Gollege/RAL




Gracow School p
Common Features — Cross sections are

poorly known in range 0.1-10 GeV

Total vV, CC cross section

O CCFRR

B ENL 7?—feet
0 ANL 1R2—feet
® ANL 12—feet

50,0 100.0

Dave Wark
Imperial Gollege/RAL



Gracow School p
Common Features — Cross sections are

poorly known in range 0.1-10 GeV

CC v, Quasi—Elastic Cross Section

= Serpukov, Belikoy, Z. Phys, A320, 625 (1985), Al

4 BNL, Baker, Phys. Rev, D23, 2499 (1881}, D,

Y ANL, Barish, Phys. Rev. D18, 3103 (1977), D,

o FNAL, Kitagaki, Phys. Rev. D28, 436 (1983), D,

O SKAT, Brunner, Z Phys.C45, 551 (1990), CF;Br

A CERN—WAZ35, Allasia, Nucl. Phys, B343, 285 (1990), D
¢ GGM, Bonetti, Nuovo Cimento, A38, 260, (1977), C;H,

NUANCE (free nucleon)
NEUGEN (free nucleon)
. NUX (free nucleon)

Dave Wark
Imperial Gollege/RAL
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Some are worse than others...

NC Single Pion Production

F — NUANCE
—_— NEUGEN

- GGM, Krenz, Nuc, Phys. B135, 45 (1978), C;Hs+CF;Br
corrected 1o a free nucleon cross section

10

e, (V)

nn°) (107%

olv,n —> v

o

NC Single Pion Production

—
R

N
8]

©

L a GGM, Krenz, Nuc. Phys. B135, 45 (1978), C;Hg+CF;Bn

 — NUANCE
- NEUGEN

corrected fo a free nucleon cross section

Dave Wark
Imperial Gollege/RAL
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JPARC — SuperK, aka T2K

 JPARC Accelerator —
— Phase [, 0.75 MW @ 50 GeV
— Phase I, raise power to 4 MW

— Pl Turn on 2009, but not ful/
power till 20127

— Approved
- Under const.

Super Kamiokande ~205kim JAERI
- [ -ﬁmfxﬁﬁimmu. {Tokai)
e ]

KEK
Gifu To o 3

O sk

L M %
Kyt g 0¥ Vokohaiia
@

ek
9

e 2800 25 0.0 mvi /6758 km airgn

* Far Detector — Super Kamiokande
* Rebuilding completed!

Dave Wark
Imperial College/RAL
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T2K

* Near Detector @ 280m

_ Built inside UA 1/NOMAD\

magnet for p, measurement

— Sandwich calorimeters/trackers
and TPCs for precision beam
spectrum and composition
measurement.

Artistic view of LAr integration in 2km underground site

* Near Detector @ 2km

— Near/far spectral
— uncertainties negligible
— Water Cerenkov, MRD, and LAr

Dave Wark
Imperial College/RAL

Incoming
neutrino
beam
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L/E well-tuned to CCQE,
Critical for untangling + Expacted ignaksc

sin?20,,=1.0
Am?=0,003eV?

Beam [ 20 [ detector  tamiBe

— BG from vp+antivu

-
N

—

5
Reconstructed Ev(GeV)

o
=)

Super Kamiokande
well understood,
Ideal for separating
Electrons, U, T

e

g
'Y

®
o
o~
£
O
3
=
o
M
L
=
>
+
2
T
=z
=+
a
-
e el
8
b

Dave Wark
Imperial Gollege/RAL
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T2K Sensitivity

o
o

(<]
o
CP phase 5 (degrees)

CP phase 5 (degrees)

.. Dave Wark
Plot from I. Kato/ Imperial College/RAL
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N O V A figure courtesy M. Messier

Medium F nergy NuM| Beam T une

| rates for L= 810 km "-*"'-,_
» Use Existing NuMI Goal |
beamline

Build new 30kTon
Scintillator Detector

820km baseline--
compromise between
reach in 0,; and matter
effects s

v, appearance
In v, beam

+ O mrad '. J
7 mrad <]
— 14 mrad &

CC events/kt/3.7E20 POT /0.2 GeV

v,

figures courtesy J. Cooper

400

; ﬁ;_..‘-'.,. . :
v
8%
3.87 cm L~ _

4——-—- Plane of vertical cells ;"ﬁ%d"“ﬂ““‘w*“w#*ﬁﬂ““w&ﬁh““?ﬁ““ﬁﬂm“

\ Plane of horizontal cells VE+A_)p T‘:+ T e
6 June 2005 Kevin McFarland, Neutrinos (Expt'l) 40

Dave Wark
Imperial Gollege/RAL




SUSY05 NOVA

« Scaling detector volume is not
so trivial

NOVA

15T m

« At 30kt NOVA Is about the same mass as BaBar,
CDF, Dzero, CMS and ATLAS combined...

Dave Wark
Imperial Gollege/RAL
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=7 3o Sensitivity to sin?(2013)#0

® Advantage to equal v/v running:

» More consistent reach in sin*(20:3) vs. 6 and mass hierarchy

3 o Sensitivity to SII‘I-II?IIH} + ) 3 7 Sensilivily to :iinat?il”‘l =0

L=B10km, 26 KT | = [ v : [ L=810km, 26 kT
Amt= 2610 ¥ o o B | / Am.y? = 2.6 10 3 an?
/ Bin 20,0 = 1 I fll,r" gin (26, b = 1
N ¥ only Equal

vandVv

L 8032107 peot b o50.2x10™ pot
All v runniing [ foreach v and v
—_— Aamis 0 Fiam= Amc = 0
— am’< 0 [ — am'< 0

T 5 = 4
: i 10 a0
5ind[2l;13',l SinTI20, 40

P Shanaham - Fernmlab Santa Fe, Jone 17, 2006

Dave Wark
Imperial Gollege/RAL
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Mass Hierarchy

Reminder:

Matter effects enhance
(decrease) v oscillations
for normal (inverted) MH,
vice-versa forv

-'.\.-IEI:.‘ ..i. = I.-:f-ll-jl GE:I.I‘I-. T;I_ IFEIF:-_JIHII- 1u1l

0.16

Inveried?
Normal

\E=~5=0,
inoreases

| countar
| clopkwine

2

1.8

1.5

Effect at a fixed L/E 1s
proportional to baseline:
unique reach for NOvA

95% CL Resolution of the Mass Hierarchy

T L=810 km, 25 kT ]

[ sin28,.}=1

[ Nowva

—

For each v and v,
- 30.2x10% pot

lam.,21 = 2.5 107 oV?

I __"|.|'r‘|1:|-‘|:|

b o— Amte O

lam,, 2 = 3.0 107 oV*-.
2 o .

10 '12
sin (2b,,)

Santa Fe_ Jone 17, 2006

Dave Wark
Imperial Gollege/RAL
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@] CERN:P-beam baselne f
BRiaiaL
scenarpo

Nuclear
Physics

SPL /\

Decay ring

ISOL target Brho=)°++ Tm
& Ion source B=°T

ECR LSS = YO m
Cyclotrons,
linac or FFAG

Rapid

cycling
synchrotron \_/

‘He- (Lie' v
AverageE,, = ).4YY MeV

P. Zucchelli, Phys. Lett. B, oYY (Y++¥) Y1) VY

Beta-beam study group \.Ne~ (Fee'v

Dave Wark

Slide from M. Lindroos Imperial College/RAL




SUSY0o

A Neutrino Factory

5 GeV ,
1.2 GeV Rapid cycling 4 MW Mtum phase
0.15 GeV RCS synchrotron target + rotation and
==

H-
Source

pion capture cooling
and decay

1.7 GeV
R=65m muon linac

_ . Re-circulating
Neutrino factory at RAL linac
(schematic and not to scale!)

1.7-7.5 GeV

Re-circ.
linac

Dave Wark
Imperial Gollege/RAL
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Further Ideas — the Wide Band Beam
(WBB)

BNL — Rocky Mountal#is ¢
natural geographical advan

present in other potential world

e 28 GeV protons. 1 MW beam power. Horn focussed
e 500 kT water Cherenkov detector stationed in a new DUSEL.

e baseline > 2500 km. WIPP, Henderson, Homestake 8 Wark
Imperial College/RAL



Cracow School Further ldeas — the second maximum

T2KK: Tohuku—>Kamioka—->Korea with 2 72-HyperKamiokandes

Dave Wark
Imperial College/RAL



Comparison: mass hierarchy

Mass
hierarchy

0.8

o
(=3

o
I

[=
=
2.
5
B
LL

1073 1072
True value of sin“26,4

[ SPL
[_JT2HK
[ WBB
[ INF
[_1BB

T2HK
Systematics: 2% — 5%

Neutrino Factory

Golde

E" =

Golden* (4000 km), Golden* (7500 km)
E =20 GeV

n, 4000,
50 GeV

Beta beam
v=100
500 kT H,0 € (130 km)

v = 350
500 kT H,O G (730 km)




Comparison: CP violation

CP violation

I SPL
[ JT2HK
.-: WERB T 2 HK
5 CINF Systematics: 2% - 5%
= [ 1BB
True value of $in:;IEH1 3 T = 1“0

' 500 H,O C (130 km
Neutrino Factory KT H,0 G ( )

Golden, 4000, v = 350

E,=50GeV| | 500 KT H,0 ¢ (730 km)
Golden* (4000 km), Golden* (7500 km)

E =20 GeV



Sensilivily 1o CP violation at 3o

;my | What do we learn?
‘I‘l‘ a0

. |
BB NFat ape2s 55l = 0.0035 eV ©
h —y | 1Am2,|=5x10"5eV?

B 100 sve=2-5%
SPL sys=2-5% |

- - I =
SPL+PEIOD sy5=2 j-if.!J sin 2913 = 0.004
TIHE sys=3%

LINN

—
I
i
-
T

pr
L |
T

True value of jep

15400

1635 }

| GLOBES 2005

Bl , , 1
10 9 10 # nE in

- L3 1] ¥
Irue value of sin® 284

Both (BB+SB+MD) and NUFACT outperform e.q. T2HK on most cases.

] 1 L L}
2000 4000 &000 8OO0
Baseline (km)

combination of BB+5SB is really powerful.

3. for sin©20,; below 0.01 NUFACT as such outperforms anyene

4. for large values of 8,; systematic errors dominate: &
Matter effects for NUFACT, cross-sections for low energy beams. . kj :

This is because we are at first maximum or above, — CP asymmetry is small!
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All ideas beyond T2K/NOVA require
HUGE detectors

Liner

_Plat form

Quter Detecto

Inner D

Photomultipli

=

Height 58m

Wire
chambers

Cathode
planes

Dave Wark
Imperial College/RAL



Gracow School :
Absolute Neutrino Masses

J. Wilkerson

—
[« 5]
=
o
—
[« 5]
—
—
a
=
—
>
o
[4=3
=

Dave Wark
Imperial Gollege/RAL



Gracow School
So what does this all mean about neutrino mass?

; [t “probably” looks
L0 ( something like this
m; I

~

- A2, ~ 2.5 x 103 eV?

Dave Wark
Imperial College/RAL



Gracow School
So what does this all mean about neutrino mass?

Log m? But 1t could look like this

|

v, I ¢ -, I
o

m, T
m; [T m, I

o V. H v
Dave Wark
Imperial College/RAL
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This makes a factor of two difference in the
cosmological contribution, but a factor of two

on what?
Log m?

m; I
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Even more significant is the absolute scale.
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Does this look natural?
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Measuring absolute m,

* Supernovae — Prodigious producers of neutrinos,
and measuring time shifts can in principle measure
neutrino masses, m, <~30 eV.

* Kinematic limits: If you believe the oscillation
results, all Am*<<1 eV, therefore only v,

measurements have useful sensitivity — current
best 1s Tritium Beta Decay, m, <2.2 eV.

* If neutrinos have Marjorana masses, then zero-
neutrino double-beta decay is allowed —
observation of OV([3 dsxa P would be direct
evidence for neutrino mass, <m > < ~1.3 eV.

* Neutrinos are the second most numerous particle
in the Universe — even a tiny neutrino mass could

have astrophysical implications, 2m, < 0.23 €V (e wark
Imperial College/RAL
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Conclusions

* Neutrino masses and mixings give the first confirmed physics beyond the
Standard Model.

* MiniBooNE results remove the last inconsistent result from a picture of
three massive, mixing neutrinos.

* More accurate determinations of already seen parameters will probe
symmetries of the theory.

« We must now push to see the three sines — sin’28,,, sign(Am.,,?), sin 0. The
first target is to see v, — V., which is the target of T2K and NOvA, and/or
reactor disappearance on ~ 1km baseline.

* There are a number of options for the steps beyond that — 3 beams, EC

beams, Supererbeams, Neutrino Factory — a vigorous discussion is taking
place to select the optimal programme (join in!).

* All of these next steps have substantial experimental challenges, but a
large, coherent, and strongly interacting world community exists which is
making excellent progress in understanding the opportunities and
constraints — a world scoping study for the NF is approaching completion.

* The absolute mass problem is just as interesting, and a vigorous
experimental community is attacking there as well.

* There are also HE astrophysical neutrinos, SN and relic SN neutrinos, etc.

! , ety Dave Wark
There 1s plenty of work for everybody. Jom in! Imperial Gollege/RAL
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“This could be the discovery of the century. Depending,
of course, on how far down it goes.” Dave Wark
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