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FPGPO7 The Maki-Nakagawa-Sakata-Pontecorvo Matrix
N N sy

If neutrinos have mass: i g 2 i AP,

For three neutrinos:

)
el Ue2 UeS @ O S1361
el - 1 0 #fp—

Url Ur2 Ur3 5 136_i8 0 C

086,, anfl s, =sin 6,

b5 5 Am’L
Plv, - v, )=sm"20sm" (127 e )
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FPGPO/ The MNSP Matrix

2 3 4 5 | il . P \
If neutrinos have mass: | V| /

For three neutrinos:

| SRR E 00 oty & 53 | 0 0
U, = Uul Uuz Ups =10 ¢y Sy
0

Url UT2 UT3

— 85 Cy3

where ¢, =cos0,,and s, =smn 6,

Two mass differences - each hasa sign

. . Am”
P(v, = v,)=sin’20sin’ (127~ )
sin” 280 13

(w=c0s26)° +sin” 286

®=-22G N E | Am’ Dave Wark
Imperial Collage/RAL
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FPGPO/ The MNSP Matrix

2 3 4 5 | il . P \
If neutrinos have mass: | V| /

For three neutrinos:

[ Tt 0

Uuz - Sy |

el

wl
Url Ur2 — 85 Cy3

where ¢, =cos0,, and s,; A

CPviolating phase 6

5 i Am°L
Plv, - v, )=sm"20sm" (127 e )

Dave Wark
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FPGPO7 Measuring 6,,, 4m,,% — Solar

NAaitrinnce
INCTCULIITTIVUO

Total Rates: Standard Model vs. Experiment

Bahcall—-Pinsonneault 2000

4 2.56+0.23

Theory

0.4510.02 gz

10.54+0.08

H,0 Ga

"Be m P—P. pep Experiments mm
5B m CNO

Dave Wark
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HPGPO7 Measuring 6,,, Am,,2 - SNO

Vx-l-d%p-l-n-l-Vx

Q=222 MeV
- measures total 3B Viflux from the Sun
- equal cross section for all v.types

Dave Wark
Imperial Gollege/RAL




Measured SNO Fluxes

Assuming B energy spectrum ...

-1

“.'f 6 SSM Prediction (BPB 2000 =
5 g 4 AE
> § Fluxes (x 10% em™2 sec™ 1)
% S Lo £
=
= ; 4 =0 R .
o 4 doc = LT6T)08 (stat.) £ 0.09 (sys.)
% ! n on—+0.24 1 ¢
3 3 bdps = 2.3970733 (stat.) & 0.12 (sys.)
0.5
Lo = not0.44 +0.46 o~

2 One = 5.09T573 (stat.) 5 (sys.)

1

oL

0.0

Repeated with NaCl to enhance NC signal, blind analysis

—All results agreed.
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7 Measuring 6,,, Am,,2 - KamLAND
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[ 80pLs
—+Np—>dYy(2.2MeV)

[soparaffine Based
Liguid Scintillator

X : 1200m*"3
{ A a,

Sum over all Japanese power reactors... Dave Wark
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FPCPO7 _
Measuring &,,, Am,,2 - KamLAND

2.6MeV ® Eaml AND data

analysis threshold best-fit cacillation
best-fit decay

—— hbest-fit decoherence W]th rEE]
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/distribution
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Proved (with other results) that neutrinos oscillate...

...or at least do a damned fine impression.

Dave Wark
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Sk Measuring 6,,, Am,,?

Matter-enhanced oscillation

/

KamLaND+Solar

B 95% C.L.

99% C.L.
B oo.73% C L
best fit

| |

® globa
1 1 | 1 1 1 | | 1 1
0.6 0.7 0.8

Solar + KamLAND Imnerli]zﬂvl?nmll‘al;ml




HPEPO7  1st Smoking Gun — SK Atmospheric

ATMOSPHERIC NEUTRINOS

Ratio of Vy/Ve ~ 2 Up-Down Symmetric Flux
(for Ev < few GeV) (for Ev > few GeV)

Observed ratio ~1, Look at zenith angle distributions...

Dave Wark
imperial Gollege/RAL




FPCPO7
SK data as a function of zenith angle

Super -kariokance 343 days Preliminary
| ' | ' | ' | ' i ' | ' | ' | ' |

| multi-GeV e-like | multi-GeV mu-Ilike (FC+PC)]

# [Data

[7] Predicted

— NUMuU-Nutau osc,

-06 02 0z 08B 06 02 02 0B
cos(zenith angle) cos{zenith angle)

Dave Wark
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HPEPO7  1st Smoking Gun — SK Atmospheric

Complete Atmospheric Sample from SKI+lI
with result of best fit

Sub-GeV e-like Sub-GeV j-like 300 mutti-ing p-like Upward stopping p
P oo 200 Beic P oo 00 Be'ic
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]
Sub-GeV e-like ~ Sub-GeV ji-like [ L Upward thraugh-going

P = 400 MaVic - F = 400 Maic i [ non-showering u
40 [
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. r showearing
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200 |

100 F

D 2 Y L a8 EI'
-1 0.5 [a] [ - 0.5 0 05 1 -1 -08-086-04-02F0
cost cosb cost

SK-I: 1489 days } 23.000 V's
SK-1I: 804 days 100 MeV - 10 TeV

Latest analysis from Chris Walter, ICHEPOG.

Dave Wark
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FPEPO7 First Accelerator Confirmation — K2K

2 . [\T,:_? [\7 6{&7)6 ;’g'/ﬁg A ~1 event/2days

~101v,/2.2sec ~10°v,/2.2sec
12GeV protons (/10mx10m) V (/40mx40m)

Tar ﬂtt+llmy‘
"llllm 7 YT
decay pipe 250km

7T monitor
Near v detett(ns

K monitor
(monitor the beam center)

Signal of v oscillation at K2K
» Reduction of v, events
o Distortion of v, energy spectrum

Dave Wark
imperial Gollege/RAL




FPGPO7

=
(o2}

=
(<2}

Final K2K Statistics

events/0.25[GeV]

=
N

=
N

=
o

sin%20 = 1.19 £ 0.23

Plots from Pier Loverre’s talk.

Oscillation — disappearance — two flavors analysis
Am? = (2.55 % 0.40)x103eV?

1.88x102 < Am? < 3.48%x1073 eV? (90%CL) for sin?20=1

) Wark
imperial Gollege/RAL



Neutrinos at the Main Injector t’

Absorber Muon Monitors
Target D . -
ecay Pipe
\ Target Hall yrp ut
1200 GeV
||::1:ru:- A g — T , _ o
ram # __1. -
Main Injector [||:||-|-]5!¢|!:’-'| at A T
10 m 30 m '
675 m
5

Hadron Monitor
* 120 GeV protons strike 0.9m graphite target 10"

+ 0.14
®* Zfocusing horns: 180kA, eachis 3m long 5 o1 Beam MC —LE
* 2mdiameter evacuated decay pipe (<0.5Tarr) %ﬂ o :'::
* 4 Rad-hard monitoring planes see remnant p, i E’:n_m
* Target position adjusts to change beam energy Eﬁh'ﬂﬂﬁ
* 10 psspills at upto 0.5HZ o
v,= 92.9% g *™
OnAxis: V= 5.8% W o.02
—_ 0
Votv,=15% ©,,

]

: : 2 4 B8 B 10 12 14 18 18 X
148 January 2007 Ceborah Harris WIN'OT Enerav (GaVl



MINOS Detectors ﬁ

P ™

®* 930 tons, 1 km from targst N
* Data usedto predict » spectrum aftar

detector
* 48mx3Em,15mlong
* I:r[:lrlt end Hear Detector Event Thmin
electronics Mg
read out a |
every 3
19nsec e 1 1) ‘ | | |
T e T T
Tima in Spill Gata {j sec)
2 L= 5AKT, 735km .. e
V. S, & /,* 8 moctagon, .g :
~ Magnetic Coil, =8 20 m long ],,.j_ I[
* Front end g |
electronics o3 |
capable <Tusec 't [

tlmlﬂg regl:llutll::lﬂ = 15 B F ] 2 1w 1 2 XM MW

Tima relathve Bo FD agl B prediction |ja]



Energy Spectrum Tuning

7 U
1 30
& [Data = -
— Flukad5 MC 1 20
—— Full MC Tuning .
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Fewelght pion x and p; to
Improve dataMiC adgreement

Include harn focusing, MC norm
and energy scale as nuisance
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Fit for Oscillation Parameters
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Best Fit Confidence Intervals

+«Contours are for the matrix
method and include fit for
nuisance parameters

+Other methods give consistent
best fit points

MINOS results already
competitive with other
experiments

!ﬂumiz =2.747"% (stat + syst)x 107 eV?

=26
sin“28,, =1.00_, , (stat + syst)
Normalization = (.98
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HPCPO7 What about 0,7

Novrlindad s
EXCIUdcCd DY

Chooz Reactor
sy, Lxperiment

1,
o

/

g : - Dave Wark
All we have at present are limits, showing €5 is small... \mperial Collegg/RAL




FPGPO/ What are the experimental targets for new
accelerator experiments?

More accurate determinations of already
measured parameters (better than CKM?)
=18 O5°=45°7

Other signatures of oscillations — v
appearance.

0,;— look for v, — v,
The sign of Am,,;? (or Am,,?)
The CP-violating phase 0

First, however, resolve the LSND anomaly.

Has now been done! See talk by H. Tanaka. We don’t

know what happened to LSND, but it doesn’t appear to

. : Dave Wark
be oscillations... imperial College/RAL
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PO The near future — CNGS and OPERA
WA\ S

CERN to Gran Sasso Neutrino Beam

5 yrs nominal running, best-fit SK
~12 signal events, ~1 background

Ready for data taking
autumn 2007 Imperial Collage/RAL

Dave Wark

Emulsion layers



FPCPO7 Three neutrino mixing.
If neutrinos have mass: i V, > — Z U " i V. >

0 Ci3 0 313618 Ch, Sp
Sy3 |- 0 1 0 o - b=gppoei, -0

— S35 Cys —55€ Cis

F, = sin” 26 ,sin” 26,,sin” A
T arsin26 ,sindcosf, sin2@ ,sin26,, sin’ A
—rsin26,, coso cosf . sin26,, sin26,, cosAsin2A
+a’ cos 8,,sin’ 20, sin” A

wherea= ~0.03 andA-= ~Tt/4
And sin®20,; <~0.14

Imperial College/RAL



FPCPO7 Three neutrino mixing.

Until limit 1s improved by a factor of a few the
first term dominates.

Optimal situation for CP measurement 1s when all
terms are = equal, or when sin?260,; ~ 0.01.

= sin’ 26, sin’ 26,, sin” A

T arsin26 ,sindcosf, sin2@ ,sin26,, sin’ A
—rsin26,, coso cosf . sin26,, sin26,, cosAsin2A
+a’ cos 8,,sin’ 20, sin” A

wherea= ~0.03 andA-= ~Tt/4
And sin®20,; <~0.14

Imperial College/RAL



FPCPO7 Three neutrino mixing.

Sub leading v, — v, oscillations

<E ==100 Ge ) . 9 . s L
in’(20, =0, r,'.f Iﬁ”."lfl,.'"'u'"'u"u'"u"-.ﬁm p(}./“ 7 I)[:) - 'l‘tl 351! {C’EJ sin 10 613 driven
AR B

Am2.L . Ami.L = Am? L
+ q(’u"u 813823(C12€230080 — $12813823 ) COS -LE‘J -sin ” sin — -L; “Peven

- Ami, L _\mHL CPodd
— 8c2412€938128138038in  8in -2~ gin —--12" gip —- 12 “Podc
9 4E 4

4F

sn(li,J 0.8
:
7 5i 2
Bmiz =2 5E-3 eV mﬂh

s:'?mf:_’ 7E-Seb? J_J.u,u

Pl

of P e

&=0 Solar peak

+ 4siycla{caeds + sTp933875 — 2c10¢23812803513¢088 ) sin - I 22~ solar driven

o~

1 1 1 1
S000  1o0m0  1sa00 20000 2s000  3noan P A??l L ._\n}'?i L al ) . o
L (km) — 30‘1225‘{3.953 cos - —Lé_‘d_ sin — -_;—-1-5’— 1E — (1 - 2.9f3) matter effect (CP odd)

- 6,5 discovery requires total
ol

probability greater than solar

driven probability

CPodd ™

u.um% Solar _\_-» . f A
3 ...t Leptonic CP discovery requires
P(u;_ﬂ‘-}e} P(V{,_’ye}

OP = Blop v § P, —oe) 7

M. Mezzetto, Taup 05, Zaragoza, 13 september 2005,

Dave Wark
Imperial College/RAL




FPGPO7 Three neutrino mixing.

Most experiments make essentially one measurement of
P(v, = Vo).

There are correlations between parameters, including ones
that cannot be measured at accelerators.

There are degenerate solutions from the sign of Am,,? and
whether 0,; is greater or smaller than /4.

2
o Amg, L

, 20
P(v, = 1) = ACH S5, S sin? 2700 x (11 Sl (1-25%))

; AmLL | Ama L . AmiL
18C135912513593(C12C53 08 6 — S19513553) oS TEQ i Z’gl - TEL

o AmBLL . AmjL . Am3 L
—807;3C12C23512513523 sin d sin Z%z sin Z%l Sin T};l

~|—4Sf_>0123 {01220223 -+ 812282238123 — 2012023812823813 COS (5} Sil’l2

AT DA R 5

Am3, L
1E

2 o2 o2 ,




FPGPO7

Long Baseline v, <V, Appearance

Modest improvements (factor~2) available from MINOS and
OPERA
Major improvements in sensitivity will require major new
dedicated experiments.
Superbeams — v derived from 7 decay:

T2KI, T2KII

NOVA, NOVA + Proton Driver

CERN — Modanne or LNGS or...

BNL — Homestake or Henderson

FNAL — various sites

[ Beams — v, derived from Sdecaying nucleus:

— EC beams? — produces “monoenergetic” neutrinos

Neutrino Factories — v,/v, derived from u decay:
~" CERN

RAL

FNAL

JPARC Dave Wark
imperial Gollege/RAL



FPGPO7 JPARC — SuperK, AKA T2K
« JPARC Accelerator — : =
— Phase |, 0.75 MW @ 50 GeV
Phase II, raise power to 4 MW
Approved
Under const.

Super Kamiokande ~205km

SK*

Gifu

. r.h r
P Vokehaiiia

[ch 2000 EENI

e Far Detector — Super Kamiokande
o Rebuild (completed).

Dave Wark
Imperial Gollege/RAL




[IPP7  Common Features - Off-Axis Beams

Far Detector.

Near Detector

Decay Pipe

TargetHorns
SRS - W = | IOt - S

Am?=3x103eV? |

L=295km — Increases flux on osc. max.

— Reduces high-E tail, and thus
NC backgrounds

— Reduces v, contamination
from K and u decay
e Cons -

— Complicates disappearance
measurement

o Loiph i TRee V| — Increases near/far differences
LT e YOG VO SO N -~ — Have to know angle!
E— 9% Dave Wark
E, (GeV) imperial Gollege/RAL




FPGPO7

L/E well-tuned to CCQE, |
Critical for untangling [l + ey o

L sin 2(-) =1.0
30 Am? OOO3eV

Beam ® X6 ® detector | B

251
[ — BGfrom vu+antivu

vy tn—uUtp 200

15

101

-
[

5|

T IO AR
000511522533544.55
Reconstructed Ev(GeV)

-

o
(-
T

Super Kamiokande
well understood, ;-
Ideal for separating v
Electrons, u, 1’ '

o
[

S
B

O
¢
o
E
o
3
o
-
—
7]
-—
—
>
+
=
b
=
+
a8
-
St
8
b

o
[
——

Dave Wark
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FPGPO7

 Near Detector @ 280m
_ Built inside UAT/NOMAD \
magnet for p, measurement
— Sandwich calorimeters/trackers
and TPCs for precision beam

spectrum and composition
measurement.

— X(v,n)X' — X(n,2%X'?

Artistic view of LAr integration in 2km underground site

Near Detector @ 2km

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

neutrino
beam

Dave Wark
imperial Gollege/RAL




FPGPO7

T2K Sensitivity

=
a1
o

0,420.625 " ¢
(5i1720,,:= 0.9) :

CP phase 6 (degrees)

CP phase 6 (degrees)
o )
o S

Plot from I. Kato/T2K I_lave Wark
imperial Gollege/RAL




FPGPO7

Design sensitivity

v, disappearance

' K 1000 18500 IO ZACD SO0 A0D0 43X 4800 Baoo

D000 JACC S00a 3D 4K 4BR00 3I00

5(sin220) ~0.01
5(Am?)  <1X104(eV?)

NOvVA will
also be
sensitive
tov,
disappearance

Dave Wark
Imperial Gollege/RAL




FPCPO/ NOVA

Minnesota DNR - ToMO Service USGS 1:24,000 Quadrangles

. . o, o = S 3 SRR e

o

L")
-

- e o

Bathtub for full 0o
containment ~_

‘A
&dt Bi r [
Py
u.
Calin Ferl Fomnos
i T il x L )
;‘_ 1?’ Pt rmea Dbsna i Falle ™
" priced
: Wabetogaka
Ew
I-.
‘| Ash [
BigWally

Angoea

] aluror
Chishalm L ;

twstith [0

[a]

Hibbimg

Dave Wark
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*

NOVA Detectors )

ranger

containment

target
veto

-
2

P SUBETT.N

25 [ons

1984 liquid scintillator planes, no additional
absorber (~80% active)

Scintillator cells
A8xB0x1570cm

Fead out from one side per plane with APLIS

Expected minimum signal 20pe

126 tons of scintillator, 83 tons of steel

23 ton fiducial mass

186 liguid scintillator planes in target, 1010
muon randger, 1m of steel

Same cell size, same minimum signal

Fead out from one side per plane with AFLs
plus faster electronics than in far detector



v-0scillation at Nuclear Reactors

Smal I-ump_ri-rucle oscillation Large-amplitude
due to 01 integrated over E oscillation due to A,

208 Lo Singd;; =0
2 APy = 25 X 10 eV?
E . ﬂ? - - Simli:.:.éulzﬁ. - e
D el AmE, - 82X 107 el

3
0.5
12 04 f =— far
0.2 | |
o | 10 100
near
detertor Baseline (km)
16
- L | I | T T T - | |
A 003
;nm
L=
n.02
parent energy-spectrum: §x Jdy E

2
th

2

:

=i IJJIJJI.IJJIJJIIJI.IJI.IJI.III.I.IJI.I-

Jarmary 16, 2007 parent T-anergy MoV

S



_______________________ T he__De_te_ctor--.;

Target:

10.3 m? of 0.1% Go-loaded liguid scintillator
in armim thick acrlic wvessel (d=2.3m)

Outer Systems:

Cuter Muon Veto
Calibration, Glove box

—

Gamma Catcher:
22.6 m? of undoped liquid seintillator with
the same optical properties
) _ m’lEmm thick acrylic vessel (dr=0.55mm)
"‘ Buffer:
114.2 m? mineral ail,
amim thick stainless steel vessel (dr=1.05m;
365 10" PMTs

Inner Veto:
~80 m? liguid scintillatar,
10mm thick stainless steel vessel (dr=0.5m)

~70 PMTs (8")

b passive Shielding:

ateel (17 0mrm)




13

tectors: moved to underground

. h uqce.ss tunnel. -

swnppﬁd between
g via hnrl;:qnfnl tunrels,




&=

Systematic Uncertainties

- Reactor-related:

L3

Number of cores a | o,(power) | o,(location) | 7, (total)

4 0.338 | 0.035% 0.08% 0.087%

6 0.392 | 0.097% 0.08% 0.126%

+ Detector-related:
Sowrce of uncertainty Chooz Daya Bay (relative)
\whselute]  Baseline | Goal | Goal w/Sswapping
#protons | H/C ratio 0.8 0.2 0.1 0

Mass - 0.2 0.02 0.006

Detector | Encrgy cuts 0.3 0.2 0.1 01

Efticicncy | Position cuts 0.32 0.0 0.0 0.0

Time cnrs 0.4 0.1 0.03 0.03

H/Gd ratio 1.0 0.1 0.1 0.0

0 mulupliciry 0.5 0.05 0.05 0.05

Trigger 0 0.01 0.01 0.01
Live tune 0 =001 | <001 = .01
Tbtal deteetor-related nncertaimty 1. 7% 0 38% | D 18% 0. 12%

16




FPGPO7

A possible future. ..

g - Chooz Excluded
S, MINOS
s =
-1
E‘E 1& #‘_‘ QPEHE
- World lImit ‘..‘
Mezzetto
2
10
- Computed with:
ﬁgpﬂ
I—— Eig“{ﬂ.r.z —
I I I
2006 2002 Fadl (1) 2012 2014 2016
Year



Determining the Mass Hierarchy

A N
85% CL Resolufion of the Mass Hieranchy

2 r

+ Comparing v and anti-v £ TS
probabilities, there is a region of .. | res

phase space where NOvA could ,
determine the mass hierarchy i S

i ; 0.2 1 e

0E I Olamggl=aginte® o7 i

95%: CL Respluticn of The Mass Higmarchy — s
3 e  — ;'.n'- = ':-"
¥ 5 e | Lestomm 26kt b
o ) . ein‘iza izl o4 |_ 5 ,II.:.;
F | e a |Ummiie
. b oamiam am®e 0
. I:l I.? =
i 10 e,
13 N sini20,,
1 10 pon
" o N it « NOvwA and TZK upgrades when
Ct Y v combined do even better than just
o b ~/ !_*_‘_f?_::.?_}:‘“““’: upgrading one by itself
. ' II:in 20, I'

15 January 2007 Ceborah Harris WMDY a0



HP:PO7 Three Ways Forward?
e Superbeams:
v" We know how to build them (except for the targets).
v The beams are “cheap” (relative to the others).
x The beams are not pure, and not well focussed.

X'The detectors have to be huge.
B Beams:

v" Produce pure flavour beams.
v' Synergies with the nuclear physics programme.
x If low 7y, need huge detector, 1f high vy, expeénsive.

e Neutrino Factory
v Most intense source.
v Gives two beams at the same time.
v' Synergies with pu-collider development.

x $88... Dave Wark
imperial College/RAL




Mass
hierarchy

Comparison: mass hierarchy

0.8

o
(o

=
T

Fraction of opp

0.2

T2HK
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Comparison: CP violation
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FPGPO7 Conclusions

}VTCULI 1no UbblllatlUllb arc dan CDLGUILDIICU P 0pel Ly
nature (and the first confirmed physics beyond the
Standard Model).

The parameters of the MNSP and v mass matrices are
windows on higher scales, and understanding them 1s
an essential element in developing BSM particle
physics.

The pattern emerging from experiments hints at higher
symmetry, but needs better measurement!

There 1s no access to this physics except through
specialized facilities — the LHC and ILC will not help.

This game is just beginning and will provide a rich
field of particle physics.for years to come.

Join us!

Dave Wark
Imperial Gollege/RAL



FPGPO7 Editorial Comment

It 1s.commonly stated that science only
progresses where there are problems.

Two of the main CP “problems™ (the strong and
the SUSY) arise from the failure to observe the
electric dipole moment of the neutron.

Particle EDMs (or rather the lack of them)
provide some of the strongest constraints on
BSM CP violation.

No mention at this conterence...

Invite someone to Taiwan to give a talk.

Dave Wark
Imperial Gollege/RAL




