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Towards GP Violation
Where did the 1dea of the neutrino come from?

There were problems in the early days of [3 decay.

F. A. Scott, Phys. Rev. 48,
3 spectra were 391 (1935) Instead of

continuous discrete

12 1A 20 x10°
\ (electron volitsy

F1G. 5. Energy distribution curve of the beta-rays.

And the spins didn’tadd up... 1C > 1*N + e~
spin0  spin1l spin 1/2

Bohr: maybe energy/momentum not conserved in 3 decay?

Dave Wark
Imperial College/RAL



Towards GP Violation
Pauli’s Solution...

Dear Radioactive Ladies and Gentlemen, §,_X\{,¢
As the bearer of these lines, to whom | graciously ask you to listen, will explain to you in mere
detail, how because of the "wrong" statistics of the N and Li® nuclei and the continuous beta
spectrum, | have hit upon a desperate remedy to save the "exchange theorem™ of statistics and
the law of conservation of energy. Namely, the possibility that there could exist in the nuclei
electrically neutral particles, that | wish to call neutrons, which have spin 1/2 and obey the
exclusion principle and which further differ from light quanta in that they do not travel with the
velocity of light. The mass of the neutrons should be of the same order of magnitude as the
electron mass and in any event not larger than 0.01 proton masses. The continuous beta
spectrum would then become understandable by the assumption that in beta decay a neutron is
emitted in addition to the electron such that the sum of the energies of the neutron and the
electron is constant...
| agree that my remedy could seem incredible because one should have seen those neutrons
very earlier if they really exist. But only the one who dare can win and the difficult situation,
due to the continuous structure of the beta spectrum, is lighted by a remark of my.honoured
predecessor, Mr Debye, who told me recently in Bruxelles: "Oh, It's well better not to think to
this at all, like the new taxes". From now on, every solution to the issue must be discussed.
Thus, dear radioactive people, look and judge. Unfortunately, | cannot appear in Tubingen
personally since | am indispensable here in Zurich because of a ball on the night of 6/7
December. With my best regards to you, and also to Mr Back.

Your humble servant Dave Wark
. W. Pauli Imperial College/RAL
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How to detect them?

« The detection of neutrinos was an extreme
challenge for the experiments of the mid-
twentieth century — Pauli, in fact, apologized for
hypothesizing a particle that could not be
detected.

e InaC

nalk River report in 1946, Bruno

Pontecorvo pointed out the advantages of a

radioc
SRR

nemical experiment based on v, + 3’Cl —
e (and even mentioned solar nNeutrino

detection using this method).

« However the first detection of neutrinos used
another method...

Dave Wark
Imperial College/RAL
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Detection of the Free Neutrino*

F. RENEs amDp C. L. Cowan, Jr. ! | \mm 4 m"u‘u | '.‘3 ! S
Los Alamos Scientific Laboratory, University of California, ml “"‘ 1l - L

Los Alamos, New Mexico _ = |
(Received July 9, 1953; revised manuscript received September 14, 1953) ‘:‘ ? R >

N experiment' has been performed to detect the free neu-
trino. It appears probable that this aim has been accom-
plished although further confirmatory work is in progress. The

PHYSICAL REVIEW VOLUME 117, NUMBER 1 JANUARY 1, 1960

Detection of the Free Antineutrino*

F. Reings,t C. L. Cowan, Jr.,} F. B. Harrison, A. D. McGuirg, axp H. W. Kruse
Los Alamos Scientific Laboratory, University of California, Los Alamos, New Mexico
(Received July 27, 1939)

The antineutrino absorption reaction p(p,87)n was observed in two 200-liter water targets each placed
between large liquid scintillation detectors and located near a powerful production fission reactor in an
antineutrino flux of 1.2 10" cm™* sec™. The signal, a delayed-coincidence event consisting of the annihilation
of the positron followed by the capture of the neutron in cadmium which was dissolved in the water target,
was subjected to a variety of tests, These tests demonstrated that reactor-associated events occurred at
the rate of 3,0 hr™* for both targets taken together, consistent with expectations; the first pulse of the pair
was due to a positron; the second to a neutron; the signal dependended on the presence of protons in the
target; and the signal was not due to neutrons or gamma rays from the reactor.

Y+e¢ — y+e (compton)

' o

|

\M A !
g* H,0 +Cd 10 usec i

5 A |

7 //
/////// 7. Scintillator /

. ]
L, 4

I m

Dave Wark
Imperial Gollege/RAL




Towards GP Violation

More' Ancient History...

* Question in the late 50’s: Are the neutrinos
In these reactions the same thing?:

N=pteFN T UtV H— et ViV
* |f so, why no u — e+ vy via diagrams like?:

Dave Wark
Imperial College/RAL



Towards GP Violation {
Next year will

VoLuMmE 9, NUMBER | PHYSICAL REVIEW LETTERS Jpmelyige be 50th anniversary!

OBSERVATION OF HIGH-ENERGY NEUTRINO REACTIONS AND THE EXISTENCE
OF TWO KINDS OF NEUTRINOS”*

G. Danby, J-M. Gaillard, K. Goulianos, L. M. Lederman, N, Mistry,
M. Schwartz,t and J. Steinbergert

Columbia University, New York, New York and Brookhaven National Laboratory, Upton, New York
(Received June 15, 1962)
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Dave Wark
Imperial College/RAL
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The Discovery of Neutral Currents

Most of the basic techniques were now in place, and since then we

_ _ & - Dave Wark
have built them bigger/faster/more sensitive. Learn from my adV|sor....I perial College/RAL
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Three neutrino mixing.

If neutrinos have mass: Vz == E U P Vl.>
SO TR BN 5

U, U, Ug 1 0 D-4 Ci3 0 s;e €2  Sp

U, S0 ) A0 e aie T 60 0%, | | 0F0 1)
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Remember degeneracies
And covariances!



Gonzalez-Garcia, Maltoni, Salvado
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How well do we know 6,,?
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Towards GP Violation

What Is the pattern of neutrino masses?

- It *“probably” looks

0g : . :

nd ( something like this
g B I

N

-AMZ,; ~ 2.5 x 103 V2

v

m, e
: > Am?, ~ 7.5 x 105 eV?

m; B

H v v. Il v
i H 4 Dave Wark
Imperial College/RAL
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What IS the pattern of neutrino masses’?

But it could look like this

Log
5 m2 \
m; TN mz- [
o m I
m, NN
n, BEEEE o I

B v B v
3 4 Dave Wark
 Imperial College/RAL
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A

ma

This makes a factor of two difference in the
.cosmological contribution, but a factor of two
. on'what?

Log

A

Dave Wark
- Imperial College/RAL



Towards GP Violation :
Even more significant is the absolute scale.

Log[m
1eV - — M3
P —
This" m2
101ev | s Orthis?
= — m3
X ——e . T
IOZeV m1
H v, v, v
Dave Wark

Imperial College/RAL
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Does this look natural?

Dave Wark
Imperial College/RAL
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T2K Overview

'in MUMON monitor Off-axis at 295 km, Super-
Yy  measures muons from Kamiokande (SK) water
pion decay cherenkov detector
measures oscillated flux

- - ¥
-~ -
-
-
-
-

Oscillation Prob
(Am?=2.5x107)

At 280 m, on-axis INGRID
Beam on 90 cm detector measures
graphite target neutrino rate, beam profile v energy spectrum
3 magnetif:_horns Off-axis ND280 detector
focus positively measures spectra for
charged hadrons various neutrino

interactions ;
Beam peaked at 1t max E<600 MeV S ——

= Jark

av i o ral Workshon Neutrs alescopes (2011 EBE/RAI-




Towards GP Violation

Off-Axis Pros —

T2 K Ove rVI — Increases flux at the oscillation

maximum
ns decay yin MUMON monitor — Reduces high-E tail, and thus NC
ecay measures muons backgrounds
BERE - Pion decay — Reduces v, contamination from K and
: u decay

+ Off-Axis Cons —
e off-axis ______ — Measure oscillations at a single L/E
B gt S — Increases near/far differences

— Have to know angle!

|
Oscillation Prob.

At 280 m, on-axis INGRID (A Beifd

Beam on 90 cm detector measures o] |
graphite target neutrino rate, beam profile Y energ,?’;_@f? "tﬂgm
3 magnetic horns Off-axis ND280 detector
focus positively measures spectra for
charged hadrons various neutrino

interactions ,
Beam peaked at 15t max E=600 MeV A S——

Jark
CCQE rel. o max! & ege/RAL
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What are we trying to measure?

v, disappearance

' 1 10m 1500 0 2ACL SO A0 4K 4500 Baon

Precision measurements:

No oscillation

ALLCHAN 4462,

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

Dave Wark
jerial College/RAL
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What are we trying to measure?

v, appearance

Expected Signal+BG
sin~20,,=0.10
sin®26,,=1.0

2 2
Am?=0.003eV

Total BG

BG from Vu"'a“ti"u

. h_'l'l_l'{."l'i_h:ﬂ=..==ii.._ i

15 2 25 3 35 4 45 5
Reconstructed Ev(GeV)

Dave Wark
imperial College/RAL
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Towards GP Violation

Background
from NC
Interactions

M O W )
_’£_° '

VM i
disappearance ' i
\ signal Ve
appearance
signal

In this energy range, Super
Kamiokande well understood,
Excellent for separating

Dave Wark
electrons, p, 1 imperial College/RAL
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Optimal Near Detector (?)

« Naively you would want the near and far detectors to be
“identical”, and then you just subtract.

« That was where we started out, but it was clear from very early
that a water Cerenkov was not usable at the “near” site (280m).

 |n fact near and far are never identical. There are differences in:
— Size (and everything that goes with that)
— ‘Rate

— Geometry with respect to the beam (a much more severe
problem in an off-axis geometry)

— Backgrounds

« For the appearance experiment it is even more complicated,
because half your backgrounds arise from the v, and these
oscillate into v, at the far detector.

« S0 a straight subtraction is not possible, and you need to
understand the beam and interactions in detail.

Dave Wark
Imperial College/RAL



Towards GP Violation_ . . . :
Critical o’s poorly known in range 0.1-10

GeV.
Total v, CC cross section

O CCFRR

B ENL 7-feet
O ANL 12—feet
® ANL 12— feet
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Dave Wark
imperial College/RAL




Towards GP Violation

Cross sections are poorly known in range
0.1-10 GeV

CC v, Quasi—Elastic Cross Section

2 4 BNL, Baker, Phys. Rev. D23, 2499 (1881), D,
Y ANL, Barish, Phys. Rev. D16, 3103 (1977), D,
O, g [ © FNAL Kitagaki, Phys. Rev. D28, 436 (1983), D,
- O SKAT, Brunner, Z Phys.C45, 551 (1990), CFsBr
— A CERN-WAZS, Allasia, Nucl. Phys, B343, 285 (1990), D
= 1.5 - ¢ GGM, Bonetti, Nuovo fimento, A38, 260, (1877), CsHe
3

.25

T

NE = Serpukov, Belikov, Z. Phys, A320, 625 (1985}, Al
)

A

Ci

o
h—

)

NUANCE (free nucleon)
NEUGEN (free nucleon)
o NUX (free nucleon)

Dave Wark
imperial College/RAL
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Cross sections are poorly known in range
0.1-10 GeV

CC Single Pion Production

= CERN-WA25, Allasia, Nucl. Phys. B343, 285 (1990), D,
4 ANL, Barish, Phys. Rev. D19, 2521 (1979), H,, D,

v ANL, Radecky, Phys. Rev. D25, 1161 (1982), H,, D,

o BNL, Kitagaki, Phys. Rev. D34, 2554 (1986}, D,

O SKAT, Grabosch, Z. Phys. C41, 527 (1989), CF,8r
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Towards GP Violation
Cross sections are poorly known in range
0.1-10 GeV

Multi Pion Production

= ANL, Day, Phys. Rev. D28, 2714 (1983), D,

+ ,n_-l-) (1 0—41 sz)
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Dave Wark
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Some are worse than others...

NC Single Pion Production

m2

- w GGM, Krenz, Nuc. Phys, B135, 45 (1978), C3Hy+CF;BY

corrected to a free nucleon cross section
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Dave Wark
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And lets not even talk about v...
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Optimal Near Detector (?)

« Naively you would want the near and far detectors to be
“identical”, and then you just subtract.

« That was where we started out, but it was clear from very early
that a water Cerenkov was not usable at the “near” site (280m).

 |n fact near and far are never identical. There are differences in:
— Size (and everything that goes with that)
— ‘Rate

— Geometry with respect to the beam (a much more severe
problem in an off-axis geometry)

— Backgrounds

« For the appearance experiment it is even more complicated,
because half your backgrounds arise from the v, and these
oscillate into v, at the far detector.

« S0 a straight subtraction is not possible, and you need to
understand the beam and interactions in detail.

» The far detector must be huge, but the near detector doesn’t
need to be, so you can make it much more complex (and
capable), if you are willing to go with a different technology.

= 280mM near detectorsS et
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“JFY2001~2008

Bird's eye photo in January of 2008

Wedneaday, March 16, 2011

Dave Wark
mperial College/RAL
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— CY2007 Beams

Wedneaday, March 16, 2011

Bird’s eye photo in January of 2008

‘JFY5001~2008

Dave Wark
mperial College/RAL
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J- PARC Facility (KEK/JAEA) |
M LR Linac o we s

—— CY2007 Beams o R el Constr uction
). — JRY2008 Beams 8l JFY2001~2008

“p}d : Bird’s ey¢ photo in January of 2008 >
Wedneaday, March 16, 2

Dave Wark
mperial College/RAL
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L(to gamloka) -

| _\?I!ng(?ggBBeams & Con struction
| —JF eams JFYZOOT~QOO8
di JFY2009 Beamsiu: eye photo in January of 2008 s

"Wedneaday, March 16, 2011

Ilave Wark
Imperial College/RAL
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J-PARC neutrino beamline overview

! . r y v .
ye LI 77 MainRing .
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Pions are focused by
3 electromagnetic Homns.

Wedneaday, March 16, 2011 8

Dave Wark
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ND280 (Near) Detector complex

Off-Axis (ND280)
suite of fine grain detectors/tracker in

0.2 T magnetic field (UA1/NOMAD magnet)
measurements of

= CC events (normalization, E,-spectrum)

= NC n°, CC v, events (backgrounds to v, appearance)

» general neutrino interaction properties

On-axis (INGRID)
scintillator-iron detectors

measurement of beam direction
and profile

hbiz X1V International Workshop Neutrino Telescopes (2011}
Dave Wark

Imperial Gollege/RAL
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ND280 on-axis detector overview EE5

First large scale

' application of MPPC
(~56,000 MPPCs are
used for ND280 /INGRID)

~10,800 ch. in INGRID

* 14 identical modules + 2 off-cross modules
- Beam coverage ~ 10 X 10 m?2, Iron target mass ~ 7 ton/module

- Sandwiched scintillator/iron planes + veto planes
« Plastic scintillator + WLS fiber + Multi-Pixel Photon Counter (MPPC)
» Monitor neutrino beam profile/direction/intensity
« ~700 v interactions/day at 50 kW operation
- Off-axis angle precision goal is <1 mrad
(1 mrad corresponds to 2% change in the SK flux at the peak energy)

Waedneaday, March 16, 2011

Dave Wark
Imperial Gollege/RAL
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ND280 on-axis detector performance

» Data taking efficiency is 99.9 % during 2010a
= v event selection: Typical v event

Side View Top View

(1) Tracking — (2) veto cut — (3) FV cut

Event tlmmg of v events

=
=
a

e Beamm—— Beam

v beam intensity
(normal ized by proton beam intensity)

10|

b
c
e
@
—
Q
H

==
(=]
T T

—

i HHE | WEW 1 *r |
1unn zuuu Eﬂﬂﬂ 4uuu 5uun' Eﬂnﬂ TDUU

event timing [nsecl

— Clear 6 bunch structure
(581 ns bunch period)

# of vevents /10'¢ POT

Wedneaday, March 18, 2011

Dave Wark
Imperial Gollege/RAL
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ND280 detector technologies EEG

POD FGD HAMAMATSU MPPC 667 Pixels array

n -I ! - @ I
Various shapes of ll.l.ll

Plastic scintillator
with Y-11 fibre

L Front end Board
.. AFTER ASIC (FGD & TPC)
TRIP-t ASIC (others)

Scintillator + WLS fibre

read out by novel MPPC Photon counting, o,
ND280 :
high PDE, low power
* Low cost high consumption, * 3x large modules with double wall

performance and ceramic package structure
uniformity detector
element

Very Large TPC based on MicroMegas

~ 66 800 channels Sensitive volume 180 x 200 x 70 cm

ol ol ko T2K first experiment Precise assembly, commissioning

photosensor to use MPPC at such and alignment within mm
- 27 a large scale
insensitive to

magnetic field 124 000 channels

Waedneaday, March 16, 2011

Dave Wark
Imperial Gollege/RAL
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ND280 off-axis detector overwew-

Two main target regions:

- Pi-0 Detector (POD): optimised for (NC) a° events ", : ’E

- Tracker: optimised for charged particle final states
Both reglons have passlve water planes
: : 4

‘ Scmtlllator planes with radiator
Measure EM showers from inner detector |
(r for NC x°% bremstrahlung in v, measurement) [.‘
Sand muon rejection g

<

Scintillator planes in magnet yoke.
‘| Detect muons from inner detector
(neutrino rate, side muon veto, cosmic trigger)

kMomentum measurement
] : 3

Scintillators planes
interleaved with wate
and lead/brass layers

ﬁl wide scmtlllator planes 7 Momentum measurement of ché!ged \

Optimised for y detection

Provides active target mass particles from FGD and POD &\ POD mass:

Optimised for p recoil detection PID via df/dx measurement o 16.1 tons w/ water

FGD1: Scintillator planes ~ 1 ton, R $ » e \ , 13.3 tons w/o water )
FGD2: Scinti. & H20 planes ~ 0.5 & 0.5 ton [ , TR —

Wedneaday, March 16, 2011

Dave Wark
Imperial College/RAL
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'ND280 off-axis event gallery

POD TPC1 TPC2 TPC3

P

t /7 L
' < T2 il g
N~ o= -

FGDT FGD2  ECAL
sand muon + DIS candidate quasi-elastic candidate

T R R R

DIS candidate

International Workshop on Neutrino Telescopes (201 1)

Wedneaday, March 16, 2011 15

Dave Wark
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# of protons used for analysis

1018 Delivered protons# - Proton per pulse(for physics run) 101
UCJ' r B Fhysics run B Froton per pulseqall runs) %
© ",
= L h o
o 120 ﬂr}‘-'— g0 O
5 o -~ M8
h 100 F— - ’l 3 ,n... _:f T : [
'8 R0) o "'-.F_.'__' ‘f:" . I'_ED "g
© o o4l "1 . | #ofbunch:6—8 Ny ant 1 &
FE 1"- Et "*.,,. rep. rate - 3.64s J - —] 40
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(] ¥ ] ' [ S -1
& v . i , — 20
8 20p- P ,—’/ : =
: — . -
_Ta?m"lﬂ Aug/l10 Mur?l 1
Date

Run 1 (Jan. 10 - June '10)

- 3.23 x 1019 p.o.1. for analysis
- D0kW stable beam operation

Run 2 (Nov. 10 - Mar. *11)

- 11.08 x 1079 p.o.t. for analysis
- ~145kW beam operation

Total # of protons used for this analysis is 1.43 x 1020 pot
2% of T2K’s final goal and ~5 times exposure of the previous report

Number of events in on-timing windows (-2 ~ +10 usec)

| Class/Beam run__| RUN-1 | RUN-2 |_Total | non-beam

POT (x 10%9) 323  11.08 14.31 s
Fully-Contained (FC) 33 88 121

Dave Wark
perial College/RAL
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data is consistent with
MC based on the NAG61 and
Vv interaction simulation (w/o tuning)

“500 1000 1500 2000 25003000 3500 4000 23003000

P(u) (MeV/c)

— 1.036 + 0.028(stat.) 75033 (det. syst.) 4 0.038(phys. syst.)

® The number of beam ve background events at far detector
is predicted using the v beam simulation based on NA61
measurements (pion) and FLUKA (kaon)

= ND measurements (4 momentum and event rate) are consistent with

MC based on the v beam simulation

The expected number of events with 1.43 x 100 p.o.t.

Nexpsr ot = 1.5 events  for sin22013=0

Beam ve

background background

Oscillated
NC Vu—Ve Total
(solar term)

The expected #
of events at SK

0.8

0.6 0.1 1.5




Towards GP Violation

Total Systematic uncertainties

Summary of systematic uncertainties on NexPs tora1, for sin22613=0 and 0.1

Error source

.
sm” 25’13 =0

sin’ 26,3 = 0.1

(1) Beam flux
(O)(2) v int. cross section
(3) Near detector
()(4) Far detector
(5) Near det. statistics

+14.0%

o 1—1 HE?I‘.
:2:[7

+10.5%
—|—.J Ei/. —|—.J Ei/.
+2.7%

Total

122 8 +17T.607 N\
'- ?er‘:f\ —1:.3?

2

cf.
5in220813=0:
#sig = 0.1 #¥bkg = 1.4

sin226813=0.1:
#sig = 4.1 #bkg = 1.3

Psictor. = 1.5 + 0.3 events for sin220:13=0 (w/ 1.43 x 1020 p.o.t

Dave Wark
Imperial Gollege/RAL



Towards GP Violation

Apply Ve event selection

defined before the data collection
6 selection cuts in addition FC cut

Fiducial volume cut
(distance between recon. vertex and wall > 200cm)

FC, Evis>30MeV, R<1490cm FC, Evis>30MeV, |Z|<1610cm

—
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Number of events

T2K v, Appearance Data Reduction s o
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Tzfla op Event outside FV
2000 —5Eam direction

Check many distributions.... ool
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Allowed region of sin’20;
as a function of dcp

(assuming Am?223=2.4 x 103 eV2, sin22623=1)

8l a1
Am;,>0 Am;;<0

— Best fit to T2E data
68% CL
90% CL

T2K
143x10 p.o.t.

02 0.3 04 05

0.

o

sin”26 sin”26
90% C.L. interval & Best fit point (assuming Am223=2.4 x 102 eV2, 5in22823=1, &cr=0)
0.03 <sin22063 < 0.28 0.04 <sin22043 < 0.34
sin22643 = 0.11 sin?2613=0.14

imperial College/RAL
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Evidence of #;3 > 0 from global neutrino data analysis

2 A. Palazzo.® and A M. Rotunno!

-3 cvcc v v P bveaa b G.L. FDg]LLG E. Lisi? A. Marg
0 001 002 003 004 005 006

. 2
sin 513

Synopsis gfglobal 3v oscifation analysis

Interesting hints that

015> 0, but Clearly SN,
more data needed.

sm2107 eV2 sin’ 0,

0.35

Lo WY
000 002 004
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L T I ¥ A
03 04 05 06 07 20 25 30
sin” 6., AMZ107 eV?

arXiv:1106.6028v1 [hep-ph] 29 Jun 2011



Towards GP Violation

SK v, event reduction <

@ | single ring p-like = 33 events
@ Additional cuts:

# Less than 2 decay electrons

® Reconstructed g momentum larger than 200 MeV

Number of events

@ 31 events pass all the selections

2 3 4 =5

Expected final sample composition with oscillations Nmibier of docay.e
CCnonQE NC Ve
30% 6% <|%

@ Systematics on the number of expected events
computed using enriched samples of :
CCnonQE and NC in SK atmospheric data

#® Dominant systematics on SK efficiency given by the
ring counting efficiency

g
>

[
=
87
P

=

2

&
°©
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E

=
=

1000 2000 3000
Momentum (MeV/c)

July 21,2011
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Towards GP Violation
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Neutrino energy spectrum

@ Observed events at SK satisfying vy disappearance criteria: 3 |
@ Oscillation parameters extracted from an oscillation fit on E(v)re

@ The oscillation pattern due to the disappearance of v, is clearly visible in the
reconstructed energy spectrum — advantage of using off-axis configuration

2

Ratio between data and MC without oscillation

T2K preliminary T2K preliminary

Data

»
No oscillation

Best fit with oscillation
(sin26, Am?) = (0.99,2.6x107eV?)

+— data | nominal MC

— best fit / nominal MC

8 10

Reconstructed neutrino energy(GeV) Reconstructed neutrino energy(GeV)

July 21,2011

31
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Towards GP Violation

Comparison with SK and MINOS Tz/<

Super-K a0% 1

— Superk LE 902,

@ T2K results are in good agreement with results from SK and MINOS

A
o

Swe W
T2K expected =
sensitivity

-
=
:-::‘D
o
og_
E

T2K 1.43x10°°POT (w/ syst. error fitting), 90% CL  T2K preliminary |
T2K 1.43:10”’POT (wlo syst. error fitting), 90% CL
MINOS 7.25x10"’POT, 90% CL

ra

Super-K Zenith {preliminary, Neutrino2010), 90% CL
~ Super-K LIE  (preliminary, Neutrino2010), 90% CL

July 21,2011 33
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Towards GP Violation

5/11, 14:46, all
HeII broke loose...

Much exterior damage but
Inside equipment shows no T

to check yet! Will try to

restart late this year...
o o RAL



s \What else to talk about?

 Another round of supererbeams?:
— Water Cerenkov or Liguid Argon?
— Upgrade of T2K
— LBNE
— ELBNO

e The further future?;

— [ beams
— Neutrino Factory

» Cosmological v
 Supernovae v and the OPERA time anomaly
e Sterile neutrinos?

? Support ExperlmentS... Imnerlilsillvl?nrl:aull‘eI;IiAl




Towards CP Violation  \\/nat will existing experiments yield?

95% CL Resolution of the Mass Ordering 95% CL Resolution of the Mass Ordering
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Towards GP Violation

An incremental approach to CP ?

Excitement » H. Murayama presented his
(anarchical) prediction for mixing angles
012,023,013 which hinted at a Iarge 013

P(vy = ve) = P(7 2 7e) = _313 ﬂm all parameters turned
Smgsmm mlﬁ A out to be favorable !!!

*What about ocp ?
= the favorable values dcp=90, 270° are still allowed.
Will Nature be kind again ?
= |f so, one could find evidence for CP violation in
the lepton sector early on
= |f not, we can upgrade the sensitivity by increasing
the far detector mass and/or beam power

A_Rubbia 10th ICFA Semimar on Future Perspectives in High-Energy Physics 2011
Wedneaday. October 3, 11

Dave Wark
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Towards GP Violation

F.Feruglio,
A. Strumia,
F. Vissani,
NPB 637

disfavoured by Ov2f

Inverted hierarchy ; oscillations
| & prove IH

!

Bl Normal hierarchy _ |f OVBB decay
sets a limit here

90% CL (1 dof)!
. R -

CP phases
Then neutrinos are Dirac...

Dave Wark
imperial College/RAL



Towards GP Violation

Conclusions

«.-Neutrino oscillations are the first confirmed physics beyond the
SM!

« Current indications are that sin“20,5 > ~0.01, which could give
existing experiments the first sensitivity to CP violation in the
neutrino sector.

Do not assume we know everything that is going on —
redundancy:-is essential!

 There are three next-generationsuperbeam projects, and I think
the physics will justify at least two.

* In my opinion, a large LAr tracking calorimeter will be used in
at least one experiment, making LAr development a high
priority.

 There will be many other opportunities for smaller-scale
Involvement in cross-section, hadron production, and perhaps
short-baseline projects.

 Neutrino experiments have.a guaranteed future. JOIN US!

Dave Wark
Imperial College/RAL
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Simultaneous solution to CP and mass
hierarchy problems

Il i I i e e
' WBB averaged
Uy — U, probability
<EU> = 4 GeV,
width=%2.5 GeV
sin220,3 = 0.1 |
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Longer baselines
are better to
determine mass
hierarchy
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CP violation at 36 CL

Towards GP Violation BB We

T2KK

BB, y=100+atm ,
BB + SPL+atm,
BB, =350

c
iel
[}
o
OK, then what?
y - ‘ LENF ,
a hep—ph 0603172 v2
b hep-ph 0703029
c arXiv 379 v2
d arXiv 896

* Three “conventional’” beam proposals:

— An upgrade of T2K based on reaching 1.6 MW
peam power and a new far detector.

— LBNE —aplan to build a new neutrino beam at
~ermilab aimed at Homestake, where either a large
water Cerenkov detector or a LAr tracking
calorimeter would be built.

— LAGUNA-LBNO — three different options.for new

g : Dave Wark
long baseline in Europe. imperial College/RAL

Return 1




Towards GP Violation

The second CNGS neutrino interaction in
ICARUS TéOO CNGS v beam direction

Collection view

~~
£
q—
—
~—rt
Q)
-
o
=
O
-
o
O
&
Q
£
4
4
s
S
O

Wire coordinate (8 m)

~KT scale LAr now a working technology
Must now work on scalability and cost
Must figure out how to analyze!

imperial College/RAL



34 kton LAr
Ve Spectrum

5 yrs v running
normal hierarchy
Slllz(iju) =0.04 — snaeerga sy, =0
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Towards GP Violation

;=

Kamioka L=295km OA=2.5deg

Access (Tosel 1

12 Trafe hises road tunesel size)

Electrosic Hat

ogply Mockins LACIER 100 kt @ Okinoshima, 5+5 years U+antiy
oMW

Okinoshima L=658km OA=0.78deg
Almost On-Axis

usmoud| 30U AUdJeialy SSewW) AI19A0DSIP-dD)



132 test beam at J-PARC

Setup of Oct-2010 test-beam
|

Fiducial mass 170kg
S 2r, Total LAr mass ~400kg
. -
it E : Field cage dimension 42cm x 42¢m x 78cm  mgee A
{ N Xt X S e = ==t -5
7 2 7 ) Fiducial volume 40cm x 40cm x 76cm B i =
3 X Typical Drift Field ~225V [ ¢m 3
";i 3 \\ C :;'
LY (B 3 o 0 Maximum drift voltage 12kv
((" s P Readout method single phase {temporary] |
3 Number of readout 76 strips (1cm)
PMT - channels
r e S * Double phase component is
&;v’_,l under testing at CERN.
"X ‘ : (Unfortunately, not in time for

the test-beam.)

¢ First beam data taken in 7 o
Oct/Nov, 2010 : 409 o
¢ Results will be presented in . >
PAC (Jul.2011) - 0
¢ Possible beam 2011(?) 0 o

TPC Channel

¢ See Maruyama’s talk



US: Long Baseline Neutrino Experiment Z&
S CD 0: January 2010 \\/\

- &

\.‘\1‘:\7‘."«
Ontaries
'/.. \\\\ - .
—— — — .
m <
N, S —
e 3

P
—=

——CPV (30) |

iIsconfin N Michigan
5yrsv+5yrsv ' P
700 kW
34 kton LAr

f | Collaboration: i
/ 288 members from 54 institutions (India, Italy, Japan, UK, US)

| Continue to grow! S
,'-.l 1;‘ ] AN AY T SISO ET FalVITLnIc> ~ = \Jo%lei

| -

g © 2008 Europa Technologies

Pointer 43°03'56.44" N 95°10'42.53" WStreaming ||111]]11100% Eye alt 1108.62.km



Alternative Is
34 kT of LAr

Technology choice underway ...

S _JIIE!]E/ RAL



|

Three main optlons

e bic-Ci "l wT 1 n u l.

I CN2PY
Y LAt } Np\'.’,
3 main optlons A, L=2288 km, CERN SPS 400 GeV
selected for ok + new beam line 0.75 MW &

~ near detector infrastructure 5°
Longer term: 2MW with
LP-SPL+HPPS accelerator

LAGUNA-LBNO i e ‘

: o | s 0
\ o34 N 'y LS N/
A | i A Ir & -
— o Vv
L— | 30 kl | L b ' / | ‘ ads B 5 20 ( 60
R N | -

TPC Channel
HP-SPL 5 GeV 4 MVV. LINAC + = CNGS-Umbria
accumulator ring

L=658 km, |deg OA
+ MMW target + horn kel

CERN SPS 400 GeV
+ near detector infrastructure : W
B AN e Ty presenzg’;&extmg 0).3 M 4
g K max B 2okt e
POSSIb'G Synergy Wlth d B beam no near detector infrastructure % é_‘.;. '

I * CZ0AD Tele ALy
ATHAAEN  IRAEALITE ﬂrr 2o m
AT IRTATC

Thureday. March 3. 2011 19



Towards GP Violation

Baseline consideration
bimagic baseline L~2500km

(X3
[

VVBB averaged
Uy —* Ue probability
<Ey> = 3.5 GeV
width=12.5 GeV
sin20,3 = 0.1 |
normal hierarchy

.
w
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= |
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20
T
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¥
@.
©
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-
g

e
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=
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10°

The optimal baselines are in the r'ange 1300- 2500 km

A, Rubbia International Ewophysics Conference on High Energy Physics, uly 2001

Imperial Gollege/RAL



LAGUNA Pyhzsalmi w/ GLACIER

LAGUNA infrastructuré at/site
2500-4000 m.w.e

Finland

Main aspects of the infrastructure
- existing working mine with very high standards NEApT
- existing decline tunnel access to deepest level

- excellent excavation strategy . J":
- efficient rock disposal

- no disturbance with hosting site

- sufficient fresh air inlet

- effective outlet of return air

- safety

- supply routes for construction

- storage of material

- quality control of material at the vicinity
- supply route (pipe lines) for liquids

Cafeteria, meeting room and sauna at 1400 m below ground 250 m long tunnel and a cavern at 1400m excavated for LAGUNA R&D
Ay B RARE [ LVE P IOy SRPIRr N _ ROV Sy (I PP CENIUYY W PO TN NNy T IR DS Rt Y N | >



CERN new conventional beams option A

L\g\n\

Option B:
Target station close to existing one for the North Area

® Feasibility of new beams 2
approved by CERN study
(LAGUNA-LBNO/201 1-2014)

® New beam facility accepts
protons from 400 GeV SPS and B
eventual new 50 GeV HP-PS | OB

NEUTRING FACTORY |/
TUNNEL SOLUTION

® Will produce conceptual
design reports within 2014

R
(LP)-SPL T
,Vr\ o (), prayassena, N ONTROL BADNO K300

AT wrastineso 7% pansore
3)  Sece S0 50 VETRON SALLtme ma
(O stmcoo sox somstni2s0 TARGET Bfwicze {}'M — —

X 8 Y- e < () cooma womsnn )/ﬁ R LAY e -

3 s
S SOU-SES Wan2 20w @«Wﬂ. o ower SOLUTION
i) ol

7~kﬂiés
I:: Exploring within LAGUNA an Lol for fRARz A aEAe U

ey a 10 kT LAr with a muon ranger
Tas Comblned Wlth a new beam N the NA.
TasK® : gs 1ayout at CERN

Task 4.6Study of the Magnetlc Conf' iguration for the LAGUNA detector

Task 4.7 Definition of near detector requirements and development of conceptual design;,
Rubbia International Europhysics Conference on High Energy Physics, July 2011

>® ® ® ® & 0 ©



Linac4

Molten
Salt Loop

Linac 100 MeV

Decay Ring: Bp ~500 Tm,B=~6T, C=~6900 m, L =

~2500 m, y = 100, all ions

2011-07-23 HEP 2011, Beta Beams, Elena Wildner




Neutrino Factory Baseline

1 Two Magnetised Iron

Neutrino Detectors (MIND):

Neutrino Beam
Proton Driver:
&—Linac option o
Ring option il
Muon Decay
- Ring
i)
i ©
y 755 m
2% 2
- Q
Q E—
o E & [}
\_O - EE S
— m o O

Linac to 0.9.GeV ™ 0.9-3.6 GeV RLA

3.6-126 GeVRLA

12.6-25 GeV FFAG

—l—t—l—+_"_'_|_+4_|

Neutrino Beam e

L
_1_—|—1—+_|_'_
c +—u—|—1—+—|—*—‘—+4_'_'_+
W

Muon Decay Ring

IDS-NF Baseline 2010/2.0

EPS-HEP, Grenoble: 21st July 2011

— 100 kton at 2500-5000 km
— 50 kton at 7000-8000 km

M

Baseline constantly under
review in light of new
physics results
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Towards GP Violation

» CMB probes the relativistic to « LSS measures suppression of
non-relativistic transition of power on small scales due to
neutrinos via the early ISW effect. non-clustering neutrinos.

_E ;FI!\I :3 X Gq.e-ﬁ.fr: 1-2 Ei‘r II.IIII-' I'IIII ‘ g T T™rTT T L T T Tror T L. T T L II TrT ] T :l
N _ f 1 T -
rom,=0 2 .,
o m Qh'=) ——
94 eV
E|

- Free-streaming scale

—2m _=0.0 eV
—_—2m =1x1.2 eV
me=2m =3x0.4 eV

Ll 1 1 | 1 IIIII
10-# 107t

Power spectrum, P(k)

Wavenumber, k [h Mpe1]

Slide from Yvonne Wong’s talk at TAUP 11 lmnerlil;llvl?nmﬂ;ml
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Present constraints...

CMB (WMAP7+ACBAR+BICEP+QuaD)
+ LSS (SDSS-HPS)
+ HST+SNia

D m,<0.44-0.76eV (95%CI)

depending on the model complexity

Hannestad Mirizzi. Raffelt & YW 2010
Gonzalez-Garcia et al. 2010 etc.

—aNormal
—Inverted
1 1 1 1 IIIII 1 1 1 11 II| 1 1 L1 iiil
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Lightest neutrino mass, m, [eV]
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Present constraints and future sensitivities...

CMB (WMAP7+ACBAR+BICEP+QuaD)
+ LSS (SDSS-HPS)
+ HST+SNia

D m,<0.44-0.76eV (95%CI)

depending on the model complexity

Hannestad Mirizzi. Raffelt & YW 2010
Gonzalez-Garcia et al. 2010 etc.

Planck alone (1 year)

D m,<0.38—0.84eV (95%CI)
Perotto et al. 2006

—Normal | Planck+Weak lensing (LSST)
—Inverted -

Ll el D m,<0.074—0.086eV (95%CI)

10-2 10-2 101 1
Hannestad Tu & Y*W 2006
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VOLUME 67, NUMBER 17 PHYSICAL REVIEW LETTERS 21 OCTOBER 1991

Correspondence of Electron Spectra from Photoionization and Nuclear Internal Conversion

1

D. L. Wark, ™ R. Bartlett, T. J. Bowles, R. G. H. Robertson, D. S. Sivia, W. Trela, and J. F. Wilkerson
lamos National Laboratory, Los Alamos, New Mexico 87545

VOLUME 67, NUMBER

Los

G. S. Brown

Limit Stanford Synchfotron Radiation Laboratory, P.O. Box 4349, Bin 69, Stanford, California 94305

B. Crasemann, S. L. Surcnscn,{b) and S. J. Schaphorst
Physics Department, University of Oregon, Eugene, Oregon 97403

R. G. H.
P

TABLE II. Contri
| standard deviation.

D. A. Knapp and J. Henderson
Lawrence Livermore National Laboratory, P.O. Box 808, Livermore, California 94550

J. Tulkki and T. Aberg
Laboratory of Physics, Helsinki University of Technology, 02150 Espoo, Finland
i

P . B T o WS WP s T TR ]

Analysis (thr
Statistics

_ 32 ; — I
Bet: it Electron energy spectra have been
cla moniic mechanisms: (1) photoionization and Id ~ &g .
Energy loss: It _is demonstrated e:cperimenta_llg,r t}! Id-ed]
18% i h primary |s-eleciron peak, are identi 5 .
8% in theo given. The spectra agree well with a 24 % ' |
5% uncertai tributed to excitation and ionization ¢ x40

Resolution: PACS numbers: 32.80.Fb, 23.20.Nx
Variance of refponse tunction 5 3 .

Tail 15 g :
T,

Final States: : ,
Differences between theories 8 ] ! |
Limited configuration space 10 1
Sudden approximation 2

Apparatus efficiency:
. M ] T i i
Linear vs quadratic 32 17500 17600 17700 17800 17900

Electron energy (e¥)
Total 79

\mperial College/RAL
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SNO Systematic Flux Uncertainties

Error Source CC error (%) ES error (%)
Energy scale -5.2, $6.1 -3.5, +5.4
Unless a real error analysis is done Y
for astrophysical mass “limits” they *3.3
- +0.4
cannot really be considered %
equivalent to laboratory limits. -1.9, +0.0
UVV LITul G IRILAVINFYT VLAl IA V., "VU.VU -0.2, +0.0
Instrumental background r——2*—>,o0—————~0c—0an
Trigger efficiency In any case why would you
Live ti - :
e waste precious cosmological
Earth orbit eccentricity data Constraining m.?
170, 180 — -
Experimental uncertainty -6.2, +7.0 -5.7, +6.8
Cross-section 3.0 0.5
Solar Model -16,+20 -16, +20
Dave Wark
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Q‘Ogenilor S“e,

6x10° km

- Collapse of Core
§ -15 Mg)
[~

February 1984 March 8,1987

A supernova
converts




40 I le e IMB
Pe o o Kamiokande TI
S 30! e o
= | !
|EZ-EY § aof ; ?
At_—Lm (D }
‘ ‘ E E2 ‘(Jf +
152 10 %, 6
Rte
oL 1 0oy

0 2 4 6 8 10 12
Time (s)

Limit from SN1987a 1s m, > 23 eV (PDG)
Best you can do Is ~5-10 eV, which isn’t good enough

Light and neutrinos got here on the same day after travelling
for ~160k yrs, so |v,-c|[/c < 2x10° atE, ~ 10 MeV
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CERN NEUTRINOS TO GRAN SASSO
Underground structures at CERN

BN Excavated
I Concreted
== Decay tube

(2nd contract)

£06 /2003

CERN-AC-DI-MM

| .~ Dusiniat EPS
ppearance event..../

oE | "
A- bl 7 y
e
l /%’ e </
. Jp o s 3 P e __f/ —_
— : ; ,'I - e
e % &>
i 4 ‘“’.F' ‘\‘; d : - _1:1
- ' '! ’7 daughter
‘ : v‘“/
. e |IIII"

.‘.”i’”.“hés no friends yet. Expect 1.65+0.16

Y/ EHUN EE
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Wave Form
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Kicker UTC Time tag
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First extraction
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1 GALLEX Crl
11 SAGECr

LSND Starts it all...
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A low/high-energy neutrino (short baseline)

beam in the CERN North Area

S . ,%mwb
I\A could host LBL and SBL neutrino beams Ry 37

o 'ﬁ'..',“ .
L F | « T | ¥
. - ' il oY
fide,

W target [§L=300m L=1100m" L=1730m S
j - ‘ "-h.'-"méNA nedtrino bea (horizontalif

"M (COMPASS, NA48) | 8 ,

l‘

i ll‘ , '“‘-.. ,

il 4

| Also extensive programme |
' planned at Fermllab

High and low energy beam options p0351b1e for detector R&D, cross-
section measurements, oscillations @ I./E~1 eV?2, electroweak physics....

A Rubbia 10th ICFA Seminar on Future Perspectives in High-Energy Physics 201 1 R etum
Waedneaday, October 5, 11
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In the systematics dominated era
support measurements are essential!

CERN NA61 measurements

Evaluation of Particle Yields in 30 GeV p+C Inelastic Interactig
and in the T2K replica target

dnvdp (]GeNie])

Uy L 15 20}
P iGevio)

£ [120- B0 marnd )
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13m LE “o “Ta 15 N
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iy Vertex Mapnets ToF-L Z o v
VTX-1 VTX-2 :E- J
@ 2 qnﬂ
T 11
:’ a{dE.f j *I"
g q
3 ToFs
o ToF-F) = 120 ps
o ToF-L/R) = 60 ps

Full Coverage of T2K

phase space

thin target: 2.5x2.5x2 cm®  int. length ~ 0.04 ~600k triggers in 2007

Particle ID

S BalEele methods used:

|:|[II aVicl dEiex mip]

(1 el Workshep on o Teecopes 1 Dave Wark
Wedneaday, March 18, 2011 41 'I‘Ial l:ﬂ“ﬂﬂﬂ/ ﬂAl




Neutrino interaction properties must
also be measured...

Near Detectors....

UA1 Magnet Yoke

Fine-Grain
TPCs Detectors

l Downstream
I ECAL

===

Solenoid Coil

POD

Barrel ECAL

But also need....
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http-/hwww-sciboone. fnal.gov/
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