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Neutrino Physics
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,
B spectra were 391 (1935) Instead of

continuous discrete

12 I 20 x10°
\ (electron volitsy

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

And the spins didn’tadd up... 14C > 1*N + e~
spin0  spinl spin 1/2

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

Dave Wark
Imperial Gollege/RAL



Neutrino Physics
Pauli’s Solution...

Dear Radioactive Ladies and Gentlemen, F;m
As the bearer of these lines, to whom | graciously ask you to listen, will explain to you in moere
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



Neutrino Physics

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
STAr +

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

detection using this method).

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

Dave Wark
Imperial College/RAL



Neutrino Physics

Detection of the Free Neutrino*®

F. REINES anD C. L. Cowax, Jr. - ‘ “mm | m"u‘u
Los Alamos Scientific Laboratory, University of California, ml l\“‘ 1l
Los Alamaos, New Mexico ”
(Received July 9, 1953; revised manuscript received September 14, 1953) o ‘_': ?
AN experiment! has been performed to detect the free neu- :iﬁ' . }rﬁ X
trino. It appears probable that this aim has been accom- en P
plished although further confirmatory work is in progress. The . 4 Ve

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. McGuUirg, 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)

|

L (’ N !
+ H,O +Cd 10 psec [

3 A !

Y,

7 //
/////// 7/, Scintillator

I m

Dave Wark
Imperial College/RAL




Neutrino Physics

More' Ancient History...

* Question 1n the late 50’s: Are the neutrinos
In these reactions the same thing?:

N=pteFN T Ut v U— etV
e |f so, why no u — e+ v via diagrams like?:

Dave Wark
Imperial Gollege/RAL



Neutrino Physics

VoLuME 9, NUMBER | PHYSICAL REVIEW LETTERS Jury 1, 1962

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)

wpevent - - lleevent
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NN
CONCRETE :Hm
R

FIG. 1. Plan view of AGS neutrino experiment.

This year Is the
50t anniversary!
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FIG. 9. Spark distribution for 400-MeV/c electrons
normalized to expected number of showers. Also shown
are the “shower’ events.


http://www.achievement.org/autodoc/photocredit/achievers/led0-013

Neutrino Physics The Discovery of Neutral Currents

~ - Simon van d»er Meer, 1925 - 2011
. 7

g

The 1t Neutrino Horn — The Gargamelle
Van den Meer, CERN, 1961 CF,;Br Bubble Chamber

Dave Wark
Imperial College/RAL



Neutrino Physics

The Discovery of Neutral Currents

" N s 'V
-

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

_ _ £ Dave Wark
have built them bigger/faster/more sensitive.... imperial College/RAL



Neutrino Physics

Why am | spending all this time talking about
ancient experiments?
e Jt’s fun...
» | was told that students would be present.

* | would like them to carefully note as | go through
all the amazing, expensive, flashy new
experiments to come that they are almost all just
elaborations of these early Ideas.

 This Is a beautiful demonstration of the most
Important single thing my advisor ever taught me:

““Three months 1n the laboratory will
save you three hours 1n the library™.

Dave Wark
Imperial College/RAL



Neutrino Physics

Neutrino Oscillations

 |f neutrinos have mass, then there are two
distinct types of neutrino state we must
consider — the eigenstates of the weak
Hamiltonian v, = v, v, v.; and the
eigenstates of the free particle Hamiltonian
Vi =V, Vo, Va.

 There Is absolutely no reason to believe that
these are the same thing.

* |In general:

vy =2 Uiv,)

Dave Wark
Imperial College/RAL






Neutrino Physics

SEVABEWIE John Baheall

Dave Wark
imperial Gollege/RAL



Neutrino Physics

Where it all began — the Davis Experiment

" "
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Dave Wark
Imperial Gollege/RAL




Neutrino Physics

Where It all began — the Davis Experiment

(1 FWHM Results)  SSM
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Maybe the experiment 1s wrong. .. Dave Wark
imperial Gollege/RAL



Neutrino Physics

Theorists are always thinking....

« 1957 — Bruno Pontecorvo, wondering if there are any other particles
which could undergo oscillations analogous to K° <> K oscillations,
hit upon the idea of neutrino <> anti-neutrino oscillations (more about
this later).

« 1962 — Maki, Nakagawa, and Sakata (in the context of what looks
today like a very odd model of nucleons) proposed that the weak
neutrinos known at the time weresuperpositions of “true’ neutrinos
with definite masses, and that this could lead to transitions between the
different weak neutrino states.

« 1967 — Pontecorvo then considered the effects of all different types of
oscillations in light of what was then known, and pointed out before
any results from the Davis experiment were known that the rate in
that experiment could be expected to be reduced by a factor of two!

« 1972 — Pontecorvo is informed by John Bahcall that Davis does indeed
see a reduced rate, and responds with a letter.. ..

Dave Wark
Imperial College/RAL



Neutrino Physics -
06LEAHHEHHGIA KHCTHTYT ALEPHBIX HCCAELOBAHHH

JOINT INSTITUTE FOR NUCLEAR RESEARCH

Heod Post Office, P.O. Dex 77, Moscow, USSR

April %4 1872
S/

Dear Prof. Bahcall,

Thank you very much for your letter and the abstract
of the new Davig investigation the numerical results of which

I did pnot know. 1t starts o be really 1nteresting! It would
be nice if all this will end with something unexpected from
the point of view of particle physics. Unfortunately, it will

not be easy to demonstrate this, even if nature works that

way.

looking forward to see you bthere.

Yours sincerely,

fa '3 { -
A - SRR CAA—

B.Pontecorvo

Dave Wark
Imperial College/RAL




Neutrino Physics

2v VVacuum Oscillations

> For two neutrino flavours in vacuum
oscillations lead to the appearance of a new
neutrino flavour:

2
P(v, > v,) = sin“26sin*(1.27 Am I')

Am® =m,” —m,” in eV?, L in meters, E in MeV

> With the corresponding disappearance of the
original neutrino flavour, hence Davis result?

» These oscillations can be significantly

modified by the MSW effect when the

neutrinos pass through matter... Dave Wark
Imperial College/RAL



Neutrino Physics

Matter Effects — the MSW effect

In vacuum:

2 2
—Am c0s20 pl Sin20
s 4E 4E
AmZ - %
SIn20 C0S20
4E

Dave Wark
Imperial College/RAL



Neutrino Physics

Matter Effects — the MSW effect

2 2

—Am C0s20 A Sin20
Aty 2 4Ez
e Sin20 Ard C0S20
Vy Vy Ve e

Z0 W

e e- e Ve

Dave Wark

Imperial Gollege/RAL



Neutrino Physics

Matter Effects — the MSW effect

dt|v, v,
2
—Afé c:os26+\/§GFNe

Ay Am? Am?
= Sin20

C0S20

sin® 20
(w—c0s26)° +sin*26
w=—2~2G_N_E[Am’

Including this effect gives a good
(if complicated) fit to all solar v data.... Dave Wark
Imperial College/RAL

sin®20_ =



ATMOSPHERIC NEUTRINOS

Primar Zenith

ary Isotropic flux of :
cOsSmicC ray cosmic rays \
p, He, ... S :0 *&-6\

Vi

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



Neutrino Physics
SK atmospheric v data as a function of zenith angle

Super—kamiokande S48 days Preliminary
| ' | ' | ' | ' | ' | ' | ' | ' I

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

_+_ +‘DT_— = Data

[7] Predicted

—  NUMmU-Nutau osc.

06 -0z 02 08 06 -0z 02 08 1
cos{zenith angle) cos{zenith angle)

Dave Wark
Imperial Gollege/RAL




Neutrino Physics

Three neutrino mixing.
If neutrinos have mass: ¥ = ZU Py Vl.>
Y U, U N 0RO N s, 0 i freRns,
U, = Uuz Uu: Up_; =10 ©y Sy | 0 | 0 —S13 Cypy
U, 20w 8] A os s iten J 18629050, | | 0F30 1)

where c; =cos@,, and s, =sm 0,

Plv, — 1) = 405,855, 8in"

, AmZ, L ( 2a 0 )
1 , 1 — 25%
ST Am3, ( 13)

9 : . 2 : . 2
80“ 512513»923 0126123 COS 0 — 512513S23 COS o SN L SIN
13

1E

4E 7 AE T 4E
—8CF5C12C23512513523 sin d sin Zlé-) sin Zgl st Z%

+4;S’i’)20i23 {(Y C i 519593513 2019093519573513 COS ()} sm

5 o an . DAmasL . Ams b al 5
—8C:. 5.5 cos 45 sin 4; o (1—2513

Am L
41F

Remember degeneracies
And covariances!



Gonzalez-Garcia, Maltoni, Salvado

How well do we know @12? arXiv:1009.4771v3 |hep-ex| 25 Mar 2011
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Neutrino Physics
0,57 — Back to SK’s atmospheric oscillations

Super—kamiokande S48 days Preliminary
| ' | ' | ' | ' | ' | ' | ' | ' I

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

# [ata

[7] Predicted

—  NUMmU-Nutau osc.

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

This proves all by itself (well, including SR) that neutrinos have

: - Dave Wark
mass...How to check it on earth” \mperial College/RAL




Making a neutrino beam

Absorber Muon Monitors

Target

Target Hall
]:’) GeV =
;H'ulun\
| t #1 : \
1 1] /‘q
n Injecto Horns ™+

10 m /
675 m -— .
5

Hadron Monitor

Decay Pipe

First successful demonstration of v
oscillations with such a beam was by
K2K,

but in the interest of time let’s skip to
MINOS...

From Patricia Vahle’s presentation at Neutrinos 2010
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Transverse position (m)

Events in MINOS

+N%;1+X |

'15115 ET ]

Depih {m}

.15

NC Event o . GG
. 3
. -
} :' ] i [ 2
B 0
i
ol
[ | [ | ||

1.2

0

o2 04 06 08 1 i

0 Vv, Charged Current events:

o long M track, with hadronic activity at vertex

Simulated Events
Event

0.5

O neutrino energy from sum of muon energy (range or

curvature) and shower energy

E Yahle Meutring 201



LB gl T T |
cC Event B - NC Event «
3 I - sy v
= 02 mgm = .
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L. § oaf By e
1 B & B
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Depih (m)

Events in MINOS

o Neutral Current events:

O short, diffuse shower event

o shower energy from calorimetric response

CC

Simulated Events

cvent

E Yahle Meutring 201



Events in MINOS

Simulated Events

CC v, Event

=
Pl

=
b
|

Transverse position (m)
‘-
[ |
¢
v

Ve Charged Current events:

compact shower event with an EM core

neutrino energy from calorimetric response




1.5

MINOS Far Detactar E [ 1
}3;]“_ —4— Fer detector data | ﬁ i |
m = [ gacillaticns E 1 B 1
[ﬂ' i —— Bast ascillation fit ﬁ |l ]
—200 D N background o - .
= | 2 | |
g_J i ] = ﬂ-5l- —4— Far datecior data “

100 + o i Best oscilation i

i 1 — ——— State. anly decay it

] E Stais. anly decoherence il 1

Far Detector Energy Spectrum

MINQS Preliminary MINOS Preliminary

Y 2 4 86 8 0 b= %% 3 0

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

tGL

"QOscillations fit the data well, 66% of experiments have worse X2
TPure decoherence’ disfavored: > 80
JPure decay? disfavored: > 60

(7.80 if NC events included)

Fogli et al,, PRD 67-:093006 (2003) 1V. Barger et ol ,PRL 82:2640 (1999) P Vahle. Meutring 2010



Contours

Contour includes effects
of dominant systematic
uncertainties

normalization
NC background
shower energy

track energy

3.5 1 1 1 1 l I I I 1 I I 1 1 I I ) 1 1 1
" e MINOS best fit —— MINOS 2008 90%
- — MINOS 90%  —— Super-K 90%
3.0 - -mINOS68% — Super-K L/E 90% -

N B
0.90
sin?(260)

1,5t
0.80  0.85

I R
0.95

1.00



Makmg an antineutrino beam

455_ v Spectrum _E
4ok Neutrino mode | 5,cctrum E
a5k Horns focus ", K* E
@ 30F E
G 25 :
W 20E =
15E E
10E E
5E =
% 5 10 15 20 25 _ 30
Eue (GeV)

Target Focusing Horns

1%0 Gov 0 sﬁf\ e sl

from Ml

<

15m
22nd - 28th July 2009 Justin Evans 34



v Spectrum v Spectrum

45 Anh neufrmo Mode
40 Neutrino mode v, Spectrum H £ K- Vv, Spectrum
a Horns focus F, K* orns Tocus 1T,

enhancing the V, flux

Events
Events

Vu: 39.9%
o 58.1%
Ve+'V'e: 2.0%

Target Focusing Horns

N\ =

120 GeV p’ R t « R

from Ml -

< >4 <
15 m 30m 675 m

22nd - 28th July 2009 Justin Evans 35




v, oscillation parameters

e
c\1> | ! ! ! | ! | | | | ! ! ! ! | | ! ! ! | ! | | i
> — MINOS v, 90% — MINOS v, 90% |
L. MINOS v, 68% @ a---. MINOS v, 68% A
‘?O O e Bestv,Fit ® Bestv, Fit ]
— i i
s — 1
o~ 4__ """"""""""""""""""" ]
e T\ i D ]
h Y
2 3 T~ e
®© ' MINOS Preliminary
& [ 1.71x10% POT v,-mode
E 2 724><102“ POT v -mode —~
hU N7 P

05 06 07 08 09 1
sin°(26) and sin“(20)

» Contours include the effects of systematic uncertainties



How well do we know 6,,?
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Neutrino Physics

What is the pattern of neutrino masses?

- It *“probably” looks

0g ; . :

nd ( something like this
s B I

N

-AMZ,; ~ 2.5 x 1073 eV/?2

v

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

m; B

H v v. I v
i H 4 Dave Wark
Imnerial l:ﬂllﬂ!]ﬂ/ RAL



Neutrino Physics

What Is the pattern of neutrino masses?

[68 But it could look like this
m2 \

I, I
o m; IR

m, [

o R o I
Normal Heirarchy Inverted Helrarchy
B v N v

Dave Wark
Imperial College/RAL



Neutrino Physics

N

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



Neutrino Physics

Log
| A/

101 eV

Even more significant is the absolute scale.

102 eV

[l'\‘\
This?
- — M
—_—— . M7
m;
Ve v, v

Or this?

ms
mo
My

Dave Wark
imperial Gollege/RAL



Neutrino Physics

Does this look natural?

Dave Wark
imperial Gollege/RAL



Gonzalez-Garcia, Maltoni, Salvado

6 Jun 2011 I

arXiv:1001.4524v4 [hep-ph] 1

ow well do we know 0,57
3] | T
_2sp E
3 f -
2 2= —]
5 2F E
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=N W
0.3 05 1 2 3
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0 o001 002 003 004 005 006 613?
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Neutrino Physics

4 - "
Pions are focused by
3 electromagnetic Horns.

Wedneaday, March 16, 2011 8

Dave Wark
Imperial College/RAL




Neutrino Physics

T2K Overview

in MUMON monitor Off-axis at 295 km, Super-

2@y  measures muons from Kamiokande (SK) water
; ~_pion decay cherenkov detector
measures oscillated flux

-—— - - - —— . ——— - ww wmPr w - S e -

- ¥
- -
-
- -
-

Oscillation Prob
(Am?=2.5x107)

At 280 m, on-axis INGRID
Beam on 90 cm detector measures )
graphite target neutrino rate, beam profile v NSEEY SpeciTm
3 magnetic_:_horns Off-axis ND280 detector
focus positively measures spectra for
charged hadrons various neutrino
interactions }
Beam peaked at 1t max E<600 MeV s

= Vark
ege/RAL




Neutrino Physics

What are we trying to measure?

v, disappearance

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

Precision measurements:

No oscillation

ALLCHAN 4462,

2
Xx
n
8
—
=
[7]
=
2
g
]
>
(7]

5(sin220) ~0.01

S(Amz) <1X 10-4(9\/2) Dave Wark
herial Gollege/RAL



Neutrino Physics

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+antivu

s h-'I'I_I'{."I'u---u m M

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

Dave Wark
Imperial Gollege/RAL
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Neutrino Physics

Background
from NC
Interactions

VM 5
disappearance ' i
\ signal ¥e
appearance
signal

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

Dave Wark
electrons, p, mV Imperial College/RAL



Neutrino Physics

Critical o’s poorly known in range 0.1-10

GeV.

Total v, CC cross section

]
|
| | I |

-

-
-
| B I-
-
| ] ] III|

O CCFRR

B ENL 7-feet
O ANL 12—feet
® ANL 12— feet

Total CC

H’;ﬁi%||

0.5 1.0

Ey 5(?}6‘})0,13

20.0 100.0

Dave Wark
Imperial Gollege/RAL




Neutrino Physics

Cross sections are poorly known in range
0.1-10 GeV

CC v, Quasi—Elastic Cross Section

2 BNL, Baker, Phys. Rev. D23, 2499 (1981), D,
ANL, Barish, Phys. Rev. D186, 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 Gollege/RAL



Neutrino Physics

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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Neutrino Physics
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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Neutrino Physics

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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NC Single Pion Production

- w GGM, Krenz, Nuc. Phys. B135, 45 (1978), C;Hg+CF;Br

NUANCE
- NEUGEN

corrected to a free nucleon cross section
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Neutrino Physics

And lets not even talk about v...
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ND280 (Near) Detector complex

ND280 Off-Axis (ND280)

3 suite of fine grain detectors/tracker in
0.2 T magnetic field (UA1/NOMAD magnet)

measurements of

= CC v 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

2 I nat 10474 Run32 2 (nat e84

Constant 1.03e+04 + 61.16 Constant 1.064e+04 + 61.76

12000 i Nean amrsaon | 12000f it gesmmnmmasinngussissend —_— PR
H Sigma 439.2: 4815 Sigma 4614 25393
ol eemstase :
40000 +++5+weererrensdorngu® gl S 10000} . . i
a 2 .. H o o 3
E H H : i 8000} ",'. e H e ,H\‘ - 8000} ; .
2 s ﬂr{”I,n.*iA.A.I'ﬁo....I.“_t__..;;*.,.,__-..a--._‘“-.,%pp,.ﬂ_-_.‘m.-._,-?-._'....‘...-._._.,....._..t..._‘.‘-.-..ﬂ--. LTRSS S ; 4 i o ?-,‘
] H H H 6000—,"" b dm i st bl ath Sow kel st ke ots A e s fo‘, 5000:: fouia
qg 3
L) 1 H
AT [T P A o 2000}
o B8 Feb. iMar i Ape May |\ Jun, | Nov, | Dec. 1Y Feb, Mar. ol i i i o i i i i
. . -400 -200 O 200 400 -400 -200 O 200 400
integrated day(1 data point / 1day) distance from INGRID center[cm] distance from INGRID center[cm]




Neutrino Physics

ND280 off-axis detector overwew-

Two main target regions:

- Pi-0 Detector (POD): optimised for (NC) a° events W i ’ 14
- Tracker: optimised for charged particle final states '
Both regions have passive water planes

.

UA1 magnet (0 2T) Inner volume 3.5x3.6x7m?

Scmtlllator planes with radiator vigy YA SN 7 Yoke Fe mass ~ 900 tons

Measure EM showers from inner detector =5 ! ! 58

(r for NC x°% bremstrahlung in v, measurement) [ C === = .

Sand muon rejection " = AR e r)
X S 3 : ' Scintillator planes in magnet yoke.

‘| Detect muons from inner detector
(neutrino rate, side muon veto, cosmic trigger)

Scintillators planes

interleaved with wate
and lead/brass layers
Optimised for y detection

ﬁl wide scmtlllator planes : Mon»entﬁm measurénent of chéfged \

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

Optimised for p recoil detection PID via df/dx measurement “.. 16.1tons w/ water
FGD1: Scintillator planes ~ 1 ton, N $ » v \ , 13.3 tons w/o water g
FGD2: Scinti. & H20 planes ~ 0.5 & 0.5 ton - ¢ Teand 2

Wedneaday, March 16, 2011 13
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Neutrino Physics

'ND280 off-axis event gallery

POD IPC1 TPC2 TPC3

P

t /7 L
~ gk g
N - -

FGDT FGD2  ECAL
sand muon + DIS candidate idate

G IV 0 S 5 b T )

DIS candidate

International Workshop on Neutrino Telescopes (201 1)

Wedneaday, March 16, 2011 15
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Tota

# 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
§ 40 |— S P --."'?" H —+ 325 —+ 3.04s ﬂ_#,:" .
(] ¥ ] ' [ 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 Gollege/RAL
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e:np _ Data
Nsk = (Bnp S ol
% 1800
= E
8 16();—
ND v, event rate F/N ratio is estimated by S 140
measurement using MC which is based on g 120
measurements S 100
SK 80
. L ) e A B -
104~ D7 (E ) —all | 601
= - | — ka 15 40
z -"""""""""... S S (v 20F
. P -l-__. i | |== piloniparenis E
g = |— muon parcnts 9%
= - | —
- - . H H H :
& 20 OO WP S NN WO NS S it Data
S : + : : : P
= el ; . _ R MC
= : ==
Lol . A P U P

MrE FPITE PRI AT ST
1 2 3 4 5 b 7 8 9 10
| _ E, (GeV)
1 decay 1s dominated at

low energy

ah — ,uJJruP,

,u,+ — E+L_f“uﬁ
NAG61 pion measurement
predicts the beam v, from
pion origin

ND Measurement of muon momentum in
:ncfusxve 7 CC evenrs (vp + N - ,u+ + X,J

pot normallzed

[77]v,CCQE

[ v, CCron QE
7, CC

ke

-’_xf-‘ :
NN

2
N

|

:
g
B
£
£
&

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




Neutrino Physics

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 College/RAL



Neutrino Physics

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

—

o
—
-

n

o
Number of events

w
el
=
QO
=
[1}]
o
(@]
e
@
LD
=
=3
P

f

0
-2000 -1000 0 1000 2000
Vertex Z (cm)

1000 ) ZDDg
Vertex R? (cm?)
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Number of events

T2K v, Appearance Data Reduction
. —— Data I —4— Data
| Osc. v, CC I < Osc. v, CC
) 2101
40 % -
(MC w/ % ':Igiﬁ?géla:ﬂj]
sinZ26813=0.1)| <= L i .
° | e-like U-like
i g il - i
20 |- ._+_ E °J + %
3
L |2
3 — 0 & SN
1 2 3 4 25 10
Number of rings PID parameter



Neutrino Physics

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 Namibier of docay o
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

S
>

[
=
87
P

=

2

&
)
-8 .
E

=]
=

1000 2000 3000
Momentum (MeV/c)

July 21,2011
Dave Wark
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Neutrino Physics

MINOS Far Detector
—f=— Far detector data
= NO 0scillations

—— Bast osciliation it

D NC background

w—— Far datecior data
— Best cscilason i1
— StA18. Only decay M
- Stals. only decoharence M

g 10 22 6 ® 10
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)

E_yents /| GeV
o
(=)

Ratio to no oscillation

Ratio between data and MC without oscillation

T2K preliminary I ] T2K preliminary |
- Data ——
No oscillation

Best fit with oscillation
(sin’28, Am?) = (0.99,2.6x107eV?)

Number of events

—— data | nominal MC
= ! [ 'zl best fit / nominal MC
G S S R
Reconstructed neutrino energy(GeV) Reconstructed neutrino energy(GeV) lark

July 21,2011 3120e/RAL




Neutrino Physics

Super-K a0% 1

— Superk LE 902,

Swe W
T2K expected =
sensitivity

lam?| (107%eV?)

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

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

July 21,2011 33
Dave Wark
Imperial College/RAL



Number of events

T2K v, Appearance Data Reduction s o
5’9 [ < Osc. v, CC
—+— Data [ —4— Data © 4h
< Osc. v, CC I < Osc. v, CC > L
' - 0
> =3 g 10r = 3 (M'C\gé 0.1)
L sin22843 = 0.
0 (MC w/ % Mow L
sin22013=0.1)|  w= 20 =00 o 7
N ° | e-like lil S S0
_ s | 4 W-like 3 21
20 - ._+_ E 5 S
: [ | —
_'_+ =z L $+ + 8 1 //—0— = o &
i S — 3 c -
—_— ] i 7 . S
1 2 3 4 35 -10 PID 0 , 10 100 200 300
Number of rings / parameter Invariant mass (MeV/c®)
= 47 —4— Data | —+— Dam
:g; dacd Osc. v, GG % N Osc. v, CC —_ —4— Dat
= [ v 4V, CC I v, v, CC S - ata
o 3 i E ..,: cG o 40 EEE v_CC © L < Osc. v, GC
o . 5 Ne § [ NC S 3¢t
= I (MC w/ o (MC w/ o I
2 | sin2013=01)| %5 sin?2813 = 0.1) &
o 20+ . - — A7
= I @ —~ in2 —
D _ ,y; o 0 §in%26+3 = 0.1)
5| 5 c 20 17
g 1 :;% /I z 2 .
s i @ 6 candidate events
Z Sz . S remain after all cuts !!
0 N Eﬁm k ] 1 a_) 1 -
0 1000 2000 3000 o 1 2 3 4 25 8 - % (New = 1.5+ 0.3 at sin226:3=0)
Visible energy (MeV) Number of decay-e = -
3 e
- - - - > . N 7 T %
All cuts optimized for low statistics 0 1000 2000 3000

and fixed before data taken. _I_Zﬁz\ Reconstructed v energy (MeV)



TZR\ op Event outside FV
2000 —5Eam direction

Check many distributions.... ool
€
-,
| —4— Daa 3; ol
I Osc.v_CC g
3 [ v g
2 ' -1000 |
-
)
ﬁ; sin€2812=0.1) 2000 L
5 2r I GRE  a 2000 1000 0 1000 2000
|._ I Vertex X (cm)
é % No excess outside FV or in OD,
5 1L ; but KS prob. for R is ~3%
Z i 2000
L %777 I
-1 -o 5 o5 1 e |
COS Bbeam @ 0 —
N e S T
\\O/' 21000 | ;
Obeam I ——— ° --;,,—--:-i
“a 2000 L
0 1000 2000 3000

Beam direction Vertex Fl2 (CmE} <10 3



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



—+— Data 4au

< T T L T T i T T

% < FZ7] Osc. v, CC " Far Detector Prediction (LEM > 0.7) ]

o °f g v G5 - MINOS PRELIMINARY . signal -

& NC 5 30— — Background-

= —— (MC w/ o

Q 5 sin22613 = 0.1) ga —_— FD Data

§ ﬁ 20 o sin®(20,,)=0.040, AmZ,>0, 5_,=0 _|

2 o “F b "]

7 5 77 "E - | | « Merged for Fit N

g 7 : -
13+ £ d -

E -

: -

Z -

I _'_
= % nsz]—‘
0 i S l I

|||||||||||||||||||||||||| 0 100 00 3000 0 — 3"""5 é‘,
Reconstructed v energy (MeV) Recanstructed Energy (GeV)

T2K (2.50) MINOS (1.7c)
v, appearance, 6,5 > 0?

-
[--]

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

0,5> 0, but clearly [ -\
more data needed. Ty

sm2107 eV2 sin’ 0,

0.35

Lo WY
000 002 004
sin? 6,

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

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



Neutrino Physics

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

=/ Desplte con5|derable external damage at
the facility, damage to the actual apparatus *
was not as serious as feared...

RAL



Neutrino Physics

The good news: T2K is
running again already!

Distance Corrected Image

3] Fluor. Correct On
Do 24 Fit

Y pos. (mm})

(4]

[_event timing after neutrino event selection |  [Wll seiecteaevents |
L __} off-time event
ﬂ : : : { |:] dead time
5102 E_ .................. ! expected timing
R
5 F ;
H -
10 it i g H
1 ettt T ' _
E_i sl | o o ] o i L o ] o L] o
2000 3000 4000 5000 6000 7000 8000
time from trigger[nsec]
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=20
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X Projection - Spill 52016

100

107

[ Sigma=2.09 mm

r Position = -6.56 mm

 Integral = 83645 ADC

hyprof

[ Y Projection - Spill 52016 |

120

10

Entries T03

 Position = -6.9% mm

L Sigma =1.72mm

[ Integral = 78417 ADC

-6.584
3.492

Mean
RMS

The bad news: The power
supply to the horn blew
up, so real neutrino data

will return in March.

Dave Wark
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el Clean measurement of 0,
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Distance/Energy [miMeV] Negligeable matter effect
No CP effect

scintillator

for y tagging v+p> e*+n  E,=1.8MeV
Liquid
Scintillator
(loaded
with Gd)

Prompt signal from et

Slowing down of the neutron

Delayed signal ~100 ps from n capture
on H (2.2 MeV y) or Gd (7 MeV y)
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Neutrino Physics

First Double Chooz Results.
Physics Data- Taking

I T T L] I T T T
Double Chooz (prel.) [ |Physics

,]S'”lll[

b

ey 1 'u:;:q:x:h:b )
o
®
ting efficiency

)
)

Neutrino candidates rate

100 T T [ T T T 1 |

Double Chooz preliminary ===-0--=-- [Expectedv rate

»
>
(1]

=
-4}

E

prey
o

L=

-
©

ot

S
(1

(o

Measured v rate
Average Rate: 42.6+0.7 day™

. ol
Neutrino Rate (day™)

Wednesaday. 8 November 2011

Slides from de Kerret’s talk at LowNu 11. T—T



Neutrino Physics

Reactor Neutrino Flux

BARSH LARSS RARRIREARE
Waru
[H2sa
l230pu * Recent re-evaluations by
W | Th.A. Mueller et al, Phys.Rev. (83
4 (2011) 054615.
P. Huber, Phys.Rev. (84 (2011)
024617

Ty r

Recent work defining
new reference on the
neutrino flux prediction

-
o

v ( fission'.Mev')

*  Off-equilibrium corrections
incdulded

New flux calculation= +6%
All reactor neutrino experiment are below

- use Bugey4 anchoring (as CHOO/Z)= Far phase
- use 2 detectors= Near & Far phase

Waednesaday, 8 November 2011
Jave Wark

Imperial Gollege/RAL




Spatial Correlation

Prompt - Delayed Reconstructed Distance

‘ no analysis cut

H ﬁ

1

_I'I'I'I'I'I'I| ||||I'Icl'|:||

E T T T T
S0t Double Chooz preliminary
; = Neutrinoc Candldates
E
o 10
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10?
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_ ] ] |
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MC has no background

Wednesday, 0 November 2011
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Time Correlation
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 Ken Heller
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(2

*| NOVA Detectors >

35 lons A

1984 liquid scintillator planes, no additional
absorber (~50% active)

Scintillator cells
A8x60x1570 cm

Fead out from one side per plane with AFL)S

Expected minimum signal 20pe

126 tons of scintillator, 83 tons of steel

23 ton fiducial mass

186 liguid scintillator planes in target, 1000
muon ranger, 1m of steegl

Same cell size, same minimum signal

Fead out from one side per plane with AFL)s
plus faster electronics than in far detector




Neutrim Physics.  \A\/hat will existing experiments yield?

95% CL Resolution of the Mass Ordering 95% CL Resolution of the Mass Ordering
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Neutrino Physics

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
Imperial College/RAL




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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Am232<0

Longer baselines
are better to
determine mass
hierarchy
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Neutrino Physics

CP violation at 3¢ CL

WBB —WC |, ———
T2KK |, ————

:BB, y=100+atm , ———

- BB+ SPL+atm

BB, y=350 . ——

IDS —NF 1.0 ——
LENF o ——

o
o

©
~

C
(@)
=
(®)
O
—
y—
(a1
o

hep—ph 0603172 v2
hep—ph 0703029
arXiv:0907.2379 v2
arXiv:0907.1896
arXiv:0709.3889
arXiv:1003.1921

GLoBES 2009

107>

Dave Wark
Imperial College/RAL




Neutrino Physics

Three ‘“‘conventional” beam
proposals:

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

 LBNE —a plan to build a new neutrino beam at
Fermilab 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 long baseline in Europe.

Dave Wark
Imperial College/RAL



Neutrino Physics

Future Neutrino Oscillation Experiments

» Another round of supererbeams?:
— Water Cerenkov or Liguid Argon?
— Upgrade of T2K
— LBNE
—~ LBNO

e The further future?:

— [.beams
— Neutrino Factory

 Support Experiments...

Dave Wark
Imperial College/RAL



Neutrino Physics

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 is Tritium Beta Decay, m, < 2.2 eV.

» |f neutrinos have Majorana masses, then zero-
neutrino double-beta decay is-allowed —
observation of-Ov[33 decay 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, Xm,, < 0.28 eV(?)

Dave Wark
Imperial College/RAL



astro_neutrino_zakopane.ppt

Neutrino Physics

Other Neutrino Physics Topics

» Opera, SN v, and the Opera Time Anomaly
o Sterile neutrinos
» High-E neutrino astronomy

Dave Wark
Imperial College/RAL



Neutrino Physics

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 Gollege/RAL



Neutrino Physics C onc | usS | ons

v oscillations are the first confirmed physics beyond the SM
(well, other than the mass of the electron)!

Current indications are that sin26,, > ~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-generation superbeam projects, and | think
the physics will justify at least two.

The mine at Pyhasalmi Is potentially an extremely valuable
resource for European neutrino physics due to its distance from
CERN, but we should move fast if we are going to retain the
option of using it in‘the future. Can we build a 10 KT LAr
prototype?

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. ——
Imperial Gollege/RAL



Neutrino Physics More Conclusions

- There are many other fascinating and important topics in neutrino
physics other than in oscillations that will continue to generate
significant experiments.

» Neutrino physics has a guaranteed future — JOIN US!

. Each generation of particle physicists has to fight and win the
battle to convince governments that our science is important and
that our experiments need to be funded and our theorists need
support.

 This fight has gotten, and will get, harder as public money Is
tighter and tighter.

« To win the fight we need new ideas and new initiatives, and the
young people are where they should come from.

- The European strategy process that is starting up will have a
bigger effect on your future than on mine — give us input and get
Involved!

Dave Wark
Imperial College/RAL
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Dave Wark
Imperial College/RAL



Neutrino Physics

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

Collection view

~~~
£
q—
—
~—t
Q)
-
o
=
O
-
o
O
O
Q
£
4
4
e
|
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



Neutrino Physics

Giant Liquid Argon Detector (KEK-ETHZ)

Giant Liquid Argon Charge Imaging ExpeRiment
A scalable detector with a non-evacuable dewar and ionization charge
detection with amplification

Electronic cr_.affi mass = 100 kton
le\“' L

”"'"ou.
=70m

Single module noN-evacuatie oryo-tank based on ndustrial LNG

wennasegy
Crindrics shage with excalient surtace / velume rato A, Rubbla hepph/0408110
Simpie, scalable detector design, possitly up 1o 100 kion Veniee, Nov 2002

Extremely high performance

“Electronic Bubble Chamber”

3D tracking of all charged particle from
very low energy threshold

Precise resolution of ~mm

Fully active homogeneous 41T detector
(as WC)

Good PID w/ dE/dx, 10 rejection

Double phase w/ Gas amplification

<10ppt purity needed

LEM readout (~106ch)

600ton detector realized and working

Double phase charge readout w/ adjustable gain

Readout

LEM

GAr

A A A
L " » B »
vIg runte:

Much improved S/N (>100) compared
to single-phase LAr operation (=15)

ArDM-[ton Test beam at |-PARC
)

4. see 120 |-PARC PAC (July 201 1) i

A. Rubbia Incernational Eurcphysics Conference on High Energy Physics. July 201

Also very significant efforts in the US in LBNE and MicroBooNE Imperial College/RAL



34 kton LAr
Ve Spectrum

5 yrs v running
normal hierarchy
$in*(26,5) = 0.04 —— sinaivmrges, =0

- SignaleBagas,, = 80"

Events 025 GeV

Signal-Bagas , = 80

norm inverted
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L Beam v, L EZ meam -,
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_ 200 kton WC _ 200 kton WC
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Lisa Whitehead



Neutrino Physics

Sensitivity on Scp

Hyper-K {540kt F Y 3.5yrs ¥ /1.66MW
\\® ZPRAN\ 77

Kamioka L=295km OA=2.5deg j'( 0 002 00 006 00 o1
$in?26,5 A

a5

ad tunesel size)

Electrosic Hat

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

015

$in229 13

025




132 test beam at J-PARC

Setup of Oct-2010 test-beam
I —

Fiducial mass

Total LAr mass ~400kg
Field cage dimension A2cm x 42em x 78cm ‘, e
Fiducial volume 40cm x 40cm x 76cm : j 3 “; T
Typical Drift Field ~225V [ ¢m 7
Maximum drift voltage 12kv 4 B \ :
_'_'n“ x Readout method single phase {temporary] 2
& : Number of readout 76 strips (1cm) )
PMT - channels :
FAT T * Double phase component is
) o ,“_ 7 under testing at CERN. Charged particle test-bear

A& g _ (Unfortunately, not in time for B =9 B ) | PARC (Oct/24-31)
’ the test-beam.) ’ : i ;

=

—

The: phy.alosocuz 17§ 25/ 8pill: 27 ! Event 5949 »

¢ First beam data taken in o 33
Oct/Nov, 2010 z o

300

¢ Results will be presented in
PAC (Jul.2011) )

¢ Possible beam 2011(?) -% £ : i a
¢ See Maruyama’s talk I TPC Channe

200




US: Long Baseline Neutrino Experiment
CD 0: January 2010

d.p cOverage (%)

—— CPV (30)

Syrsv+5yrsv
700 kW
34 kton LAr

7 N In
Collaboration: o
/ r 5 - . . - v
" 288 members from 54 institutions (India, Italy, Japan, UK, US)
' Continue to grow! T
o -E I TN Ay SOOIl ET FAIVIEITILD == . \Jo%le -
’ ;° © 2008 Europa Technologies : N .’

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



Neutrino FiVsics LAr Slight cheaper but riskier — Marx Committee
Conceptual Design Overview — Water Cherenkov

DUSEL 4850L Campus

Alternative Is
34 kT of LAr

S Water Recirculation
................

Technology choice underway * lege/RAL



Three main optlons

n(ccﬂl wT P ' w

| , CN2PY
W
3 main OPt'OnS A L=2288 km, CERN SPS 400 GeV
selected for

4 \ + new beam line 0.75 MW &
LAGUNA-LBNO R

el + near detector infrastructure 5
Longer term: 2MW with 4
LP-SPL+HPPS accelerator |

L=130 km, e
HP-SPL 5 GeV 4 MW LINAC + =

accumulator ring

CNGS-Umbria

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

. ' Sl Tl CERN SPS 400 GeV
+ near detector infrastructure \ N §5% :
B AN .~ presently operating 0.3 MW

Possible synergy with a B beam " Sy

no near detector infrastructure >
) !_ ‘ CZ0AD Tele Aty _

SLATANAE N IRREALITE ﬂrr ziem
ubbia WYY

Thureday. March 3. 2011



Neutrino Physics

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

;

=h
&

~0
= |
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A
o
20
T
=
:.-_-' 0.2
¥
@.
©
QO
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g

e
-

=
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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 College/RAL



LAGUNA Pyhasalmi w/ GLACIER

|

A ,” LAGUNA infrastructuré atsite
" 2500-4000 m.w.e

( LENA + DAEdALUS a
ah complementary way to measure CP
L violation In neutrmo oscillations?

; = LAGUNA mfrastructur atjsi

2500-4000 m.w.
Main aspects of the infrastructure |

- existing working mine with very high standards iwo dedicated
- existing decline tunnel access to deepest level  shafts foreseen
- excellent excavation strategy

Main purpose of the infrastructure

- Sufficient (to conduct the experiment)
- Efficient (cost & process effectiveness)
- Safe (during all phases)

Main aspects of the infrastructure
.~ -good excavation strategy

(RACIER

) e‘mCient fOCk disposal @ tﬁ:::r;f:czisu’::;‘:osting site
- no disturbance with hosting site bl é - sufficient fresh air inlet
o g asiiy ) _ - effective outlet of return air
- sufficient fresh air inlet $ 1 - saféty
1 : : - supply routes for construction
- effective outlet of return air ..i i
- safety - - guality control of material at the vicinity
supp ly routes fOI' construct'ion o — - supply route (pipe lines) for liquids

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

o RN [ LR ey ST N _CUUITRLY R ey LI L A SrL R & T I RN I S et R LoX Y Y N | L)



CERN new conventional beams option A

>® ® ® ® & 0 ©

L\g\n\
Option B:
Target station close to existing one for the North Area v ]
RCIT CN2PY - -1
Feasibility of new beams 2 Target e Ne?:je;ecmr |

approved by CERN study oot S*@

(LAGUNA-LBNO/201 1-2014)

New beam facility accepts
protons from 400 GeV SPS and o 7
eventual new 50 GeV HP-PS | OB

Will produce conceptual NEUTRING FACTORY | |+
design reports within 2014 B -t TN ?é
(LP)-SPL /\\ & == I % ‘ , \
| \e . '\ . A e ONTROL RADNG W00 %!
! o\ \.‘ S S U2 B0NN8.80% 2 €730 porsars : ! 1
5 O LI S ......,..% R :
3y B n 0 / | 0 P Y ST | "
BR\CARRAR, 8 = N S e i R

CNGS

b Exploring within LAGUNA-LBNO an itk

Tas Lol for a 10 kT LAr with a muon

QLY. ranger combined with a new beam in
Tas the NA out at CERN

Tas . GUNA detector
Task 4.7 Definition of near detector requirements and development of conceptual design;,

Rubbia International Europhysics Conference on High Energy Physics, July 2011




Linac4

Molten
target Salt Loop

Seo
6He ~~~~
s

Baseline

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




fac
Neutrino Factory Baseline Tell

Neutrino Beam

Proton Driver:

¢—Linac option 1 Two Magnetised Iron

Ring option i — .
Muon Decay Neutrino Detectors (MIND):
\R'“g _ 100 kton at 2500-5000 km
755 m — 50 kton at 7000-8000 km

Buncher
Phase Rotation

Target
Cooling

Q—M

Linac to 0.9.GeV 0.9-3.6 GeV RLA

3.6-12.6 GeVRLA

12.6-25 GeV FFAG

Neutrino Beam ___FH_FHA_HHHHHHHH4 Baseline constantly under
i BN review in light of new
m——l-—i—l—+_"_'_'_+_|_*_i_+ .
Muon Decay ng IDS-NF Baseline 2010/2.0 p hySICS resu lts

EPS-HEP, Grenoble: 21st July 2011 a8l 8] :|i 106
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Neutrino Physics

» 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 |mner?;v€um§:|;m



Neutrino Physics

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]

Slide from Yvonne Wong’s talk at TAUP ‘11 |mner?;v€,,m;5m



Neutrino Physics

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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Lightest neutrino mass, m, [eV]
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Neutrino Physics
Ifyo are meastring a ma 01 1T

VOLUME 67, NUMBER 17 PHYSICAL REVIEW LETTERS 21 OCTOBER 1991

1

Correspondence of Electron Spectra from Photoionization and Nuclear Internal Conversion

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,fw and S. J. Schaphorst

R.G. H" Physics Department, University of Oregon, Eugene, Oregon 97403

Pl

TABLE II. Contri
| standard deviation.

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

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

....... . V. o WU, S I T TN

Analysis (thr
Statistics

Electron energy spectra have been 32 ' ) ! T ]
Beta monit¢ mechanisms: (1) photoionization and 1d - bd .
Encrg}r loss: It is demonstrated experimentally th Id-ed]
. h primary |s-eleciron peak, are identi 5
8% in theo given. The spectra agree well with a 24 % 4
5% uncertai tributed to excitation and ionization ¢ x b0
Resolution: PACS numbers: 32.80.Fb, 23.20.Nx
. a
Variance of refponse tunction 3 E
Tail 15 F4
L
Final States: .
Differences between theories 8 ! i
Limited configuration space 10
Sudden approximation 2

Apparatus efficiency:
Linear vs quadratic 32 " 17500 17600 17700

Electron energy (e¥)
Total 79

\mperial College/RAL




Neutrino Physics
SNO Systematic Flux Uncertainties

Error Source CC error (%) ES error (%0)
Energy scale -5.2, +6.1 -3.5,45.4
Unless a real error analysis is done Y
for astrophysical mass “limits” they *3.3
- +0.4
cannot really be considered o
equivalent to laboratory limits. -1.9, +0.0
N A — oo -0.2, +0.0
Instrumental background =~ —e2—a=a : a-f—aa
Trigger efficiency In any case, using precious
Live time -
ot e s cosn_\ologlcal data to
Earth orbit eccentricity constrain m,, would be like
170, 18Q ) ]
Experimental uncertainty | Y>!NY LEP as a tide gauge. |-
Cross-section 3.0 0.5
Solar Model -16,420 -16, +20

Dave Wark
Return 1 imperial College/RAL
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Time (s)

Limit from SN1987a 1s m, > 23 eV (PDG)

Best you can do iIs ~5-10 eV, which isn’t good enough

Light and neutrinos got here on the same day after travelling

for ~160Kk yrs, so |v,-c|/c < 2x10° atE, ~ 10 I\/IeV-
Y Y Return 1




Neutrino Physics © CERN NEUTRINOS TO GRAN SASSO

Underground structures at CERN

N Excavated

I Concreted
Decay tube

== (ZmaZontnd)

£06 /2003
CERN-AC-DIMM

L | -~ Dusiniat EPS
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Y dpry v o % 71
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GPS
CERN common view LNGS

ETC

time shift by TOF_ dat
ata

waveforms
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target decay tunnel
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All events:
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Results with a short-bunch wide-spacing beam

20 events exploitable for TOF
measurement

Individual TOF measurement/event
4 bunches/extraction ~3 ns
62.1 ns average TOF, 16.4 ns RMS

RMS dominated by instrumental
resolution in relating the DAQ clock 20
MHz to GPS sync signal (+-25 ns
jitter)

Thise result excludes
overall biases affecting the

PDF based analysis
ot = TOF.-TOF,= (62.1 £ 3.7 (stat.)) ns

Statistical analysis based on PDF: 6t = (57.8 £ 7.8 (stat.)) ns
Comparable or smaller systematics than statistical measurement

This narrow beam structure will allow Borexino,

ICARUS, and LVD to measure ot as well. Dave Wark
imperial College/RAL



Neutrino Physics

Improving the MINOS measurement

Current measurement:

6 = —126 + 32(stat.) &= 64(syst.)ns  68%C.L.

Now have nine times more data

» But the measurement was systematically limited

Three-phase approach to future analysis

Phase 1 Phase 2 Phase 3

6 months 12 months 2013 onwards

Re-analyse existing Hardware improvements |Further hardware
data, reducing dominant |for 2012 data taking improvements

uncertainties Beam energy and

intensity upgrades

18-33 ns sys. uncertainty |11-18 ns sys. uncertainty |2-7 ns sys. uncertainty

23rd November 2011 Justin Evans 8

Dave Wark
Imperial Gollege/RAL
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LSND Starts it all...

GALLEX Crl

SAGECr

R=0.86+-0.05

1
- &
Short baselines i
. E
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dj 15 2 pv —vge'in —~ E i L
E - “ v ’ -
& 125 i - £ % J
4l = d steril a
. and sterile v. b L
75 B I | B ' ! ! ) i | ) ' ' ! ] I |
5 Yo 3NEULING £ SIN2(201 305006
25 2 il : NER
1 1 :6
04 0.6 0.8 1 1.2 14 v
L/IE, (meters/MeV) ,E— . O
MiniBooNE : Eia
I n I OO Sa S (LW ] % ‘.; E
: y E - ER [ - Sterlle neutrme i
_ Neutrino v, Appearance Results (6.5E20POT) B o\ sm (%Qnew} 0 ﬂﬁ |
% > i ?_n:‘:%m l"l(‘ O H ‘::_ R 5 Amnew >> 1 EV
E + { | v: fr om [Tl - |I | 1 I - |
. e ANy ! 100 1000
} = othor vy | Distance (m)
Const. Syst. Error gy B

CERN-SPSC/99%-26 ~ SEARCH FOR v, — v. OSCILLATION

SPSC/P311 AT THE CERN PS
August 30, 1999 \ S22 ‘,:_ S\
1.4 1.5 3. o »_:: =S "'\"\\.l;; _
ES= (GeV) T, N,
= I, < 4 . -

Antiheutrino v, Appearance Results (5.66E20POT)

gl - FE

Data (stat arr.)
V. from u*-

v, from K*"

Vg from K

a misid

A My

dirt

= S /7 g\ B ‘.r“\v

z ] \ -
Aty \ Neutrino beam 1 d,_{
S T\%. O E*

Events/Mey/

othear
Constr. Syst. Error

ol b b i b Bey
)
=

0.3 LY A LSS } ‘J-'l :
R S
02 AR N iE i
- W ('.[ R :x.\:.\s\[:H
0.1 = - — = < ‘T il
" ; 53 ihiﬁ‘La 4=
0.00.2 0.4 0.6 0.8 1.0 1.2 1.4 3.0

ESE (Gev)



Neutrinn Physirs

A low/high-energy neutrino (short baseline)
‘beam in the CERN North Area

! !’ e l‘ - v\‘;'l ‘; &
NA could host LBL and SBL neutrino beams N (R *’!"
s L —_

7 b ]

-

-

S target | L—300;n ' L=1100m" L=1730m
»' o:\lln;Ps’ "'h""mé.}\-l na mg be‘a (horizon/

ta 3 de
arrge:tjvobcrznye EHNI e

Bi e = (NA6I) [N (COMPASS, NA48)
u - . Y Sy

Fenced area
- ) ? {
o 5 i

g :--«' outsnde fenced

area L=2900m |

High and low energy beam options possible for detector R&D, cross-
section measurements, oscillations @ L/Ex1 eV?, electroweak physics,...

10th ICFA Seminar on Future Perspectives in High-Energy Physics 2011

Wedneaday, October 5, 11




NeutringRt

MicroBoolNE

Located in the Fermilab Booster Neutrino Beamline: detector

mF
Vu
Kn
K+ Ve
Wy
< — L=470m
L
= 2
p— e & 10°F
. R = F
- = ) r
o o % uB sensitivity 90% CL
-__, - = uB sensitivity 3c CL
N
Tl —— uB sensitivity 55 CL
= @ 10 —— MB limit 90% CL
o

Imag

Present MicroBooNE plan:
Neutrine running, 6.6Ez0 POT
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s el ; Dave Wark
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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
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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:
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gt Neutrino interaction properties must SciB_ﬂﬂNE(

also be measured... o oo eciboome fral cou!
But also need....

Near Detectors....

UA1 Magnet Yoke

Fine-Grain
pcs Detectors

\\\\N\“ﬂ\ ~

l Downstream
I ECAL

ol
I ===

Solenoid Coil

POD

o
-

---
=

| 0 500 720
Corrected n° momentum (MeV/c)

Barrel ECAL

L7
>
©
=
c
@
=0
o
)
>
w
©
c
e
T
o
Ch
w

Return T

MR - Dave Wark
Imperial Gollege/RAL

N
E
¥



Neutrino Physics

Dave Wark
Imperial College/RAL



Neutrino Physics

Dirac v vs Majorana v

Lorentz
Boost,
E, B

Majorana

Dave Wark
Imperial Gollege/RAL



Neutrino Physics

BB decay and neutrino mass

-3 -2 -1 £ +1 +2
0dd A Even A

35 Isotopes In nature

Dave Wark
Imperial Gollege/RAL



Neutrino Physics

OvBp: Peak at Q-value of nuclear transition

2]
p—
. g
=
=
2
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Ny
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energy [keV]

Sum energy spectrum of both electroRs war
Imperial College/RAL



Neutrino Physics Aost sensitive neutrino mass measure ments

can be obtained from double-beta decay

2

(m,))
ytm = (phase space) e 7 o |Z:Mif

€

Dave Wark
Imperial Gollege/RAL



Neutrino Physics Aost sensitive neutrino mass measure ments

can be obtained from double-beta decay

Each is £1 if CP conserved, but there

can still be cancellations dave Wark
Imperial College/RAL



Neutrino Physics

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

disfavoured by Ov2f

Inverted hierarchy

90% CL

: - j Negligible

Normal hierarchy errors from

oscillations:
width due to
CP phases

ASojowsos £q

90% CL (1 dof)!

107 3
10 1073 1072 107!
Lightest neutrino (m,) in eV

Dave Wark
Imperial Gollege/RAL



Neutrino Physics

KKDC Claim
(best fit 0.32 eV)

Present Cuoricino result

GERDA Target
CUORE Target

With SuperNEMO, SNO+,
MAJORANA, many others

Im,. [ 1IneV

should reach here in ~ 7-10

3
)
E yIs.

99% CL (1
lD-hl - - I
10 103 102 10!

lightest neutrino mass in eV Retum T

Need new Ideas to reach < 10 meV, but kiloton

scale low background experiments are not Impossible! ..z wark
Imperial College/RAL
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| ritium B-decay AT
T
ay

3H \ ‘

Fermi theory of B-decay:

g %=C-F(E,Z)-p(E+me)°(E':,-E)W(EO-E)2-m1“,2

SHe

S 3He+ e + 7 observable:

g : . 1.0 entire spectrum ;‘ region close to end point
tritium as 3 emitter: %08
* high specific activity 08 §O.6 m(ve) = 0 eV
(half-life: 12.3 years) /@

only 2 x 10" of all
decays in last 1eV

o
~
o
~
e

* low endpoint energy E,

relative decay amplitude
o
(e}

0.2}
(18.57 keV) .’ Im) =
- super-allowed ol NJ o TS » ;
2 6 10 14 18
E-Ey[eV

electron energy E [keV] oleV]

Florian Frankle KIT - The cooperation of Forschungszentrum Forschungszentrum Karlsruhe : e
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meV level
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Status:

-commissioning of sub-components
ongoing

- Start of physics 2013

Demonsirator
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Nufact 2011

IceCube Lab

lceTo

81 Stations, each with
2 lceTop Cherenkov detector tanks
2 optical sensors per tank

324 optical sensors

lceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 strings

DeepCore

/8 strings-spacing optimized for lower energies
480 optical sensors

*ilEiﬂe Tower
324 m
' 86 strings
(8 Deep Core)
81 IceTop stations

5484 optical sensors

1 billion tons of ice

Dave Wark
Imperial Gollege/RAL




Nufact 2011

I1LI;_-?IE Season 200 T Vp / d

1C-79

IC-59 i gl ...............................-.':“t‘ 09-10 Season

08-09 Season - iy
170 Tv,/d
125 tv,/d ..o - i

. ca0 40 Tv,/d

07-08 Season

Ic-1
04-05 Season

IC-9 . IC-22
05-06 Season . 06-07 Season

Dave Wark
Imperial College/RAL




Nufact 2011

Events of interest  frse> 100tey < top view

cascades in 40
strings!!

> |00 TeV muon neutrino
event

side view

Run 110884 Fvent 1G256253

Dave Wark
Imperial Gollege/RAL



Nufact 2011

Sub-degree Pointing proved on the Moon

More than 12¢ underfluctuation in 59-strings

40 string___s o e 59 strings

¢ 2000
0
2000 -

4000-

6000- _ '
8000 - .

P 43
8 o”hm 01

vy %[&&3« g 2‘0&&6 .3 % [deg) 3.44 &‘3 m),g“agmjl

quat ©

Dave Wark
Imperial College/RAL



Nufact 2011

Atm. neutrinos

PKS_1454-354

All sky and Selected Source List

pretrial log10(p-value)

‘_t-

1.2

1.8

’!Oglnp

N

2.4 3.0 3.6 4.2

—_ Preliminary
~lceCubed0+59

| AT ]

3 5 ¥ -
<24 (prewial p-value at hotiest spot)

No significant fluctuation: best pre-trial p-value = 0.14 pretrial in a list of 43 sources => 95% post-trial for

Dave Wark
Imperial Gollege/RAL




Nufact 2011

Cosmogenic Neutrinos in IceCube

W&B with cosmological evolution: 24.5 events in IC86/3 yrs (4.5 in 1C40)
GZK 5 (M. Ahlers, et al., 2010): 4.8 events in IC86/3 yrs (using constrain from Fermi diffuse gammas)

10— i~ - \ | \ AN
GZK 2 ' \

GZK 3 \1‘ \ \

GZK 4 \

GZK 5 \\

GZK 6

(-
=
Ln

—
<
=

WE bound

IC-40 (333.5 days) e
1C-40 UHE the full IceCube
1C-22 A year
ANITA
PAO
RICE
AMANDA

E2 O(E) [GeV em™ sec! sr]

6 8
log. (Energy/GeV)

Dave Wark
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What 1Is KM3NeT ?

Future cubic-kilometre
scale neutrino telescope
In the Mediterranean Sea

A= & >

‘l
g
!
I
1

Exceeds Northern-
hemisphere telescopes
by factor ~50 in sensitivity

Exceeds IceCube
sensitivity by substantial
factor

Provides node for earth
and marine sciences

interaction

ERLANGEN CENTRE
FOR ASTROPARTICLE
PH

U. Katz: KM3NeT (NNN11) 146



Candidate Sites

 Locations of the

three pilot projects:
« ANTARES: Toulon

« NEMO: Capo Passero
« NESTOR: Pylos

 Long-term site
characterisation
measurements
performed

« Political and funding
constraints

« Possible solution:
networked, distributed | il N
. . Toulon ] Capo Passero Pylos
Implementation — S e
D N}. EnLawsen covra:

U. Katz: KM3NeT (NNN11) 147




