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> History

> V-mass

> Majorana or Dirac ?

> v-Oscillations
> CP-violation

> Tachions ?
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Future European v-Detector






eutrino Hypothesis

Continous B -spectrum ?
Conservation of angular mom. ?

.ahuuhrinjlﬁ lz.il ™

fetaner Oriaf ap dis Jrunpe dar Hadicaktiven bel der
Cooveraina~Tepung gu Tibingsn.
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dar Eldg, Techniarher Hochsolmla @irich, lj. Des. 1530
Hrieh, Uborisstranes

Lisbe Bedicaktive Damen wnd Herren,

Wis dar Usbarbringsr diemar Zaitsn, den ich Mldvollat Wolfgang Pauli
enmhbbren bitte, Ihnan dee nEhersn sussinendersetasn wicd, bin ioh
angeslchts der "falachen™ Statlatik Jdor Be und Li-5 Eerae, sowle
des kontlnulerliche bobs-Speictrums suf olown vearpwsifalten fnsweg
varfallen um depn Migoheclsate™ (1) der Statistik upd den Enargienats
W retten. Nimlich dis Miglichkedt, es iiontsn slektrisch nsutrale i
Tylloben, e loh Neutronan neonsn will, in den Lernen sxistleren, 1930 IST |dea
Wwelohs dem Spin 172 tmban nnd das appochllsssunmap-lnsly belfolgen upd
‘whal von Idchtquanten susserdam nooch dadirch coterscheiden, diss oie G
et =it Lickigeecndatizcets levfm, Do Haase der Neuironm 1932 Fermi calculates spectrum
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s nicht groapar ala 0,0] Pretoosmamsn.- Dam kentiruierlichs 2 g
Sosktrum wirs cann varstindlick unter der Amahme, dass beis 1933 Publication
- 2afall wit dem Elektron Jewells noch ein Sectron eedttdert
wed, dewrurt, dass dle Suene der Energlen voo Neotron and klekhron
onatant lst.



Neutrino Hypothese

Pauli spdter (~1950?) bei einem Besuch am CalTech:

"I have done a terrible thing. I have
postulated a particle that cannot be
detected.” > Poltergeist

Bethe/Peierls 1934: totaler WQ % 104 cm?

O mittlere freie Wegldnge in H,O % 1000 Lichtjahre



Neutrino Detect

very first idea ~ 1950

Cowan & Reines L e BURIED SIGNAL
sl — = e yE LINE FOR
TRIGGERING RELEASE

BACK FiLL ~_|

SUSPENDED
DETECTOR ™

VACUUM
TANK FEATHERS AND

FOAM RUBBER



Neutrino Detection enisk iqse

neutron-rich
fision fragments

141
2
Slow neutron

@

. A *
235

92 U 36 Kr

(one possible pair  f fission fragments)

neutrinos pene
cuppola

 Detector
" underground




Neutrino Detection

1°" attempt: Hanford 1953

Hanford Reactor Site

e [0

R 7 The lesson of the work was clear: It is easy to sh/eld out the noise men

- make, but impossible to shut out the cosmos. Neutrons and gamma rays

¥ from the reactor, which we had feared most, were stopped in our thick
walls of paraffin, borax and lead, but the cosmic ray mesons penetrated

i gleefully, generating backgrounds in our equipment as they passed or

S stopped in it. We did record neutrino-like signals but the cosmic rays with
their neutron secondaries generated in our shields were 10 times more
abundant than were the neutrino signals. We felt we had the neutrino by
B (he cotftails, but our evidence would not stand up in count.”
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Neutrino Detection

2" attempt: Savannah River 1956

method of detection:
inverse B -decay

V. +tp*>ne’

caphure du
raegro par

Istorme de Cd g - ; delayed COIHCIdCHCZZ

Cadrmium

E 141 e T T

g : RN | o Retardation &

Annihilation 2>y y

2.n Thermalisation &

Capture:
n+Cd->Cd*">Cd+3y



Neutrino Detection

shutting out the cosmos

Meulron soape

veto-counters reject cosmic myons
+

over-burden shields the detector



Neutrino Detection

telegram to Pauli
June 1956

-

-
{ g....:tE" ."‘._..:l_.r_-..t.-:.
‘ z'x:i}_,;"-_dd J'J.._,..r___.
Banader’s gl smlas

We are happy to inform you that we have
definitely detected neutrinos from fission
fragments by observing inverse beta decay

of protons. Observed cross section agrees
well with expected six times ten to minus
forty-four square centimeters.




The Myon Neutrmo

Ledermann Schwartz Steinberger

polonteam.___————, " _____ N | nu M ‘ |
pion-production decay tunnel

myon-absorber neutrino detector
voX+elp?

flavour -eigenstates in weak interactions

(hadr. cascads) > UV




The Tau-Neutrino

T->HM kinematically forbidden
violates E-conservation

T > UV  2-body-decay
mono-energetic y

1> KUV V 3-bady-decay
continous spectrum

discovery of the tau-neutrino !

A new neutrino-flavour ?

Ly .;_‘?'-_’,an i

L _ .

SPEAR, SLAC



The Tau-Neutrino

Ortho-Lepton
T>e v, VU,

T e ~ T">eee
>V - V.
Parc-l.epton
T =¢ 2 el Vi
TV vV g 17,36 %
Sequential Lepton
T own r > e N
generation

TV, V,

= 3 Neutrino-Flavour-Eigenstates: v, v v,



Neutrino-Theory

flavour-eigenstates
in
weak interactions

only
flavour-diagonal
couplings

mass-eigenstates

H\Y =FE Y

s v

time evolution:

Ht) = e HO)
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Neutrino mass from the endpoint of f-decay spectrum

Energy spectrum of beta
decay electrons from 219 Bi

K : kinetic energy of e

0z 04 06 08 10 12 Q: energy release in decay
Kinetic energy, MeV F: matrix element + Coulomb correction

N(K,) = CV\K>+2K,m,c’ (0—K.? (K,+m,c?) F(Z'.K,)

Problem: Statistics at the endpoint approaches zero!

17



General
Mame, symbol tritium, triton, H

Meutrons Z

Protons 1

Nuc.lide data
Matural abundance |trace
Half-life .450[.118 days
{Decay products | *He
lsotope mass . 30160492 u

Spin 1/2+

Excess energy 14949.794+ 0.001 keV

Binding energy 8481821 0.004 kev

Decay mode Decay energy

Beta emission 0018590 MeV




, transport
B=2x10°T solenoids

:'\,
i
(e

. ] Q
s = (= | |

~_

spectrometer
solenoids B=4.5T

MAC-E filter:
electrostatic potential cuts
spectrum in p,

Magnetic field:
rotates p into p,

air coil

B=3x10%T

detector

p. (without E field)
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How to transport it from Munich to Karlsruhe ?

20
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MALTA standard parallels 40°N and 56°N
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0] 0 300 Miles

ALGERIA™ 2%
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~Disac ?

Majorana-Particles: m° = 1//2(uu + dd) or y

invariant under CPT transformation

Are neutrinos Majorana particles ?

22



massless neutrinos

SM: active sterile

- CPT
Y [ > VR

-1 Jistinguishable +1

massive neutrinos

 CPT / -

-1/ (+1) +1/(-1) -1/ (+1)
V\?/V

23



| odd/even
= \evenfodd

certain nucleus only decay
through a 28-decay

(A,Z) - (A,Z+2) 2 e 2V,



experimental detection:

| Heidelberg-Moscow

25+
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= Two Neutrino Spectrum
== Zero Neutrino Spectrum
1% resclution
T'{2v) = 100 *I"(0v)

>
E)
]
]
]
3
=]
5]
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0.5 1.0 1.5
Sum Energy for the Two Electrons (MeV)

Cleanroom

Cryostat

Watertank

Ge detector
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AMNCUL iV Eag e lienit

SOURCE DETECTION

PROPAGATION ~

v propagation as mass eigenstate

™

v detection as
weak eigenstate

DETECTION

m’
vi(x)=n, expl il prx— EIH N n, exp —1—’E X

ie. v ‘ i.e. v_ disappearance

v appearance
v_appearance

Pontecorvo-Maki-Nakagawa-Sakata matrix
27



v e el Ue2 Ue3 v 1
v U U Uty
V. U U u_ v,

1 0 0 cos0, O sinB,e® /cosB, sinB, 0 (v,

=| 0 cosB, sin@, 0 1 0 -sin 6, cosB, O ||v,

0 -sin@, cosB,| |-sinB,e® 0 cos B, 0 0 T v,

.atmospheric" 0., # 45° ,reactor" 0, < 10° .solar" 0,, ~ 32°

2

Zito Maki
Masami Nakagawa

Shoichi Sakata
Oscillation Matrix 1962

'rj__ V‘%r’ mHﬁ:gu{,ijfv__

Bruno Pontecorvo
Neutrino Oscillations 1957

28



Special case: 2 generations

sin 6\

—sinf! cosf

Uberlebenswahrscheinlichkeit:

' 2
P(v,, —>v,) = 1-sin?(20)- sing{ irg =

I".

Oszillationswahrscheinlichkeit

Oszillationswahrscheinlichkeit:
. aet S—
Pl:"v'm—}"v'ﬁ)ZSIH {29)5”1 4— A B A B B B B

L

= .,
- = "

TN T
- ) .;,» Pry
I sinf(28) 7 FWV)

- — - ——— i S - ——— T — T —— o o o o

Oszillationslange
. 4:'T:E£_. _o.m E,[MeV] .

Am ﬂmz[evg]




Frobability , . . . . \ \ . .
Ozcillation probabilities for an initial electron neutrino

3 generations, realistic parameters

L/E chm Gev)
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4p"94He+2+ y

=

,+ 26.72 MeV

« < R -

Gran Sasso (ltaly) -

nuclear fusion produces v,
shielding against
cosmic muons

Deficit observed !

hypothesis v, — v,



ILL

Savannah River
Bugey

Rovno

Goesgen
Krasnoyark
Palo Verde
Chooz

KamLAND

A
*
O
*
*
&
O
|
@

Confirms:
solar neutrino oscillations ke to Reactor (m)

Observes v_. from 55 nuclear power stations in Japan

33
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Excludes solar model as origin | [km/MeV]
of solar neutrino deficit




F A
Deficit observed |
hypothesis v — v,




—— oscillation
decoherence
— decay
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Solar Neutrinos

Homestake
Kamiokande
Gallex

Sage

SNO
Borexino

Am

solar

OHOS O g+

Cape icuits

Atmospheric v

Super-K
Macro

Am

atm

Reactor-Neutrinos

Chooz
DoubleChooz
Daya Bay
Reno

Am

atm

KamLand

Accelerator-v

Chorus
Nomad
Karmen
LSND
MiniBoone

short L
no sig. (?)

K2K

Minos
Opera
T2K Am,,.,

Nova




Sun Nuclear Power Plant |Atmospheric Showers Neutrino Beams
OHOS © z = ! ® :
3 % /
AN Y
N g et
= ]

01.10Mev| 1._10Mev | 01.106ev| 01_5cGev

L., * 12 km L., # 50 km L., # 15000 km L. # 15 000 km
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Solar Neutrinos

oscillation observed

Homestake
GALLEX
Super-K

confirmed
KAMLAND
SNO

disappearance of v,

|Am| = (7.59707%) 107 eV
sin’60,, = 0.312°0.]

ee
sol + KL + SBL
sol + KL + SBL (free norm)

Atmospheric v
oscillation observed

Super-K
MACRO

confirmed

K2K
MINOS

disappearance of v,

|Am}| = (2.45+0.09] 107 eV
sin“0,; = 0.51+0.06

Thomas Schwetz et al., arXiv 1103.0734

Reactor v, 6.,

no observation yet

intensive search
DoubleChooz

Daya Bay
N=\O)
disappearance of v,

T2K, MINOS
appearance of v,

. 2 _ +0.009
sin“@,; = 0.010_,

N
=
[}
e
o
b

2
31

Am

90% CL (2 dof)

GLOBAL
/' SK+K2K+MINOS

39

(normal hierarchy)



Am, = 7.24..7.99 10 eV’
|[Ami,| = 2.28...2.64 10 eV?
e G sin®0,, = 0.28...0.35
atmospheric

2.5%10-3eV?2 sin“0,, = 0.41...0.61

atmospheric S, B
-2 5% () ':'q_'-"l.,."—"' Sin 613 = <0.027

solar~8x 103eV?

2-sigma ranges

40



:||:||1|:'r'-1|.1f'u.r|'i1,'
.2.5x103eV?

atmospheric
~2.5%10%eV?

How large is 6 , ? — experiments started

Precision measurements (6,, maximal ?) — next gen. oscillations exp.
Absolute mass scale ? — nucl. phys. experiments (KATRIN)
Normal or inverted hierarchie ? - next gen. oscillations exp.
Majorana or dirac neutrinos ? — double beta decay

CP-violation ? — next gen. oscillations exp.

Is the MNS-model correct ? 41



Minimal extension of the SV

Is it possible to incorporate neutrino oscillations in the SM ~

O. New phenomena

lepton flavour violation (neutrino oscillations
+ charged lepton decays)

potentially CP violation in the lepton sector



Minimal extension of the SV

Is it possible to incorporate neutrino oscillations in the SM ~

1. Neutrinos have mass (at least 2 out of 3 states)

VL VR
\\‘// (Fv N (Vi)
| = (B(l—y ) ¥ (V) %(1+y) ¥ (v))
\ = (Y (W) %(1+y)(1+y) ¥ (v))
H
Higgs-mechanism need new particles:

right-handed neutrinos




Minimal extension of the SV

Is it possible to incorporate neutrino oscillations in the SM ~

2. Majorana Masses

Right-handed neutrinos are very special
® electric charge = O

® no colour

® weak isospin = 0

v, and v, have the same quantum numbers

Are they identical? Are they Majorana particles?

> at tree level: introduce majorana mass term ?

> loop corrections: generate majorana masses or
forbidden by a new symmetrie



Minimal extension of the Sl

Is it possible to incorporate neutrino oscillations in the SM ?

3. Seesaw mechanism
If there are dirac and majorana mass terms
diaghonalize mass matrix to find eigenstates

Right- and left-handed neutrino will have different masses



Minimal extension of the SM 7

new phenomena:
lepton number violation A window to the GUT scale?

Majorana seesaw
mass mechanism
new particle: term m(v, ) # m(v,)

right-handed neutrino

new phenomena: Higgs
neutrino oscillation [RUCEIERIET
lepton flavour violation need v,

CP-violation

neutrinos
have
mass

something
else
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® Beam Excess

3 p(v,—v »€)n

Beam Excess

EZ9 pe,.e)n 800 MeV

protons
linac, synchrotron [/

evidence for &y )
—— OSC”IGT'O“S 1220 PMT (8-inch) e . éerenkov-Cone

167 t diluted scintillator of positron

08 1 12 14 Am? = 1 eV?
L/E, (meters/MeV) Liquid Scintillator Neutrino Detector @ Los Alamos

e Data
g vefromu V7V,
3 v fromK*
= v, from KO
I ° misid
— e\
B dirt
= other

Total Background

Events / MeV

-I-I-+

. Decay region Dirt ~500m
(neutrino mode) 118 ~50m (L ~10 L

MiniBooNE LSND )




Beam Excess

Events/MeV

[ 102:ql|||||| E ||||.i| L R B ||||||_
17.5 * ‘_) - ; ® Beam Excess 1| :; | : :i:: Et ]
151 H € 3 pev,—v,€en % % | '
i | | o | ——99%CL ]
: R (. »
125 ( el \ vt KARMEN2 90% CL
i other 10 j |
10F g
7.5] o = [ =
51
25] Situation unclear
0 [
g g | P | — | | 1
04 06 08 1 12 14 il L
L/E, (meters/MeV) 5 »
|:|LSI\ID 90% CL
: ----- T T - % - T T T - C}JD |
06 | i ) i A4 Ve CJv. &7, fromp™ — DLSND 99% CL %’%\
a8 Fit Region . &7, from K™ | gl S e S
T — . &v. fromK" . 10
1 3 " misid . 10° 1072 10" 1
(P = = I CJa—M . "
[ diirt | sin“(20)
- 1—{—‘ ] other i
HE —— Constr. Syst. Error |
0.2 o [T T Best Fit (E>475MeV) | Améx1eV?
L ey 7 . .
........... . sterile neutrinos

Vb2 0.4 0.6 0.8

1.0 1.2 14 15 3.0
ESE (GeV)

CP-Violation




Kraftwerk Choc;z o
Maas-Schleife in den Ardennen

m
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Far detector
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Positron detection:
E,=E - Q- Scint.

Q=18 MeV
e’ = vy - Scinft.
E onpt = E, * CONST.

&
@

)
=
£
=
-
b
®
=
=
=)
=
=
3
=
ko
-
=

delayed
(30 ps)

Target: Gadolinium loaded liquid scintillator
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detector

detector

0.1

L/E [km /1MeV]




1
Far detector sin (5913} 0.00

sin%(26,3)=0.10 ——
1||-] EZH'I‘Z!-I j‘IIT]

Events/250 keV/3 years

Result of 0_, is only a small effect

Near detector: ~300/day
Far detector ~60/day ~ 50.000 events in 3 years

Previously calculated from thermal power
Two identical detectors: systematic error of the normalisation cancels




limit on sin? 20,. (90% c.l.)

Double Chooz : sensitivity limit versus year
I ____phasel: 1.5y with the far detector {1.05 km) only mi o

{ phase II:35 yW|th both near {400 m) and far detectors ChOOZ I Im lT (9 7 )
i

I

I

I

I

I

I

Limit 90% C L.
=) o
= =]
= =]

=
=
on

Best fit (5.7°)

45 5

2012 B 2014 2015
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Keactor-Experiment

Udya

I‘ . Near Detecior

S _7Omhigh -~

et [} - 3 Ling Ao Near site
T S E— —_— : 9 ~500 m from Ling Ao
100m B . ¥ Overburden: 112'm o
290m : S| R Ty N
| (S . ne 5w Y.
. - o Ling «Ao-|I-NPP
 (under construction) <=
2x2.9 GW.if:l 2010°"

L3

| X
4 Daya Bay Near site
363 m from Daya Bay
“B :Over‘bu_rden:ng
R

[Le 16 W/ ¢ W 4 | : M e L Daya’Bdy ™ <= o Mid site
.., 43 NP, 2>2.5 6W. 1= | 0 1873 m from Ling Ao
i 4 = : 1156 m from Daya
QOverburden: 208 m

Korea: starts 2011 China: starts 2011/12

610



New calculation of neutrino flux from reactors

new calculation

oscillation signal

_exp..average.

_______________ ~094 | & T ]
. hear: | 1d

NeUTrlno OSC'”GT'O”S 7 T. A. Mueller et al., arXiv:1101.2663 [hep-ex].
L<10m > Am2~x1eV? G. Mention et al., 1101.2755 [hep-ex].




Several Proposals to test
short range oscillations

CERN proposal NUCIFER KAMLAND (or others)
Carlo Rubbia small detector for Radioactive source inside
non-proliferation large v-detector
higher E smaller L smaller L
SPS wide band beam

1" Niveau -11m
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The-TZREXperiment . ciscopearcnce (s sic,)

v _-appearance  (sino..)

Super-KAMIOKANDE

g
St Noguchi-Goro
b4 2,924m

.'"'u‘u' JJIII"'J II'\
/ W

y lheno Ya™2 /

/ A B ﬁ"- pth,
1360m /

'\.H‘-.-_d__i' S

N

/ 1 N > )
Moy ..r"h"'r ! Y \_J_ ———— water eguiv, — i e 0
" i . ¢1.Uﬂum

"Near Detecto
295 km
Super Kamiokande across Japan

ety waEer SREEE Tokai accelerator complex and
S s location of near detector (ND280)




Japan: March 11™4.2011 &
Japan experienced very severe earthquake on March | Ith 2011 at 14:46 |ST.
J-PARC facility suffered damages for some extent. There are no reports of
casualties and all staff, graduate students, and foreign visitors have been
located and as of evening Sunday March | 3th all T2K members have been

88 evacuated from Tokai area.

Fortunately enough, the Tsunami tidal wave did not hit |-PARC.VWVe will start
the investigation of the facilities. Ve will update the announcement as we
learn the detail of the entire damage.

Our present priority is to restore life-supporting infrastructure such as

electricity, water supply and gas at ]-PARC. It may take some time, but we
d promise the full recovery of the |-PARC accelerator and T2K experiment in
2 ai the near future.
Bl | thank you for the messages of solidarity and sympathy.

Director of the Institute of Particle and Nuclear Studies, KEK
Koichiro Nishikawa

Spokesperson of the T2K experiment
Takashi Kobayashi




Earthquake Tsunami Reactor
Accident

Some damage on the surface Dose at KEK

(mainly streets,
a few buildings,
power station to linac)

o m———

J-PARC

located directly on the beach
% 15m above sea level

Working on
orking o No damage! Nothing serious (yet)!
recovery plan 66
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Position 20

Intensity 4



VIT - AXIS bedin

____________ e uper-K
1”2 -':,: 1-—9-..__

INGRI D'—
~280 m

s ||/ N\ Oscillation Prob.
Off-Axis Beam @ Am? = 3.0 x103

high intensity at maximum oscillation

INGRID: onh-axis
ND280: 2.5° off-axis
SUPER-K: 2.B° off-axis




Nedar betectors

LL monitor INGRIDRY

118 m ~280m

*tracker/calorimeter in 0.2T field
*beam composition (v, background)

*neutrino flux / cross sections

*iron/scintillator calorimeter
*beam profile

2hunch timina 70



interdactive Neutrino GRIV

14 iron/scint. modules
X-Y scintillator layers

700 v interactions/day @ 50 kW
beam direction better: 1 mrad
— corresponds to 2% change

in flux at Super-K

= 10.000 SiPM

i I

G-4DD =200 0 200 400

distance from INGRID center[ecm]

Run3z

12000

10000}
sooof -
aooof--

onon T TRITINE: SN S SR

N N N
° -400 -200 O 200 400
distance from INGRID centerfcm]




Near Detector NDZoU

Inside 0.2 T UA1/NOMAD magnet:
*The 1° detector POD (lead/water/scintillators)

UA1 Magnet Yoke

Fine-Grain
TPcs Detectors

s S

*Barrel and downstream ECAL

Fine Grain Detectors FGD (water/scintillators)

Downstream

- Time Projection Chambers TPC I | EcAL
(large gas volume.\

-

l 1 O o \ Solenoid Coil
Lthnicramegas,ceadout)

r-y

Barrel ECAL




ire

Large TPC
3 modules

Micromegas read out
-Sens. volume 180 x 200 x 70 cm

‘Precise assembly and alignment
-124 000 channels

Ln

ddx from TPC

i . — MUDNS
slecirons

—— pions

—— protons

™ 7

Iy
(e

e
1)}
ma

e
[
| MRNERRRRIE

Energy Loss (keV/cm)

—

GO0 BOO 1000 1200 1400 1600 1800 OO0

p (MeV/c)

17 ndi 6388/ 26
| Prob 4.9440.05
Constant 191.91 6.8
Mzan 1.333 = D003
Sigma  0.1041:0.0023

o~8%
(p=400~500MeV/c)

I1.15 I1.E I IEI I E.EI I ?.Il-l
Energy Loss (keViem)




KWTH Aachen: 1PC Monitor Chambers

Gain Measurement

-

$
"f

-.
LS

%Fe-source: produces fixed number of primary electrons
— measure charge on micromegas

3
1

1
4

Drift Velocity

2 x ?°Sr-sources: produce tracks at fixed distance
— measure time difference

li
b
<




POD
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gquasi-elastic candidate
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v

RITH Aachen: TPC Monitor Chambers

Gain Monitoring Gain Correction

gain stability = retum gain

return gain calibrated

2500 77 RS — = supply gain

Entries 2880
Mean 2173
RMS 76.02
%2 I ndf 136.3 /86
Constant 74.25 £ 1.70
Mean 2173 £1.5
Sigma 741+1.0

supply gain calibrated
2400 inverse density

2300

2200

i,
o

o
A

gas amplification []

2100 Entries 2880

Mean 2158
RMS 38.26
%2 I ndf 81.29/60
Constant 160.1 + 3.7
Mean 2158 £ 0.7
Sigma 34.87 + 0.48

corrected 1.62 %

2000

1900

inverse gas density T/p [K/mbar]

1800
1700

1600
corrected 3.41 %

2100 2200 2400 2500 2600
gas amplification

1500
08.04. 15.04. 22.04. 29.04. 06.05. 13.05. 20.05.
2010 2010 2010 2010 2010 2010 2010
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Magnet Moving System

opening/closing of 600t UA1 magnet yokes
design+production+installation of rail system
adaptation of HERA-B guide rollers to carriage
Re-use of HERA hydraulic movers

77






Delivered proton#

I Physics run

#ofbunch:6 — 8
rep. rate : 3.64s

- Proton per pulse(for physics run)

- Proton per pulse(all runs)

— 3.2s = 3.04s

2010a = 3.23x10" p.o.t

Very successfull startup & running
Run 2010b terminated by earth quake
v : Preliminary results 2010a

v_: Results 2010a + 2010b

<I l@r?ll
2010b = 1.11x10% p.o.t

80

60

40

20




Baseline measurement (Survey)
L=295335+7m
= ToF of v=985.132 + 0.02 usec (= vIOF)
Expected event timing @ SK (=7gk)
= Spill timing @ Tokai (=T,.,,,) + vTOF.
DAQ synchronization

SK signals in +500us timing window are
recorded as “T2K beam events”.

Stability of GPS is checked by comparing
2 GPS hardware and atomic clock.
- Require |GPS1-GPS2| < 200nsec

spill spill (width ~3usec)
interval ~3 sec

> Tps @)-PARC

' record all hits in Tbéam
i E500usec i +500usec

> T, @SK

beam direction

Vertex Y (cm
o

A
o
o
o

-2000
-2000

1000
Vertex X (cm)

-1000 0




Event election
v -disappearance

fully contained in fiducial volume
E, >30MeV E,. > 100 MeV

number of rings = 1
u-like e-like
no-decay electron

m° hypothesis < 105 MeV

p, > 200 MeV E < 1250 MeV

blind analysis
selection optimized on Monte Carlo




U e-appedidice first event observed

Charge (pe)
L]

Item Eve
(JST) 2010 May 4:5
Ring, PID 1-Ring electron-
Tomentum 181 MeV

500 1000 1500

Times (ns)




Event seiection

examples from v_-appearance

—4— Data
Osc. v, CC
\'u+v.u CcC
Vg CC
NC

(MC w/
5in22613 = 0.1)

—4— Data
Osc. v, CC
\'M+VM CC
Ve CC
NC

(MC w/
sin?2813 = 0.1)

—k
o

sin22813 =0.1)

U-like

(63}

Number of events
Number of events

Number of events /(250 MeV)

1000 2000
Number of rings PID parameter Reconstructed v energy (MeV

6 candidate events
remain after all cuts !!

(Nexp = 1.5 £ 0.3 at sin?2613=0)




FIUX Freaictiofi

"Protons-on-target: Beam Intensity Measurement
Fv-flux at source: Neutrino Beam MC
Fverification: ND280 Measurement

Fv-flux at Super-K: Oscillations (globes)
Neutrino Interactions: v-cross sections

*Super-K response: Detector Simulation

rnal Background?

entries/(100 MeV/c)

>
=
o
"{:l
=1
g
<
=
o
Ay
=
=
[y

[a—

4500 3000
P(u) (MeV/c)

v -flux at Super-K v -measurement with ND280 g4




U U -disappearance

single-ring u-like: 8 events observed

(Expected observed
- Null oscillation events as function
s @l of osc. parameters Jm

— v,V oscillation

Am?=2.4x 103 eV? '
sin220,,=1.0

_I_ Data

T2K 2010a
preliminary

]
0.5 1 1.5 2 2.5 3
Reconstructed E GeV

|_
@)
o
»
—
L
%
N
%)
~
=>
©
=
S
0
2]
c
[
=
[

consistent with previous experiments (max. mixing)
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U U -disdppearance

From £500 ps
window around
beam spills

Fully-Contained

Fiducial Volume,

E,.. > 30MeV

Single-ring u-like
(P,>200MeV/c)

Single-ring e-like
(P,>100MeV/c)

Multi-ring

clear evidence for v disappearance

Data

MC

No oscillation

54.5

36.8

24.6

(24.5 +£3.9)

1.9
(155 =0 7]

10.2

Oscillation
Am?=2.4x103 (eV?)
sin?26,;= 1.0

24.6
16.7

7.2
(Zle T )

1.5
(1.3 -0 6)

8.0

consistent with maximal mixing

BG

(12us
window)

0.0094

0.0011
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U e-appeararice

Summary of systematic uncertainties on Ne*Psi iora1. for sin2613=0 and 0.1

Error source sin®20y3 =0  sin?2643 = 0.1 cf
- . . Ta P —_f)"
(1) Beam flux +8.5% +£8.5% $in2615=0.

o - #sig = 0.1 #bkg = 1.4
(O2) v int. cross section +14.0% +10.5%

Tnar datant o +5.6¢ -|-J 6 Sin?2613=0.1:
(?)) :\{_:11 []L-t-I_CtUl _59 / _59 / #Sflg =41 #Dkg - 1.3

()4) Far detector +14.7% +9.4%
(5) Near det. statistics +2.7% 12. T“/
—

. +22.8¢ +17. 6{
T{_}td-]. _99 ?/ /_1? - /

--\_\__,-'-"

peam direction

L Vertex Z (cm) _
o

o
o
o

00 . ‘ ' -2000
-2000 -1000 0 1000 2000 1000 5 2003
Vertex X (cm) Vertex R® (cm"®)




U e-appeararce

(assuming Am223=2.4 x 103 eV?, sin22023=1)

2 2
Am;,>0 Am5,<0

Best fit to T2K data
68% CL
90% CL

T2K
1.43x10% po.t.

L1 ! 1 I L1
0.1 02 0.3 04 0.5

04 05

el AN SR T N I SR A BRI A B A
Sl v v v bvv e Py

|
=

sin*26 sin26
90% C.L. interval & Best fit point (assuming Am?2:3=2.4 x 103 V2, sin?2023=1, 3cp=0)
0.03 < sin22043 <0.28 0.04 <sin22013 < 0.34

sin22043=0.11 sin22013=0.14




Vi

25 FERMILAB #98-765D

NuMI-Beam: Nu from Main Injector

TASD: Totally Active Scintillator Detector

89



KCDU'T' IVU-,\'UD + LEN _ MINOS PRELIMINAR

Am2>0

— MINOS Best Fit

: [ e8% CL

: [ 90% cL

{ +:e CHOOZ 90% CL

: 2sin’0,,=1 for CHOOZ

01 02

2sin?20,,sin%0,,

8.2x10%° POT

0.1 0.2 0.3

MINOS 2sin?20,,5in%,,

PRELIMINARY

o
B

0.1 0z o3 0,; = 0 excluded with

25in’(20,)sin"0,, MINOS: 89% probability
T2K: 997% probability




DoubleChooz Technology
| i
Super-K Scale




LENA: Detector

Electronics Hall

Liquid Scintillator dome of 15m height

ca. 50kt LAB

Top Muon Veto

N Vi I 7z
PO NN NS scintillator panels/RPCs

O« vertical muon tracking
ﬁ]l;tf;\r/:eAg Iro : m 'I / Water Cherenkov Veto
kt LAB | =~ 3000 PMTs, Ar>2m
= || | fast neutron shield
inclined muons
Steel Tank |

= = |
r=15m, h=100m | Egg-Shaped Cavern

;‘ about 105 m3

50,000 8-PMTs ".
Winston cones ‘«

Rock Overburd
optical coverage: 30% ock Overburden

at least 4000 mwe
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Phydsalmi Mine - Central Finland

2001

active copper/zinc mine

Janr

LENA
K ROCKPLAN

drock -
7.10.2009 saazF J:——__‘

[ Fa

Baa.s

18008Z
1z

AZ80E

detector cavern
connected to the deepest level NEW MINE

14@07




Physics sumimary
“Proton Decay
~Galactic Supernova Burst
“Diffuse Supernova Neutrino Background
“Long baseline neutrino oscillations
~Solar Neutrinos
~Geo neutrinos
~Atmospheric neutrinos
-Dark Matter indirect search

“Neutrino oscillometry

94



)
el
c
o
>
o
M=
o
=Y
0
2
£
S
=

Physics: Proton Uecay

p* - e" m° # 10* years (current limit: 5.4 1033 y)
p* = K' v 5 10%* years (current limit: 2.3 1033 y)

+ +
pr = K' v
ntries 20000

1. K-signal

2. delayed coincidence
K- uv (68%)
K= 2m / 3w (31%)

BRIl \I“
~ N
10000 20000 30000 40000 50000 60000 70000
Number of photoelectrons (pe)
SR T. Marrodan et al.,

Phys. Rev. D72, 075014 (2005)
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Physics: super Nova background

V.p—>e€en

Excellent background rejection
Energy window 10 ... 30 MeV

High efficiency (100% within 50kt)
Expect 2 ... 20 events / year

: energy window

2 | reactor 1;

(model dependent)

=
O
=
—_
=
o
—
[
Q
o
0
b
o
T
|
o
(o
Q
=
]

M. Wurm et al., Phys.Rev.D 75 (2007) 023007



PhysiCs: Geo Neutrlnos

¥ p—oen
Low reactor flux
— good signal/background
Expect % 1500 events/year
Separation of U/ Th

Test of geological models

0.5 1.0 1.5 2.0 2.5
Antineutrino energy, E, (MeV)

K. Hochmuth et al., Astropart.Phys. 27 (2007) 21-29
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/

production as propagation as detection as
weak eigenstate mass eigenstate weak eigenstate
. > —
zB.v, ViVoVg V . disappearence

V , appearence
V . appearence

v e el UeZ Ue3 v 1
v [=| Uy Uy, Ugl|v,
VR U U v,

1 0 0 cos 0, 0 sinB, cosB, sinB, 0 (v,

=| 0 cos8, sin@, 0 1 0 -sin 6,, cosB, 0 | |v,

0 -sin@, cosB,, | +sinB,~ 0 cos @, 0 0 1 z

.atmospheric® 0,, # 45° , reactor” 0, < 10° .solar" 0, < 32°

2

Pontecorvo-Maki-Nakagawa-Sakata matrix 98



P, —v,)=

CP Yivlation

numerically relevant terms only

- AmAL

41s2 |c2 - s2, - sin? —3— 043

13 | €13 " Sa3 AE

Amz.L AmAL Am2L

+8:¢%-8,.8,.5S.. ' (C,.C,. {cOSO | S,.S..S.. ) cos —2— . sin—=— . gin—2 ¥

13~ ©12°13°23 ( 12023 12°13 23) AF AF AF CP-even

) .AmL.AmL.AmZL

2 2 a2 o2 . AmZL

+4}sg, 013 (512023"'312323313 2C,,C135,5,35,3 COSJ ) sin aE solare Skala
Am2.L . AmiL|la-L .

—8-¢2,-8% 8% -cos 4;3 - sin 4!‘:_‘" T (1-2s%) Materie-Effekt (CP-odd)

CP violation is a genuine 3-flavour effect

Jarlskog's determinant

Quarks: 4 105 Neutrinos: 0.028 sind




Sl eiea
mstelleﬂea

European Spalation Source =
10 MW p* Linac (1.3 6GeV) = =

Increase Energy
FFAG x3 .. 5

Sunds'.-al B_Hlfa:l'

Neutrino Target

Liepdja
e

=M .-..Z ; o QUS\ZCZ.-" _ﬁanm /4" F e - c1|n|
-&""fulﬁ“ms.i:'uﬂarhg pnmnn R &i )Bf..m“rﬂ" = 5'9"‘9'
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Neutrinos schneller als das Licht

H Mensch B Technik O Natur Oweltraum H Geist O Energie
Physiker ratseln iiber rasende Teilchen I3 ettt i {122

. September 2011 M Physik

’# ; ¥ ) eutrinos: Schneller als das Licht?
’ ' 7 n Rainer Kayssr
; im
N l i
Y

‘ - L - -, j ! einem halben
- " g ! senschaftler haben
- TE. 4 | it subatomaren
" i X Beschleuniger am
! n Cern bei Genf zu
3 : N7 = s
| ; b A

" einer Dete ge im Gran Sasso-
| . il Massiv in
Mo 3
e 1‘
h ’ - K & Ist also die Relativitatstheorie falsch und
Cern gerat die moderne Physik ins Wanken?

vermessen. egungen schneller als
7 . : 5 inks | K Gloss: =
Neutrinos schneller als Licht? Home | Mews | Forum | Links | Kalender | Glossar | Frag a

das Licht sind nach Einsteins
Einstein muss zittern som
L

Relativitatstheorie verboten.
Eine Konstante fiir die Ewigkeit: die Lichtgeschwindigkeit. Einsteins
Eelativitdtstheorie baut darauf, unser ganzes Weltbild sogar. Physiker h

rscher riitteln an einem der wichtigsten Grundpfeiler der Physik

enf Gchweiz) - Ein internationales
T team behauptet, dass Meutrinos

.....

wtrinos reisen von einem Teilchen beschleuniger
n Cern zu einem Detektor unter dem Gran
iss0-Massiv in Italien

e 5 3 Heme : Machrichtzn : Forschung @ Artikel [ Druckansiche ]
gemessen und festgestellt: Es geht auch schneller - mit Neutrinos. Eine .
Anomalie? NEUTRINOS
Von MANMFRED LINDINGER Schneller als das Licht?

T
_,l]

Artikel Bilder Lesermeinungen

Am Genfer Teilchenlabor CERN wurden Hinweise darauf entdeckt, dass sich Neutrinos
F schneller bewegen kinnen als das Licht: Die subatomaren Partikel legten eine 730

Kilometer lange Strecke 60 Nanosekunden schneller zuriick, als es Licht miglich
gewesen wiare. Nun suchen die Wissenschaftlern nach Fehlern bei ihren Messungen,
da sich eigentlich nichts schneller bewegen sollte als das Licht.

D ie Wachricht kam in der Nacht
von Donnerstag auf Freitag in die

Welt und schlug ein wie eine Bombe. i
"Dieses Resultat ist eine komplette Uberraschung”,
urteilt Antonio Ereditato, Professor flr
Hochenergiephysik an der Universitat Bern und Leiter
des OPERA-Projekts. Die Verbllffung des

N = . R = a o 'mes. my- m - ®E = m g ma  a

Eine europaische Forschersruppe habe
im italienischen Untergrundlabor Gran

Qacen 111 Aar PWahea tra B orm ootrmaccoty
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GPS
CERN common view LNGS
PolaRx +Cs clock
UTC

PolaRx +Cs clock

At

time shift by TOF,

waveforms

/K vV

target decay tunnel

baseline = (TOF,)

|

St=TOF_-TOF,




First extraction

0t=1048.5 ns

7]
c
o
[ Te)
—
(7]
e
c
Q
>
Ll

=750 =500 =250 O 25(] 9400 9BCD

(ns)

distance: 73053461+ 020 m
baseline: 2 439 280.9 nsec

6t (TOF - TOF): (60.7£6.9,, £7.4,)nsec
(v-c) / c: (248 +2.8_  + 3.0sys) 106
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SelksRkERcal Y

Is the MNS Modell correct?

Still some problems (LSND, reactor anomaly)

How large is 0, ?
First indication from T2K and MINOS , Reactor Experiments just started

What is the neutrino mass scale?
Waiting for KATRIN. Is it sensitive enough?

Majorana or Dirac ?

Heidelberg-Mocrnw’)') New exherimente

CP-violat
Very first sho

Thanks for Listening

(mngh’r not neeu - UL IVl y/ veutueunil 1Vl pPUll Ul pulaiiiel el dpuce)

Neutrino Velocity

OPERA correct? Waiting for confirmation (Borexino, T2K, Minos)
106






I
100
300
[~ 500
1000

¢ 90-level (7.1x107%)

210-level (1.3x107%)

400-level (1.1x1074)

-10

660-level (1.7x107)

0 Selection criteria for LENA
990-level (3.4x1076)
feasibility of cavern construction (LAGUNA)

1390-level (5.9x107) 3

reactor-v background
. . . . . . 1% depth/cosmic ray shielding
1000 2000 3000 4000 Z InEurope: Pyhasalmi or Fréjus

Depth [mwel




EPViolation

Testing the discrete symmetries with neutrinos Examples

lefthanded righthanded

CP-TEST: Z Z
N Y
e u e U

T-TEST:
VN Y N
e u U e

CPT-TEST: Z Z
VN 9 >y
e u U e

tau-neutrinos: no practical beam-source




| Conventional
Neutrino-Beam

beam

T v,
T —>|J.‘Vu

some v_ background

up to ~ 10 GeV

technologically sound

Limitations:
- background
- target

Neutrino-
Factory

+ +
r——e Xevu
w —e v v,
pure beam

heeds magnetic detector
wide energy range

technological challenge
- p production & capture

- fast acceleration

Limitations:
- power for u production

CP-Violation okay

BSaNT] STATIOI I

| Beta-Beams

beanﬂ
Z Zlew
Z »Z+le v,

pure beam

only v,

MeV .. a few GeV
technological challenge
- ion production

- radiation on magnets

Limitations:
- production of ions

CP-Violation okay 110



Water Cerenkov
(MEMPHYS)

~ 500 kT

E_. >10 MeV
restr. information

known technology

challenge:
huge caverns

Tunnel

Befectors

Totally Active
Scintillator Def.

~ 25 KT

E_. >10 MeV
restr. information

known technology

challenge:
mass production

Liquid Scintillator
(LENA)

~ 50 kT

E_.~ 500 keV
med. information

known technology

challenge:
big cavern

Liquid Argon TPC
(GLACIER)

~ 100 kT

E_. ~10 MeV
max. information

new technology

to be proven




Physics with LENA
Proton Decay
p- = v K t>410% years

Super Nova Detection
glactic center (10 kpc): 15.000 v

Diffuse Super Nova Background

2 ... 20 v per year 10 15 20

neutrino energy (MeV)

~——energy window——

Diffuse SN
Background

event rates (per 10yrs=MeV)

Geo-Neutrinos
~ 3000 v year — undestand heat release

& geo chemistry
only possible with LENA

")
2
€
o
>
o
“
°
e
@
2
E
3
=

Solar Neutrinos
~ 5000 v / day (helio seismology)

Atmospheric Neutrinos im
good statistics, promising TR0 oot phoctans (o)

CP-Violation (with beam) 112




Camclusions

Neutrino Revolution during the last decade !
More to come ?

Several interesting new projects
not yet clear where to go

open the path to all projects with R&D

LENA is getting ready for first steps
Get involved !
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Atm & LBL & CHOOZ

Solar & KamLAND

ALL v oscillation data 2008

., 004 C
smt.'él13

Figure 4: Hints of #;5 = 0 from different data sets and combinations: 1o ranges.




Medium Energy NuMI Beam Tune

. L J
rates for L = 810 km *** °

Omrad «
7mrad «
— 14 mrad
21 mrad
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Super-K water Cerencov

Nova TASD
LENA  scintillator
MINOS TASD

OPERA emulsion
DoubleChooz Scintillator
Glacier LAr TPC
Memphis Water Cerenkov

50 kt
15 kt
50 kT

1,25 kt

100 kT
500 kT
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