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Neutrina atmosferyczne

EkSperyment Super'KamiOkande 0. 0010 rtan Water Cherenkov Derector

11.200 207" PMTs

glectronics hut

Japonia, w starej kopalni, 1 km pod gorg
Kamioka, komora o wysokosci 40 m i
Srednicy 40 m, wypetniona wodg

11’000 fotopowielaczy (50 cm $rednicy!)
rejestruje przechodzgce czgstki

oL ’ '. j”" |JMTH

FMT suppor!
anti 1AYET

rejestrowane jest

promieniowanie Czerenkowa
emitowane w kierunku ruchu przez czastki
poruszajgce sie z predkoscig wiekszg od rock — £
predkoéci $wiatta (w wodzie)

conerete



Super-Kamiokande







Super-Kamiokande Milestones

April 1996: Data-taking begins

June 1998: Evidence for atmospheric oscillation announced

Spring 1999: K2K long-baseline experiment begins

June 2001: Detector shutdown for PMT maintenance

August 2001: Refilling of detector begins

November 2001: Implosion disaster; end of SK-I

December 2002: SK-11 phase begins with half PMT coverage and acrylic housings
Summer 2005: K2K long-baseline experiment ends

Fall 2005: Restoration of full PMT coverage (SK-I111) begins

20087?: Start of T2K long-baseline experiment
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Low Energy Calibrations

@ \ | ® \E © \ At low-energy,
X - . X SK is calibrated
- o e _ using:
IKJ\.J__\.J\J\EKJ\J__U\JLEMJU \J\J\J |asers’
e A B radioactive
ot T sources,
v aiDT
- generator,
Sl (s and its own
| | LINAC
BRI e
n + 160%p+16N /( :I TT | [ | T | I;-I I‘ T TT | T T | T 1T | [ I_
000 - , ItJr_n DT Generator -
16N—160+e~+v 4000 et i ') 3
| “‘\-\h‘ et
i Comectod MC

III|I1I|III|1II

Data

:III].
: 2 4 6

with trigger correction

10 12 14 16
anargy (MeY)

TOWER FOR INSERTING BEAM PIPE
D3 MAGNET

MAGNET

_'4 1300 cm T
R :
L. . ]
- :
BEAM PIPE ' E
. e |8
2 ] I
' . ] z
L ;—'x
4000 em ¥
LINAC callbratlon at (-4m Om)
€1000 E MG e
750 [ \ 134 Mev—
€500 - pata J.rf "\
HI e |
“;gg- ﬁf‘“& " 8.8MeV 7
o PR L \\:\x\- i i | 1l
0 [ 10 16 20 25 30
1500 TF Tl U 1 5 7 S S g S K
1000 £ A ‘mﬁi 6.8 MeV -
so0f S N 3
o _..—-rf. bine—g ¢ xx'Tuw._A. r L Lo v 1as )
0 5 0 15 20 25 30
to00 AN J o
s00F \ 5.8 MaV
o’r’f.\”i‘mﬂ— e | [l w g
0 5 w0 15 20 25 20
o g snergy MeV




i /-

-
- -y, ™

High-Energy Callbratlon

For high-energy events,

the energy scale is &

calibrated using: =
» Through-going cosmic-ray

muons

» Stopping cosmic-ray muons

» Electrons from muon decay

» Reconstructed =0 from
neutral-current interactions

The energy scale for all
types of events agrees to
within about 2%

Super-Kamiokal dPreIlmi ary

1489.2 days ’lt mass
reconstruction
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Super-Kamiokande I

Klasyfikacja przypadkow

Przypadki ktére rozpoznajemy jako oddziatywania neutrin:

FC: Fully Contained PC: Partially Contained Upward
Miony wpadajgce do

Elektron lub niskoenergetyczny Wysokoenergetyczny mion
detektora od dotu

mion wyprodukowany w detek- wyprodukowany w Srodku
torze zatrzymuje sie w nim ucieka z detektora
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Data Reduction and Ring Countlng

Fully-contained events are selected by
requiring no activity in the outer detector

Partially-contained and upward-muon
events are selected by reconstructing
the vertex and direction

Contained events are required to
originate at least 2m from the walls
» Vertex resolution is about 25 cm

A maximum likelihood algorithm
automatically identifies Cherenkov rings

Single-rin
6918

Super-Kamickande
1489.2 days

g <> Multi-ring
2381

inting likelihood, Sub-GeV

Super-Kamiokande
1489.2 days

S ng <> Multi-ring
IQBQ?

nting likelihood, Multi-GeV




Super-Kamiokande

Neutrino elektronowe Neutrino mionowe
Przypadek ve n — e p Przypadek v, n — p p
Krotki zasieg elektronu - “cienki” pierscien  Diuga droga w wodzie - “gruby” pierscien.

.
o 0

Czasami widzimy

tez opdzniony sygnat e~ z rozpadu u .



Particle Identlflcatlon

Single-ring events are identified
as e-like or p-like, based on the
geometry of the Cherenkov cone
e-like events shower
u-like events have a sharp ring edge
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PID likelihood, Sub+Multi-GeV, 1-ring event

Particle ID perfomance
can be tested on
cosmic-ray muons,
muon-decay electrons,

0.

It has also been

verified in a test beam




Solar Neutrino Ra}te .

SK observes a clear excess of electrons e

pointing from the direction of the Sun . SLE | LE/

Principal solar neutrino backgrounds come £ ;

from Radon, spallation products, and Bl A

radioactivity g | I A e

Only about 40% of the expected S ) e

Interaction rate is observed: ] e i
Energy [MeV]

8B flux = 2.35 + 0.02 + 0.08 [x108/cm?/s]
Data / SSMyp,00, = 0.406 +0.004(stat.) +0.014 -0.013 (syst.)

Super-Kamiokande

Event/day/bin
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“Direct” Evidence for Oscillation
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W. Riegler/CERN

AMANDA

AMANDA

Antarctic Muon And Neutrino Detector Array

lceCube
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AMANDA

(Antarctic Muon And Neutrino Detector Array)

677 modutdw na 19 “strunach”,
1500—-2000 m pod lodem (biegun potudniowy)

promieniowanie Czerenkowa mierzone przez
skierowane do dotu fotopowielacze

Obszar aktywny: ok. 40 min. ton lodu (!)

Rejestracja miondw o energiach >50 GeV.
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Filip
Prostokąt


Eksperyment AMANDA w
Amundsen-Scott Station South Pole

Depth

— 2500 m

top view

« >
200 m

g Optical
module (677)

1996-2000



W. Riegler/CERN

AMANDA

South Pole
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AMANDA

AMANDA-II
LY . -
Depth off ¥ An \
L] L] .
-
- = -
- -
top view
- =
200m
Power,
// Signal InfOut
e, Electronics
IT311]
d Photomultiplier
I \
P Optical Glazs Pressure
i Coupling Gel s Housing,
= 13" diameter
— 1500 m 18
— 2000 m ! i1
fad 0
0+
I a
in
— 2500 m

W. Riegler/CERN



AMANDA

Look for upwards going Muons from Neutrino Interactions.
Cherekov Light propagating through the ice.

- Find neutrino point sources in the universe !

AMANDA
Array

- L L I
; pEEEe 5 @

o BVRen Y

- 'Muon

» Neutrino

W. Riegler/CERN



Przypadek mionu z oddziatywania wysokoenergetycznego neutrina

Calor displays: LE Primary Channels
2370 13

«€——  Depth: 1500 m . N

Optical
Module o
“‘ﬂ-

main cable e B

ff. Size displays: ADC Size scaling: Lin
_f'., .. <4 B =13 <17 <22 <26 <3l <
HV divider s o 06 @ @ © ® ¢

<48 53 HB =62 =67 =i

<40 =44
pressure 000000
-4~ housing @d

Ma external geametry file is opened,
Detector: amanda-h-10_ 19 strings, 680 modules

e &

'\. 111 Data file: he_deff.f2k
\\ SlllCGTl ge ] Displaying data event 1425281 from run 336
i Recarded yr/dv: 20004170
] 5 SHBAT 5405130 seconds past midnight,
y PMT Before cuts: 264 hits, 264 OMs

After cuts @ 264 hits, 264 OMs

0000000 - - - -

light diffuser ball

200 TeV v, candidate

-~ Depth: 2000 m



AMANDA

Badania
Duze odlegtosci miedzy licznikami Mierzony rozktad energii neutrin
powoduja, ze detektor czuty jest tylko . 1r_'-'i
na neutrina o bardzo wysokiej energii - % N + FREJUS
wyprodukowane w ich oddziatywaniach . | v AMANDA Il
czastki musza mieé zasieg poréwnywalny 5 °L
z rozmiarami detektora. E Af
S 15l
L o
Poszukiwanie neutrin stowarzyszonychz: 5 ¢
L E
wybuchami supernowych ER
btyskami gamma (GRB) o7 PRELIMINARY
gwiazdami neutronowymi !

i MEET] piil = i i Lo i iiid i pelijal :
1 16 1o id 10 140

E.in GeV



lceCube

“Nastepca” AMANDY
Sensory maja wypetni¢ obszar 1 km3 lodu
= 1 gigatonowy detektor

1000 m e
- '\ South Pole Station
Snow Layer
) 1 - IceCube
1400 m _,,\ 5

2400 m




The detector, at the South Pole

Very large scale hybrid observatory
- 1km approximate diameter

lceTop

- Surface Air-Shower detector array
- Approximate threshold: 300 TeV
lceCube:

- 80 strings with 60 Digital OM's per
string

- 125m interstring spacing, 17m DOM
spacing

- 5™ drilling season /

starting. —uib
- 1C40 taking data  « -
- Plan to deploy |
16 IceCube strings -

Digital Optical Module

(DOM)

<~ - Volumeeurrently
—H0 instrumented:
ceTop Y, ki

99 strings installed

AMANDA
ih
i il
it

Fa¥

Deep Core



The first DOMs have been frozen
Into IceTop test tanks.

IceTop-DOM freezing into place,
January 2004

Proof of principle for IceTop

Muon telescope mounted on top

of tank, UTC time stamps

* DOMSs collect UTC time-stamped
waveforms

* match-up nicely shows a muon
peak from DOM data

... passed!

Picture by John Kelly / NSF

VCI 2004, M. Kestel Design and Status of IceCube 11



Digital optical modules (DOMSs)

to surface

are the IceCube building blocks.

10000 p31—rated
/  low—noise glass %

MainBoard

I —metal grid

CPU/memory self-test mode, data
taking mode

logic chips fast, programmable
clock and other electronic gadgets
digitizers (see below)
single-photo-electron LED

de—gased
optical Gel

6 LED
Flasher Board

Add—on

Wavelength
Shifter —— under

evaluation

Steel harness

405nm LEDSs, up to 200m range in
Antarctic ice

study IceCube geometry
study ice properties
simulate neutrino signals

VCI 2004, M. Kestel Design and Status of IceCube 12



Counts
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VCI 2004, M. Kestel

In AMANDA, String 18, timing
has been checked with muons.

b—: . - . . | ...... | ...... | ...... .m...; ...... | ..... 1ﬁ1| ...... | ......
i : : : Entriea : 237 :
Mmary L v I

5 Rhf5 S Z4b.D : :
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T : . Lres
5214
6637

]-Il_‘n L1 I L L I L1 I L1 I L1 I L1 I L1 i |_LIJ-IJI_I|-|-

DeltaT neighboring DOMSs [ns]

DeltaT = T (DOM N) - T (DOM N+1)
Zoom around [-1,+1] usec:
e Mean at ~ -24 nsec

- Consistent with expectation-.
for downgoing muons ‘.~
withv ~c

12m

Design and Status of IceCube \‘\;-"’14



DOMSs trigger on, digitize, and
time-stamp PMT signals.

Ping-pong, . .
Deadgtirfle 31% < 5ns RMS time resolution
5 . Sampling with
™ (ime [ps] x 16 330MHz for ~0.5us
L x 16 — 40MHz for ~6us
o g x 4
g | x4 = Resolution
< x 2/3
I:: >200 pe / 15ns
s | misc >2000pe / 5us
W mise (time) Second Unit
J i Selectably feed:
FADC - S — usy | DOM clock, LED currents,
‘f 6.4 many more input possibilities

DOM clock

VCI 2004, M. Kestel Design and Status of IceCube 15



Waveforms get buffered while
the trigger is formed.

e — ————

_—_—-

_—_—-

IceTop Station

VCI 2004, M. Kestel

I
o ID,

v

- Time

to minute-deep
buffer for later
event building

Pl

Trigger Bits

/
N

LA D = 027BS317AC

to IceTop Trigger
resp.
Inlce Trigger

Yy ID = ABI9OH23L.Z

AS3ID =...

- R
1
.

Inlce String

-\-‘1-..-.
1

Design and Status of IceCube

16




Inlce- and IceTop-triggers form
an lceCube trigger.

] ]
el
Data buffer T l )@_\}

O
special modes O

Global :> o ° 4}

Trigger

IceTop
Trigger

Inlce O :> %
Trigger o
special e O
modes O Storage
O
Event Builder Online Filter

VCI 2004, M. Kestel Design and Status of IceCube 17



CERN Neutrino Gran Sasso

(CNGS)



CNGS Project |

CNGS (CERN Neutrino Gran Sasso)
> A long base-line neutrino beam facility (732km)
> send v, beam produced at CERN
> detect v_appearance in OPERA experiment at Gran Sasso

=> direct proof of V-V, oscnlatlon (appearance experiment)

W. Riegler/CERN 47



Neutrinos at CNGS: Some Numbers

For 1 day of CNGS operation, we expect:

protons on target 2 x 10717

pions / kaons at entrance to decay tunnel 3 x 1077

v, in direction of Gran Sasso 1017

v, in 100 m? at Gran Sasso 3 x 1012
V,, events per day in OPERA ~ 25 per day
V_events (from oscillation) ~ 2 per year

W. Riegler/CERN 49



OPERA detector concept

scintillator
trackers

emulsion layers

interface films (CS)

Neutrino target: 150000 bricks

57+2 emulsion films and 57 1mm lead plates per brick
For a total of 105000 m? of lead surface
and 111000 m? of film surface (~ 8.9 million films)




M. Dracos

O P E R A d et e Cto r {_target ...................

Saa wall

'/\brick wall

L

T —

scintillating

/ strips

(56 Pb/Em.)

ol et
'H:;;I'.
ez

i
,.--"'h: sessnpeten]

Y £

Target Tracker
Brick walls ~
(2x31) . 206336 briques

. 1
brick robot muon spectrometer y - > (1766 tons)
VCI2007 (RPC's, drift tubes) i P




-' "oreen” photon
i >
®
<
< to PMT

Hamamatsu
MA-PMT
(64 channels)
3x3 cm?

VCI12007

electronic
card

* role:

PMT

PMT

64 WLS fibers

optocoupler / \

cable \\

- detection technique: polystyrene
scintillating strips (plastic)

M. Dracos

- find the "good" Pb/emulsion brick
- calorimetric information on neutrino

events
40 cm R ﬂ

TT wall thickness<36 mm

7.5

L

X7.5 m?

62 walls (496 modules)

Y

S




M. Dracos

OPER,

H8804MOD-1 (OPERA)

H amamats_u m u Itl anOde Left dynode opening
photomultipliers of channel |

8x8 cannels
Quantity: 1040
Suitable for OPERA |88 &

%
T
dimensions DB F_E-

O\ | Right dynode opening

=i of channel 1
T
One channel
| | I s

Double focalization
clectrode

o[l
\

it
It
||
J||[

electrode

L Single focalization

é Photocathode

VCI12007
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M. Dracos
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CNGS events

TOP VIEW (Horizontal proj

g [ Event Number 709821 | TORVIEW (Horizontal pro} i [ Event Number 3435880 )
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Automatic high-speed microscopes (~ 40 in the collaboration)

laboratory

ick statistics (up to1000 brick/ye

A. Ereditato - RECFA CH - 6 March. 09




From trigger to vertex finding:
from meters to microns

Event: 212184565, & Jul 2008, 02:27 (UTLC), YZ projection = Selecled brick

Bric Il
Empty cell

Rows (side view)

i T L A .

4 it
Brick finding information: Super modula 1 Muon track parameters: Bbu-
BriokId Wall Side Column Row Preb

brick 1: 1036423 17 1 ] 33 .59

Momentum: 3. 354 GeV/ic

Angla XI {rad): 0.15344/-0.0008

brick 2: 103644B 17 1 8 32 .37 Bngle ¥Z (rad): O.0264/-0.00%9

brick 3: 1067422 1é 1 ] o, 32

A. Ereditato - RECFA CH - 6 March. 09




3D-track segments found in 8 consecutive films

A. Ereditato - RECFA CH - 6 March. 09
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Vertex reconstruction

A. Ereditato - RECFA CH - 6 March. 09




OPERA recent history

May 2006: electronic detector commissioning

Aug 2006: technical run, 0.76x10'8 pot collected

319 interactions in the rock, mechanical structure and iron of the spectrometer
Oct 2006: start of brick production
Oct 2007: pilot physics run (~40% target) 0.82x10'8 pot

first 38 neutrino events in the lead/emulsion target

Jun 2008: OPERA detector filled with brick and fully commissioned
Jun 2008: Start first OPERA production run
Nov 2008: 18x10'8 pot and ~1700 neutrino events in the target:

54 charm events, ...0.6 t

2009 run: 35x10'8 pot expected. Secure “some” tau candidates ?

A. Ereditato - RECFA CH - 6 March. 09




A charm decay candidate

Event 180718369: XZ projection, 7 Oct 2007, 16:18 (UTC) i

T a0
2 C
> 200f
o [
= -
E -2on§ 'ﬂl“““l g -
Q a0l — a
© - 600 200 200 0
Event 180718369: YZ projection, 7 Oct 2007, 16:18 (UTC) | = Selected brick
— 00— Brick in cell
= C Empty cell
2 —
S 2001
3 f ! .
2 iy B~ -
= 200 -
[=] C
L5 400 — . . . ‘
Clear kink topology
Two EM showers pointing to the vertex

Flight length 3247.2 um

Okink 0.204 rad

P daugnter 3.9 (+1.7 -0.9) GeV
Pt 796 MeV

4x10-4 probability for a hadron re-interaction
to have a P> 600 MeV




W. Riegler/CERN

Pierre Auger Observatory %
studying the universe’s highest energy particles

Pierre Auger Cosmic Ray
Observatory

52



Obserwatorium Pierre Auger

Badanie promieni kosmicznych w zakresie najwyzszych obserwowanych
energii, E > 10 EeV (>10%° eV):

sktad

lekkie czy ciezkie jadra, fotony, neutrina, ??
widmo energii

ksztatt widma w zakresie efektu GZK
rozktad kierunkowy

anizotropia, Zrédta punktowe

— wyjasnienie ich pochodzenia ???
- obserwacja catego nieba - detektory w Argentynie i w USA

- 2 * 3000 km? — duza statystyka danych
* hybrydowa detekcja wielkich pekéw: dwa uktady detektordow



Wielki pek atmosferyczny




Pierre Auger Cosmic Ray Observatory

Use earth’s atmosphere as a
calorimeter. 1600 water Cherenkov
detectors with 1.5km distance.

Placed in the Pampa Amarilla in
western Argentina.

W. Riegler/CERN
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Detektor naziemny

Antena
komunikacujna

Podiaczenie

elektroniki Baterie
\‘ .' . x stoneczne

Elektronika

-

Pojemnik
plastikowy
(12 ton wody




Obserwatorium Pierre Auger
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Detektory fluorescencyjne
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SNO
(Sudbury Neutrino Observatory)

Water detector with a

difference:

» 2 km underground
» 1000 tonnes D,0
» 10% - 8” PMTs

» 6500 tons H,0




SNO under construction
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What We Measure

PMT Measurements

-position

-charge 0

-time B /‘\
o

TR

\

400

200F l \\ .
T T TN Reconstructed Event

-event vertex
-event direction
-energy
-1sotropy




Neutrino reactions in heavy water
(SNO)

Charged Current Reaction: V,+d—>e +p+p E, . =14MeV
6-9 events per day

@ v, flux and energy spectrum Vi~ &
Some directional sensitivity (1 - 1/3cos(9,) |

Neutral Current Reaction: v.+d—>Vv.+p+n B, =22MeV

1-2 or 6-8 events per day V
@ (different detection mechanisms) V\/
Total solar 8B active neutrino flux z
n/p "~ n/p

Elastic Scattering Reaction: V +e SV e E,  =0MeV
1-2.5 events per day ; -
Directional sensitivity (very forward peaked) V?\E/ © Vi~V

\
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Completing the oscillation picture at small
dm? (solar)

Solar Neutrino Program
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Neutron counters in SNO
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Counters 2-3 m long.
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Neutron
counters

OO
Results from SNO NCD Phase & Super-K
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All the neutrinos predicted by SSM
have been observed by NC reaction




Kamland - recent

Liquid
Scintillator

results

Kisi Primorskaya
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.
Mutankiang
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70 GW (7% of world total) is generated
at 130-220 km distance from Kamioka
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KamLAND detector

Crane > external container
filled with 3.2 ktons of water

Rock lining » inner spherical container

filled with 2 ktons of mineral oil

» inside a transparent baloon

Outer water tank  filled with 1 kt of liquid
scintillator
i Inner tank
A | _ Lig.-scinti. » 2100 photomultipliers to
:t,':(‘ | Container measure scintillation light
\c.... ‘\ v ———

¥ }5 b | “Hl Aluminum sheets » located in Kamioka mine
N /. ' at depth of 1 km

Phototubes

ources, DK&ER,




Detection of reactor antineutrinos

reaction process : inverse- 3 decay (vo+p—> e" +n )
+tp—>d+y
distinctive two-step signature

© prompft part: e™

vV, energy measurement

e
E\.“'(Ee'?'A}/I"F f[é)/+ A-i-llle.'
Mp '”[7

A=M,,- M),

© delayed part: vy (2.2 MeV )

@ tagging : correlation of time,
Eth = 2M, = 1.806 MeV position and energy between
prompt and delayed signal

(M,, +m e)-’ -M p-"




KamLAND results
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a8 delayed energy window
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,Prompt energy” is equal to positron
energy, which gives the antineutrino
energy (when corrected for mass
differences).

Prémpt Energy (MeV)

Very good signal separation from
background.



Events / 0.425 MeV

Kamland - Energy spectrum

C —e KamL AND data
- : — no oscillation
250 - 5 — best-fit oscl.
: : accidental
2006 i 4 “Clam O
: | + best-fit Geo V,
N 5 — best-fit osci. + BG
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100 -
50 ==
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Fit to scaled no-oscillation spectrum excluded at 5.10

6 7

8

T4d Aq pa1deody / 685 L O8O AIXIE

o




Kamland - oscillation signature

Survival Probability
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Oscillation pattern for
mono-energetic, at one
baseline
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Data - BG - Geo Vv, = CHOOQZ data

\
Best-fit oscillation
accounting for energy
spectrum and reactor
distribution
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