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- _Fotus of this talk

e In this talk, | will focus on (some)
experimental techniques of (some)
neutrino experiments and not discuss
experimental results

= Theory&discussion of results: Gonzalez-
Garcia

e Also
w Neutrino telescopes: Montaruli
w UHE neutrinos: Zas
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D s ~ Mysterious neutrmos

‘Neutrinos come in (almost) three flavors LEP' N =2. 984+0008)
*They are much lighter than their charged lepton partner (= why?)

e | 511 keV Ve <3eV

H 106 MeV v“ <0.19 MeV

T | t786Gev | v_| <18.2Mev

‘Mass and weak eigenstates differ (=mixing)
*They are not all massless (= neutrino flavor oscillation)
‘Neutrinos could be Dirac (v#v) or Majorana (v=v) particles (= mass

generation mechanism?)
‘Neutrino mass is a sign of physics beyond the SM (= RHv, LNV)
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Neutrino flavor oscillations

Example: disappearance of atmospheric due to neutrino flavor
oscillation L(km) )

E(GeV)

P(v, —v,) =1-sin"20sin’ (1.27Am2 (eV?)

WHICH FLAVOR IS5

MUON NEUTRINO TWO WAVE PACKETS OF DETECTED DEPENDS
CREATED IN THE DIFFERENT MASS TRAVEL O THE INTERFERENCE
UPPER ATMOSPHERE AT DIFFERENT VELOCITIES PATTERN AT SUPER-K
M'IJDN
MUON
P|DN ...........
(DE CAYS) HOT
NOUGH
INTERFERENCE PATTERN OF WAYE PACKETS DETERMINES P L
PROBABILITY OF THE NEUTRINO FLAVOR
100% MUON 100% TAU
NEUTRINO NEUTRINO
0% TAU 0% MUOH

MEUTRINO MEUTRINO




(rh il Three Experimental Indications for Neutrino Oscillationg |

LSND Experiment Atmospheric Neutrinos
_ L =15to 12,000 km
L =30m }

_ E =300 to 2000 MeV Solar Neutrinos
= ~4(0 MeV L=10°K

— _ v, V. - m

v, >V, - K E =0.3 to 15 MeV

e e N vV, >V,
air molecules Earih

800 MeV proton beam from
LANSCE accelerator

‘ Water target

@@er beamstop o+
LSND Detector
) # 8 5 1y

vy, ~66%
v, ~33%
e ~10°Kiametas

Am2=~2to 8 x 10-5 eV?2
Prob - =~100%

”f'\ .. o

Am? =3 to 3 eV?
Prob,g-=0.3 % Am?=~1to7 x 103 eV?
Prob - =~100%
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= Questions addre$sed by current experiments.

® LSND Am?

w Determination if osc.
w NMeasure Am2&sin220

e Atmospheric Am?
= Know if v,— v_or v,
> Measure Am2&sin226
> Maybe see v —v,
> CERN observe v_

® Solar Am?

w Restrictions to one
solar solution

w Know if
Ve™ Vi OF Vg
> Measure Am?
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Dimie . . Thrpe Aeutrino formalism_

Standard parameterization: 3 angles + 3 complex phases
(1 0 0 \/ Ci3 0 Sl3e_i6\/ c, S O

Unsp = |0 €23 82 0 1 0 —8, ¢ O 'diag(laeia,eiﬁ
0O 0 1

-0
=83  Cp3/\—85€ Ci3

“ By ~ 407 tan?8,, < 0.03 at 90% CL B, ~32° “

Mass Hierarchy
/ Ve\ / Vl \ " Tl
V| = Usp| V2
\Vr / \V3)

(Disregarding LSND result)

2
1 L"

~5x109ey?

3
-

ek A L e
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IRl Which sources-of neutrinos can be used? _

Astrophysical sources

Atmospheric

Supernovae

BigBang

Man-made sources

Accelerators

Reactors
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-  Fermi theory, mcl_ud__g_ neutrino hpothes:s .

Neutrino hypothesis Pauli, 1930

Weak interaction

n—p+e +v

G @y y, Ny, w,) Fermi 1932

Implies the existence of the related process (inverse):

Inverse B II- ,‘_/ + p —S e'l' + n Ev> (M,-M )+m, ~ 1.8 MeV
decay e
D A

Neutron emission
Positron emission

E )2 » Bethe, Peierls
cm
MeV

‘ Mean free path in water:
André Rubbia - March 2004 A = 30 light-years at E=1 MeV

Incoming neutrino Free proton

oV,+p—e +n)= 10_43(



OF= Attempts to detect free neutrmos

“I have done a terrible thing. I have postulated a particle that
cannot be detected.” (Pauli)

The experiment was approved but
was superseded by the approach that

used a fission reactor.

Power
~— FIREBALL ~ 2 X 10 X —— v /s ExMeV
.- Flux = GW

BUH,I"ED SIGNAL
EINE FOR
TRIGGERING RELEASE

f_!!!,',’_.’_f.p’n'/;’fl;’;‘f.’!l,._If!.«rkl'ffffﬂ R
BACK FILL -.\55 \vncuum
N o PUMP
- ﬁ; ;
Relnes SUSPENDED__ L VACUUM 2 METERS
DETECTOR ™ ™~ LINE
Vﬁ-i‘,;',ﬂ“‘ FEATHERS AND
FOAM RUBBER

The nuclear bombs used in World War II were equivalent to
about 15kton of TNT or about 60 TJ of energy. Modern nuclear
weapons can carry up to 84000 TJ.

) , Savannah River Power Plant (South Ca.rolina, USA)
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Dr. Fred Reines

Los Alazos Scientific Laboratory
P.0. Box 1663

Los Alanos, .lew liexico

Dear Fred:

Thank you for your letter of October Lth by Clyde Cowan and
yourself., I was very nuch interested in your new plan for

the detection of the neutrino. Certainly your new method
should be much sizdler to carry out and have the great ad-
vantage that the measurement can be repeated any nuzber of
tines. I shall be very interested in seeing how your 10 cudbice
foot scintillation counter is going to work, but I do not knhow
of any reason why it should not,

Good luck.

Sincerely yours,

-

Enrico Fermi



==l ~ Reines & Cowan detection technique

Prompt-positron-delayed-neutron correlation technique
invented: background reduction!

V+p—e +n

ﬂ<— 1B30em ——» e
56 cm Y
X Y /
Ve _ + _
e 8la , € te Yy
n2 ignal:
TN a5 e
H,0+CdCl, v
b
v oy n+Cd—=Cd = Cd+v7y's
Delayed signal: ~9 MeU
Measured rate:
2.88%0.22 counts per hour! _43 5
With signal/background = 3/1 o=(1.1x0.3)x10 "cm
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O ~  Study of weak inte_iactiOns (=1960)

The Fermi theory which was known to work well at low energies implied
that the cross-section increases as phase space

2 2 lab
O X GFS = GFMNEVa o=10-38 cm?2

In a fixed target experiment (e.g.
neutrino beam with nucleon
target), the cross-section increases 8t
linearly with the laboratory
neutrino energy

Lee & Yang computed the quasi- 4
elastic processes:

e in 108 cm2 elastic

v+tn*pt+e~

—- - - - -ee

v+ p—*n +e+

+
—
V,+n—>e +p DS
ky, (Lab) in =

- N + ; +
V,+p—e +n GeV
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E=l Sources of.high energy neutrino (<1960) _

B. Pontecorvo and M. Schwartz independently proposed to study these reactions with an artificial beam
of energetic muon-neutrinos produced at a proton accelerator. The basic scheme for the production
of energetic muon neutrinos is based on the following facts:

1. During the collision of high energy protons on a fixed target, a large number of secondary

hadrons (in particular pion and kaons if the proton energy is sufficiently high) are produced in the

forward direction.

In order to let the secondary hadrons decay, the target region is followed by a decay region.

3. The V-A theory predicts that most decays will produce muon neutrinos, since the electronic
decay is highly suppressed by the “wrong helicity” of the charged lepton in the decay

4. The decay tunnel is followed by a thick shielding that stops all particles except neutrinos (and the
some penetrating muons). Behind the shielding, a beam of neutrinos is present.

D

Pontecorvo, JETP 37 (1959) 1751
Schwartz, Phys. Rev. Lett. (1960) 306

<«— Decay region ——»

+ ._f,:;f.. ‘. R/
- ey ersve ! Rl o
O‘ + / M v‘l':l‘ ._‘1..»\..'. ———:
@o T P V-
@ ‘ O + V ",y“: ___:
High o K —o—" FEELY Wile
. ® w e
energy target e Y B
proton J Secondary Decay of secondary particles ~ Lei=z]
particles shield
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OFf="a ~ Modern neutrino beam

target focus

Decay pipe

protons -
[ ]

Yield

Parent
meson

Meson energy

For long baseline (i.e. in the forward direction):

AL

Meson energ.y

* Neutrino energy = 0.43 x pion energy
e Lorentz-boost gives a factor E, ? on solid angle

* Cross-section increases linearly
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with E,

=)

E

0.427E,

)
e = 1= 52 B =00 954

Event rate o E }
But oscillation probability « E,
Hence oscillated event rate < E,
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4 ETH Institute for

Particle Physics

Example: Fermilab NUMI beam, ME, L=730 km

~0.06

o~
=
Y

=
o
o

p,{transverse) {GeV

-

Off-axis long baseline

I L
b2
-
—
3

Ev,max (1 + }/20‘,2)

—0.02F
- — G GeV
B — 9 GeV
—0.04— — 12 GeV
- — 19 GeV m
- — 18 GeV
—_ L1 11 | L1 11 | | I T | | 111 | 111 | | I | | I | |
D'DBD 1 2 3 4 5 & 7
{ p,(longitudinal) (GeV)
E,(6,)~

200
800

Medium energy beam
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On-axis
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8] 2 4 ] 8 10
E,, GeV
3 Off-axis
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ihl_llull
0 2 4 (= a 10
E. GeV



“The first accelerator n_éutrino beam (1962) _

In 1962 at the Brookhaven AGS accelerator
proton energy : 15 GeV

proton intensity: 4x10'! protons/pulse

3000 pulses/hour
neutrinos: energy=1 GeV, to testif mostly v,

= \\\Sh@d& | 1 neutrino
’ Wg\\\\%}\\\\\w interaction per
: M\}l\ﬂa mL - 1000 kg per day!
< m —
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==l ~  Basic design of neutrino detector

® Neutrino flavor detection

w The type of neutrino (the neutrino flavor) will be tagged via a
charged current interaction, which produces a charged lepton of
the corresponding flavor: electron-neutrinos produce leading
electrons and muon-neutrinos produce muon neutrinos.

e A neutrino detector must be a massive device in order to
collect a sufficiently large number of events but at the same
time provide enough granularity to distinguish final state
particles.

e It must provide “background reduction” (neutrino interact very
rarely with respect to other particles that might penetrate the
detector)

w\/ery high intensity neutrino source

w And/or Underground location (shield)
e The neutrino detector plays two roles:

w (1) the neutrino target

w (2) the detection device.

André Rubbia - March 2004 18
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4 ETH Institute for
Particle Physics

10 ton “spark chamber” detector
Danby, Gaillard, Goulianos, Lederman mlstry, Stemberger Schwartz Phgs Reu Lett 9[1962] 36

g S —

ey 4

7 £ e

1 ton spark chambers __
9 Aluminum plates
110x110x2.5 cm
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Il One “muon-like” event in spark chamber

1

L o R Sl

T

SR

| Long straight track
| = u candidate

1 ton spark chambers &
9 Aluminum plates
110x110x2.5 cm

An(




DE==  Results fram BNL-Columbia experiment _

400 MeV electron test

beam
Number of events

Single tracks 34
Multi tracks 22
“Showers” 8

Only 2 are
compatible

with electrons

IE5) vy =v,

André Rubbia - March 2004 21




Absolute mass measurement
@ &

indirect’ approaches Direct measurements

« Cosmology: LSS & CMBR « Supernova ToF
depends on priors

waiting for SN20xx
0Ovpp « Kinematics of particle decays

Majorana: m_(v), CP-phases 2= p202 + m2c4

-

OviBR




OEE=E Best-Fit Cosmological Parameters

Indirect evidence that neutrinos are light particles

Description Symbol Value + uncertainty — uncertainty
Total density Qo 1.02 0.02 0.02
Equation of state of quintessence w < —0.78 95% CL —
Dark energy density (2 0.73 0.04 0.04
Baryon density Qph? 0.0224 0.0009 0.0009
Baryon density 97 0.044 0.004 0.004
Baryon density (cm—2) np 2.5x 1077 0.1 x 1077 0.1 x10~7
Matter density ), h? 0.135 0.008 0.009
Matter density (2, 0.27 0.04 0.04
Light neutrino density 0, h? < 0.0076 95% CL —
CMB temperature (K)* Temb 2.725 0.002 0.002
CMB photon density (cm—3)P Ty 410.4 0.9 0.9
Baryon-to-photon ratio i 6.1 x 10710 0.3 % 10-19 0.2 % 10~10

Cy m <1 eV

eV v

Q h’=0.01
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OFEN Neutrinole$s double-beta decays

BB-Ov: (A 2Z2)— (A, Z+2) + 2e” y 3
e not allowed Iin Standard Model: € - u
» lepton number violation (AL=2) 5 e
. : —— 8
» Majorana nature of neutrino -
» massive neutrino 0 &
< ow
0
d ' u
d d
. . u u
eexpected lifetime:
Phase space factor nuclear matrix element
rtainties
T =G, [MTT|(m,)]
o \ — 2 Effective neutrino mass
F‘»“Wr".v;’" o Zk mvknkluekl
neutrino mixing matrix
© constraints on {m,) can translate in constraints on m__

André Rubbia - March 2004 24



D  “Gryogenic detectors

™ heat sink Detection Principle
incri't:!elnt - ;v:l?;(":lr;ermal mAT=EIC
PArters Thermometer C thermal capacity
(thermistor) > low C
f‘é’;"s[';ﬁ’ Vlow T (i.e. T<1K)
> dielectrics, superconductors

Calorimeters 1.0F BBOV | -

source < detacior 0.8l -

: Iarge Nru:la E[} 6‘ _

+ high energy resolution AE ‘ £ BB-2v ;

« high efficiency 304t ;

m measure E = E,r-;1+ Eﬁz 0.2f .

= signature: a peak at AT TR S 0

o P O 08500 7000 1500 2000 2500

energy [keV]

Cremonesi, NOONO04 75
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OFE"S -  °  CUORE/CUORICINO

e Cryogenic Underground
Observatory for Rare Events

w Array of 1000 TeO2 crystals (5x5x5
cm3, 750 g)

w 750 kg TeO2 granular calorimeter

w 600 kg Te = 203 kg 3Te active
isotope

TeO, thermal calorimeters

= Active isotope P'Te
* natural abundance: a.i. = 33.9%
- ftransition energy: Q,, = 2529 keV

mixing chamber
T=6 mK

Cuoricino fower: 62 TeO, crystals

roman Pb shield'ing (1 cm lateral)
external shields:

¢ 10cm Pb + 10 cm low act Pb
< neutron shield: B-polyethylene
¢ nitrogen flushed anti-radon box

CUORICINO: 19* April 2003 —

= successfully operating independent experiment on %Te BB(0v)
» 40.7 kg of TeO,, EEBE,{WI =0.19 £ 0.04 c/keV/kgly, AE = 8keV
> Ty = 7.5 % 10% years at 90% C.L. ((m) <0.32+ 1.68¢eV)
» Glo > 6% 10% years - (m ) < 0.11 + 0.60 &V

3 years

André Rubbia - March 2004
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Particle Physics

.
r n ETH Institute for
x

CUORE 55(0v)

_CUORE proposal

B(counts/keV /kg/v) AlkeV) Tyiply)  [{(my)| (meV)
0.01 10 1.5x10% 23-118
0.01 J 2.1x 104 19-100
0.001 10 4.6x10% 13-67
0.001 5] 6.5x10% 11-57

Log (|<m>| [eV])

Pascoli and Petcov.: hep-ph/0310003

sin‘e = 0.0

IH

2003 LMA update

(SNO+salt, atmospheric, CHOO/Z, KamLAND

CUORE: Data taking T0 + 5 years

sensitivity will depend strongly on the
background level and detector performance. In five years:

Feruglio et al.: Nucl. Phys. B659 (2003) 359

1¢
E 90% CL (1 dof)

1071 }

1073

g
1074 : 2
1

10~ 10-? 1072 10~
lightest neutrino mass in eV

Spread in (m,; from nuclear matrix

element uncertainty

27
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4 D ETH Institute for
\ Particle Physics
x

Selection of materials by y spectroscopy
+ Magnetic field
+ Iron shielding + Neutrons shielding
+ Fréjus Laboratory (4800 m.w.e.)

e OIMUIEANGOUS StUdy 0F many ¢

Source:
10 kg of Bp isotopes ( 20 m?, 50 pm)

Tracking detector:
Gas mixture of Helium
+ ethyl alcohol(4%) + Ar(1%)
Drift wire chamber operating
in Geiger mode (6180 cells)
g, = 0.8 cm o= 0.5 mm

Calorimeter:

1940 plastic scintillators coupled
to low radioactivity PMs
FWHM ~8 % at 3 MeV

ait)= 250 ps at 1 MeV

Identification: e ,e*,y and delayed-a
and ToF
Measurement of source radiopurity
Background rejection

ements

28



( h ETH Institute for
Particle Physics
x

156Xe > "“Ba**+e +e
+ Next-generation search for Bp decay in '36Xe 100 ton (2008?)

 Ultimate goal is 100 ton-year experiment with “laser
tagging”

» currently in R&D phase, with development of a 200kg
prototype, for operation at WIPP, now underway

136Xe = DOBa4e e

=1

Ton trap

2
Pm . (detail) :
RN _ Ba source
g v, 650nm visible
N v at 4 o’clock
’ * Pos.
p . .
/ N
‘ *\ mMmetastable 47s
/ ‘D
32
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O  Direct kinematical search: Tritium beta decays

N(E)=const*|M ‘F(Z,E)p(E +m,c*)E, — E)J(EG —E)*

experimental
tritium p- Eo =18.6 keV observable

spec:trum
n'.l,,‘_,2 — Z IUeiEI miz

0O 5 10 15 20 : :
energy E KeV E-E [eV]

Kraus, NOONO04

Need: high luminosity, high energy resolution and low background
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(D spimes ' _ Principle of measurement

e Magnetic Adiabatic Collimation and
Electrostatic filter

e We assume for simplicity that the field is
exactly axially symmetric. The change of
longitudinal component of the magnetic
field must according to Maxwell divergence
equation of the B-field imply a non-
vanishing radial component of the field.

e A particle of charge e and total energy E
moving in a static, non-uniform axially
symmetric field, at a distance r from the
field axis has a constant of motion defined

by
d 2
ymr ¢+ d (an)=constant H !
dt 2.71: < BSBmox Ban
e Since the magnetic field cannot change the
energy of the particle, the field gradient

actually transforms the azimuthal motion
into longitudinal one. When this is

achieved, the application of the :
electrostatic barrier to the electrons which potential
are mostly longitudinal results in a very

clean transmission function.

Energy resolution: Arp _ g B,
André Rubbia - March 2004 BmaX 31
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Mainz Neutrino Mass Experiment (1997-2001)

CRYOGENIC TRAF | SDLENOID

il

g

{:j:_.--fzj _.:_-F"'_,_,ﬁﬁcd.--a_ = _-—-q_‘__..---*__h_c-_;'_.‘;\;__:-_. 5

T -
_F.:_-._,_a-"’.-— —

S

\ B

\ ‘ kS

NEWY GUIDING MAGHNETS

LHe cooled

Laser for elipsomet
riorefip ‘7 shield

—_ E—. -

» T;Film at 1.86 K

« quench-condensed on graphite (HOPG)
» 45 nm thick (=130ML), area 2cm?

- Thickness determination by ellipsometry

. /I et | = _
— -

MEW HIGH FIELD ELECTRODES

+ FLECTRODES DETECTOR

— T:—_EJ B 1 8Gauss

T 3000 24T

AE _ E Bmin
T B 3000

max
Kraus, NOONO04

T =6 ¢V



Mainz data of 1998 - 2001

9 month measurement time (only possible with remote experiment control)

m, ® Nui O
119 days analysed data 1835 184 1845 185 1855
Sl 1 @)
F 2 10F J 415 .
0.05EF i o Mainz 94 data % 0 CLP {3 ‘i’ ? ,:i) - 11 o) 1998
[ 1‘5+ ® Mainz 98/93 data e=10F ; W 0.5
:} — fit for m =0 = ] i I 06)3
g [v] 3 Q (i) "'1( :I—.'I.El .
0.04F 4 o Mainz 2001 data (prel) B of ? ! ? i ? Hi iy '5: 1999
A d n.—10f : :
E ] |E : 4 8
8 0.03f 1'\>¢ o S 1ok ' '
L 1 3 . E
2 : P, By % of ; 1999
= ! E r.-10F !
g o002r Fow £ S
i R ) 1o} 3 .
I "#u"uinnu ':'i a4 3 ﬂ 1999
0.01F : ’ re-1of 40.
5 F -:;1155
¥ 10 :
[ i ; I ; i 1 ; i I i & ? Q@ Q@ @ ] 5
1855  18.56  18.57  18.58 e 0 —r—1 11— ¥ 2001
retarding energy [keV] e L §D'5
- ——— e
. ~ 10 1.5
<4— Fit range—p T ok @ o @@ PR I
4+— —p it BLANE B R AR O 0!I N 2001
£~ . . . _ )
A . | 1B.36 15.4 18.45 18.5 18.55
Jower limit of fit lower limit of fit interval [kev]

Kraus, NOONO04



The Karlsruhe Tritium Neutrino experiment

KATRIN 7
ysios airm Data taking 2008

Sensitivity on neutrino mass scale: m(v) << 1eV
» Higher energy resolution: AE =~ 1eV

since E/AE ~ A — larger spectrometer ]
 'spectrometer o Z10m
» Relevant region below endpoint is smaller

even less count rate dN/dt ~ Aspectmmetm — larger spectrometer o 2002
ince
Differential new
[} electrons F',u'?rrlgmlg Fre filter Energy analysis Electron counting
MAC-E-(TOF) spectrometer Si pixel or bolometer
MAC-E pre spectrometer AEJE =1/ 20000 detector

gaseous T,source AE/E =1/500
' o l l*"‘i" - ELFETL\ /QTE% <

solid T, source

8m 4m 2 m om

i 22 m
(hep-ex/0109033)



Underground experiments:

Stellar
(solar)

Other stars only
visible at night |
But solar
neutrinos can
never be
Switched" off!

As’rrosical

neutrinos

Supernova 1987A Rings

Atmospheric Supernovae BigBang

And proton

decay!
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Vertical intensity (cm=2sr—1s-1)

ETH Institute for
Particle Physics

10—10

10—14
1

éosn‘wog‘eaic backgr_éund 's_uppre__ssion

Flux of vertlcal muons

I T TTIT

Detector

Nuclear

activation

Rock

10
Depth (km water equivalent)

100

106

103

102

Depth (meters).

=

1000 2000

SOUDAN

(WIPP)R  CANFRANC
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BOULBY MINE
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|l||||1 |-III[IﬂElIIIIIq]lli”ll"""“1 reeTt

|||l|nlll||||||lt|||||_|i||||||L|||||||||:-uu

2000 4000 0 6000 8000

Depth (meters of water equivalent)
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OF="8 ~ Spectrum of-astrophysical neutrinos

20 - : I
relic uniform .
« relic clustered
15 —
solar .
0 ., | supernova single burst
log dF/dp T /,/ :;;:T;«...,‘
* ~* *
cm2s-IMev-1 5 L e L
: d ' S
(eV-1 for relic nu) " i .
0 s S s, SUPErnovae uniform integrated
M=20 GE‘U‘__ L_o “':o‘
f % 1'-.
-5 M=200 GeV } N
. . .
¢ * atm
0 dark matter |_: .“'..31 ospheric
. g * — - ‘u‘..
| f*._.
e, pPoint source
-20 N
Y keV b |Mev "
e *e
P e e GeV TeV .;\lf'e\f
]
=12 -9 -6 -3 0 3 6 9 12

log p (MeV)
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D e ‘Cosmological relic neutrinos

Cosmological relic neutrinos (CMB) Cosmic ray background (CMB)

~
~

Unified
\" | Forces

Forces
Separate

10°s 300 000 Years 10°Years 1510’ Years

10"Tev 10" TeV 1 TeV 150 MeV 4 meV 0,7 meV
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.
4 ETH Institute for
Particle Physics

electron
in matter

Nuclear processes:
Coherence
(even bulk coherence)
But cancellation between
neutrinos and antineutrinos
(unless large asymmetry)

eWith current known technologies

observation of relic neutrinos seems
impossible

w /-Bursts ?

André Rubbia - March 2004

= 'Rerlic neutrino scaﬂéring processes

Typical recoil energy: =10° eV !!
o < 107%9 cm? (<1 day/kton)

10

COHERENT |
SCATTERING |

'.If\. /,
I . // .
' 7" SINGLE PARTI(
/ SCATTERING
b ey
/
10 i
10 | 105
momentum (eV)
M2n—= lcm 10-4 cm 10-8 ¢cm 1012 ¢m

neutrino wavelength



ETH Institute for
Particle Physics

D

log dF/dp

em-2s-1Mev-1
(eV-1 for relic nu)

-15
-20

-29
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~  Spectrum ofastrophysical neutrinos

1
relic uniform | |
) ._t,xrehc clustered
: ¢ *e" (2 SOlar
A1\ \ < | Supernova single burst
.t'. | k‘ PO RN
A \ » ¢"~4\ ‘:
: e 3
*
\ :
P #o2eq supernovae uniform integrated
M=20 GE‘U‘__ '_ M B
'P__.,.,-r* . 'o“"l.‘.
2 B M=200 GeV } R
dark matter "'f..‘ atmospheric
' i
* * ',.‘
—~— .
B
e, point source:
Ne..
*
eV keV L MeV GeV TeV "}":{‘e\f
{
-12 -9 -6 -3 0 3 6 9

log p (MeV)

12
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André Rubbia - March 2004

ETH Institute for
Particle Physics

Neutrino Flux

- Prédicted solar.neutrino spectrum

ptp »H+e' + v,

Eﬂm

Neutrino Energy (MeV)

—

pr e +p - H+ vy,
——

H+p »He+Y

85% L P T,

*He+*He + He+2p

15 %

0.02 %

*He+He ~ Be+y

‘Be+ p — B+y

*Be* » “He +%He

B o~ Be* +et+ 1,

A

A

‘Bet & ~ TLityg

Li+p » “He +He

He+p - He+re' + v,

http://www.sns.ias.edu/~jnb
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Before SNO.. ..

" 1
i . GNO_ ‘Homewstake

S SALEXS |

lar neutrino expeniments .

Theory

I B¢ M pp. pep

[1s5 Il CNO

Experiments |l

G.L.Fogli et al.
2v active oscillations

0 B B B
i N
10 LMA A\
. SMA [iQ,_._{ 3
1o I —_— o
10" I . ]
' SKday-night, LOW3
~ 'L spectrumdata ()
L E . \I I|I|
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.
4 ETH Institute for
Particle Physics

v

1968 Homestake
600 tons C,Cl,
v+’ Cl — 37Ar+e-

1989 Kamiokande

Ev> 814 Rel
Radiochemical

1000 tons H,0O E.>5 MeU
V,+ € —V,+E Real-time
1990 SAGE 1992 Gallex

90 tons Ge Ev > 236 ReU

ve+''Ga — ""Ge+e” Radiochemical

1998 SuperKamiokande

22500 tons H,0 E.>5 MeU
Vit € =V, + € Real-time
1999 SNO

1000 tons D,,0O E>5Mel
Vet d =>p+p+e F;eal-time

v,+d—=p+n+v,.in 2002

André Rubbia - March 2004

Solar nedtrino measurements

O®=66 X 1019cm=2sec’

Experimental Results
SAGE+GALLEX/GNO

ve+1 Ga—="1 Ge+ e~
Flux = 0.58 SSM
Homestake

ve +37Cl =37 Ar e

Flux = 0.33 SSM
Kamiokande+Superkamiokande
Vet € — Uzt € J;.arzé X O¢
Flux = 0.46 SSM

SNO (CC 0.35)

Flux = 1 SSM

43



()}l  Chlorine experiment- Homestake Mine

v+ Cl—=""Ar +

Ev> 814 Rel
Expected rate: 9.5*1.4 SNU

1 SNU=1 evt/s per 10 target atoms

Expected production:
1.5 Ar nuclei/day

390 m3 of C,Cl,

i \
André Rubbia - March 2004




7

D s - | Homestake resu_lis (1970-1995)

B.T. Cleveland et al., Astroph. J. 496 (1998) 505
(‘1 FWHM Resglts)

18
1.4+
I 17
’:? 1.2 y
g I 16
£ 1.0}
g 08 ¢ ‘ Lt gvels o
g 0.6 U ¢ || ‘a i 13
5 R ' | -
B 04} J 1 1 |
) |1 th \ 2
=W TR
0.0 | { J J | l o
1970 1975 1980 1985 1990 1995
Year Measured rate: 2.56%0.23 SNU

FiG. 13—Homestake Experiment—one FWHM results. Results for
108 individual solar neutrino observations made with the Homestake chlo-
rine detector. The production rate of *’Ar shown has already had all
known sources of nonsolar *’Ar production subtracted from it. The errors
shown for individual measurements are statistical errors only and are sig-
nificantly non-Gaussian for results near zero. The error shown for the
cumulative result is the combination of the statistical and systematic errors

in quadrature.
André Rubbia - March Luu—+
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( h ETH Institute for
Particle Physics
x

50kton Water Cherenkov detector

\/\ located at 1000m underground

André Rubbia - March 2004

L'

VeolarT € = v + € (elastic scattering)

Q ﬁSu}Fer Kamiokande %
o KU # 1
5 ' EUN #

. EVENTH

4201
1154571
° . DATE 97-Jun- @
N ; TIME 4:55: 28
n e . TOT PE:  137.1
T MAX FE: T8
HNMHIT : 103
@ 0 ANT-FE: 14.73
a BWNT-M¥: 1.8
MMHITHA: 25
[]
[} ) =
] a ®
&
s O s o
C? o o
o ] =] 4
o2 P o%
] a [+] o a
oS ‘% +] N
o g oy
o
EunMODE : NMORMAL
TEG ID ;00000111
T diff.:0.752E+05
r TR 2
FECC: 2FF30
TDCO: 8906, 2
Ee = 9.87MeV Q thr. : 0.0
BADL ch.: no mask
ZUB EV : of 0

cosOsun =0.915

=7 p.e. per MeV

ms
ms
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OFE=N ~  Electrop.Cerenkov rings in water

d'N _ ¢ sin60. =370sin° 0. eV 'em™
dEdx e ¢ ¢

1
cost,. = % n(H,0)=1.33

,ve~\§~\ /

~~_ Electron
~ R

Momentum threshold:
*Electron 0.6 MeV/c

About 170 y/cm in 350 < A <500 nm
With 40% PMT coverage, Q.E.=20%
Relativistic particle produces

==14 photoelectrons / cm

==7 p.e. per MeV

André Rubbia - March 2004

OOOOOOTOOO0
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( -

D e _ Signal and background

S SK-I 1496day 5.0-20MeV 22.5kt .

E (Preliminary) May 31, 1996 — July 13, 2001

—

E-'O 2 © ¥

= .

';‘é e — Best fit A

E %\ e e es ame Nun-flat BG ] ]

3 eyt o
O _1 = .._.‘._._-.im!*‘ﬂm+t;.ti.m*m!ﬁ.h4}--'-i-l-'—-'“mrijwm.-"M‘*H /
f(°B)aay = 2.32 £ 0.03 £ o7 22385 solar v events

 §(%B),ygp = 2.37 £ 0.03 + 0.08 sg fluy : (14-5 events/day)
. D-N 2.35 + 0.02 + 0.08 [x 108 /cm?/sec]

| - 0.013
Oz - (0:021£0.020 £0615) 0,465 +0.005+2918 x sSM

04 0.5 0 0.5 1

cosO_,
, Koshio, NOONO0O4
André Rubbia - March 2004
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Acciden on Nov. 12

- iy 1

Broken PMTs
Inner : ~60%

Outer: ~50%

Most possible cause

One PMT broken

and chain reaction occurred

by shock waves.

http://www-sk.icrr.u-tokyo.ac.jp/doc/news/appeal.html



OE="8 ~  Rebuilding of Suherkamiokande

15

-+ PMT enclosure design
(- —

Start data taking from 10t of December,2002

André Rubbia - March 2004




D s . SK-ll calibration

« PMT relative gain calibration by using Ni(n,y)Ni source and an uniform light

source (Xe-scintillation ball).

Timing calibration by N,-DYE laser ball.

LINAC calibration data were taken
at 6 positions, its energy is 13.4,

8.7,6.8, and 5.8MeV. oo [

TOWER FOR INSERTING BEAM FIPE

02 MAGMET
01 MAGNET

LINAC /
\ L
_-_| 1300 cm D‘ o
Y T
: 2 [ )
l——— 500
BEAM PIPE i E
L 5 2
a ] = L
= -1000
3 ] C
. . £ -1500
‘ é—— X =
4000 cm L

André Rubbia - March 2004

O3 MAGHNET 1000 d

500

Reconstructed vertex position

r
2

8.7 MeV
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OFt = -~ ° .SK-ll resolution

| | | | | |
20% coverage
0 ﬂ: :
1000 _ Energy resolution 1s about
o £ 30-40% worse than SK-I as
b expected from the total
E 1 | number of PMTs.
' -
2000 [ ' 0
- 0% coverage in 2006
"o ~70

Number of hit PMTs (Nhit)
André Rubbia - March 2004
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4 The SNO Detector

9438 Inward-
Looking PMTs
2039 m to surface
91 Outward
Looking PMTs
12 m diameter (Veto)

Acrylic vessel

+— Norite Rock

PMT Support

Structure (PSUP)
5300 tonnes 1000 tonnes 1700 tonnes

light water  heavy water light water

60% coverage



8B v Reactions in SNO

o}y +d - pipre

-V, ONLY

Mainly sensitive to v_,
lesstov, and v,
@ v + d - ptntV_

n+d->t+y(E =6.25 MeV)
(pure D O phase)

- Equal cross section for all v types

1,000ton D,O




WHAT SNO MEASURES

PMT Measurements

-position
-charge
-time _

B0 100
PMT charge

100 200

=/ 1°
P=72.8°

I:_q_' - |:| , |:|°

Reconstructed Event

-event vertex
-event direction
-energy
-isotropy



Phase | (pure D20):

" SNQ data taking periods
Phase 1l (salty D,O):

306.4 live days

T.>5 MeV
R <550 cm
2928 events

n capture on D
Single 6.25 MeV vy

High CC-NC corr.
T, constrained

254.2 (~400) days

T.,>5.5MeV
R <550 cm
3055 events

n capture on CI
Multiple v's 8.6 MeV

High CC-NC corr.
T. unconstrained

Phase |l

(3He n counters):

Counters In!

n capture on *He
n+°He - p +t

Channels indep.
—no correlation

Reduced NC
systematics

Past

Present

, Graham, NOONO0O4
André Rubbia - March 2004

Future
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Neutrons in Salt - NaCl Capture

Events, day

» Higher capture cross section
* Higher energy release
* Many gammas

1.8
1.6k

1.4

&% CC Electrans
& Meutrons in pure 0,0
& [Meutrons in salty OO

g

10 1z 14
E /e

Graham, NOONO04

c=0.0005b
*H+n
6.0 MeV
°H

8.6 MeV

36|



Evanls per 500 kel

52 =

£
A
=
=
8
<
£ 120
g 100
=

=R
60
40
20
0

Lt

(c)

h+"; Kinetic Energy

+
neutrons

.

Graham, NOONO04

Events per 0.05 wide bin

Events per (.05 wide bin

EiﬂE

2
E

?

—

2
=3

el
50— Extcrnal-source IE&:(:IL‘-

L MC+Intemal neutrons

-
Fiducial volume

L f

PﬂSltlﬂll

1 +ﬁ+ :
H“H e

Py evenis

I"A‘V cvenis” 7

0.8 I 1.2 [.4 1.6

= (Red600 cm) |

PO T T I B R

+%‘|’I‘H*|‘H# # #” i

III'III IIIIIlI_

(b) .E
+ E

—
—

0.8 D6 -04 02

4 02 04 06 08 1

COSSUN




RATIO TO SSM PREDICTION

L f T t T | I B N
SNO+SK/D20
SNO-NC/Salt
&
1.00 = I
SNO-NC/D20  —-
Ga
E SNO-ES/D20
0.50 .
SK
: cl SNO-CC/D20 -
I SNO-ES/5alt %
SNO—-CC/Salt
DDD 1 1 L I 1 I ] 1 1 1 L1 1w
0 10

:
ENERGY (MeV)

Graham, NOONO04



OF="8 ~ Spectrum of-astrophysical neutrinos

relic uniform . |
vea ! | « relic clustered ‘ l
15 L Tr-*-é A
i R \ woart - SN-1 single burst
] o" 3 il -
log dF/dp \ )
Cm—zs'IMeV‘l 5 & /'r/.
(eV‘l for relic nu) \ "
0 . . rnovae uniform integrated
1 M=20Gev |
== ]
= T M=200 GeV \ 3
1 dark matter “,, atmospheric
* +* — “‘..
15 =, """\-.; *..'
N, point source
-20 N
*
e eV keV b |Mev GeV TeV  %peV
12 -9 -6 -3 0 3 6 9 12

log p (MeV)

André Rubbia - March 2004 60






Stellar Collapse and Supernova Explosion

Collapse to
nuclear

Progenitor star with
degenerate iron core:
p = 10° g cm’
T = 1010 K
MFBH 1.5 Msun
R-. =~ 8000 km

Proto neutron

star

P = Pruc
=3x10" g cm

T =30 eV

Rebound of
shock wave >
SN Explosion

~ 50 km

zeorg Raffelt, Mox-Planck-Institut fur Physik (Miinchen)



Core Collapse Supernova Energetics

Liberated gravitational binding energy of neutron star:
Eb = 3 X 1053 er'g (2= 17% MSUNc2

This shows up as
99% Neutrinos
1% Kinetic energy of explosion
(1% of this into cosmic rays)
0.01% Photons (outshine host galaxy)

Neutrino luminosity
L, =~ 3x10°3 erg / 3 sec =~ 3x10'° L.,

While it lasts, outshines the photon
luminosity of the entire visible universe!

zeorg Raffelt, Mox-Planck-Institut fur Physik (Miinchen)



Why No Prompt Explosion?

Nuclear binding energy
of 0.1 Mg, of iron
~ 1.7x 10°! erqg

opsed /»
e

o

‘o‘\od( wa"e

Dissociated
material

(n,p, e, v)

Zeorg Rartelr, Max-Flanck-Instriut fir Physik (Miinchen)



Energies: <Ev_>~ 12 MeV Deeper
<EV_>~ 15 MeV v-sphere
<EV >~ 18 MeV => hotter v's
TR

Timescale: prompt after core collapse
At~10's of seconds (possible sharp cutoff
if BH forms)

e ©® | @

L, [erg/s]

1050
107 102 107! 1 10

Time after core bounce [sec]




SN1987A

Water Cherenkov: IMB

Kam i

Liquid Scintillator: Baksan

50.0

40.0

30.0

Energy (MeV)

10.0

0.0

Mont Blanc Em~7l'u'lev, 90 ton

Type Il in LMC (~55 kpc)

Em~ 29 MeV, 6 kton
Em~ 8.5 MeV, 2.4 kton

8 events
11 events

Em~ 10 MeV, 130 ton 3-5 events

* Kamiokande IT

< IMB

5.0 1
Time (seconds)

0.0

15.0

5 events??

Confirmed
baseline
model...
but still

many
questions

Scholberg, NESS02



D s Detecting-SN neutrinos — why?

1. Supernova physics:
e Core collapse mechanism
e Supernova evolution in time
e Cooling of the proto-neutron star
e Nucleosynthesis of heavy elements
e Black hole formation
e Exotic effects

2. Neutrino physics

e Neutrino mass (time of flight delay)

e Oscillation parameters (flavor transformation in SN core and/or in Earth)
—  Type of mass hierarchy and 6,; mixing angle

3. Early alert for astronomers

e Pointing to the supernova

André Rubbia - March 2004
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SCINTILLATION DETECTORS

PMI Liquid scintillator

é CHH2r1 volume

surrounded by

PR photomultipliers
Ve "'"'M

st

Mont Blanc, Palo Verde,
seintillator Chooz, MACRO, Baksan, LVD
Borexino, KamLAND, BooNE

Inverse Beta Decay (CC) ?E +p—- €+n
NC Excitation of ®C (NC) v _+'°C —v_+ “C* ~5%
Elastic Scattering (CC,NC) v _+€ — Vv + €& ~few%

low

Proton Scattering (NC) vip— Vv +p energy

NEW J. Beacom et al., hep-ph/A0205220

Very little pointing capability



WATER CHERENKOV DETECTORS

—
> Volume of clear water

water viewed by PMTs

PMT IMB, Kam I, Super-K,

part of SNO

-

Inverse Beta Decay (CC)

=
P
>

- b | e+ F N Still
e I dominates

Also: CC on oxygen NC on oxygen

"‘“’e + 1E,1EO —_— 1E,1BF + e

v+ 150 —> vx+150*
ve+‘50 —> N + e*

Elastic Scattering (CC,NC) V+e = v + e ews
™~ POINTING from Ch cone 36~25°n""

Scholberg, NESS02



ETH Institute for
Particle Physics

SN neutring detection channels in Argon

NA'ms:‘HWHH\HH\HH\HH\HH\HHMH‘\HH\HH:
0 Elastic scattering on electrons (£5) S P
) ) %3 v, “Arcc_— //7 mf,lig"’
- - TL g —
vV+e —V+e E 10 - //'i<—:""
g S T N
o Charged-current (' ) interactions on Argon 3 7 e tANe
w / /? R
2 10° / L N
40 40 7-* -5 / "
/o .
] /A
— 40 40 ¥ + 10 /| / E
D ;e e T
L / :I'l
: : 10 / / v, ¢ ES f
0 Neutral current (/'C) interactions on Argon E // ¢
_ ) 40 ) 40 * 1 / / AT S \V“e\]?SLHw\
VvV 4+ A}/’%V+ A]/' 0 10 20 30 40 5 60 70 8 9 100
Neutrino energy (MeV)
Possibility to separate the various channels by a classification of the associated
photons from the K, Cl or Ar deexcitation (specific spectral lines for and )
or by the absence of photons (E5)

André Rubbia - March 2004
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Detecior Type Mass (kton) Location No. of events Status
at 8.5 kpc
Super-K Water 32 Japan 7000 Running again
Cherenkov for SN by Hov
2002
SNC Heavy waler 1.4 (D0}, Canada 300 running
1 (Hn 450
LVD Scintillator 1 Raly 200 running
KamLAND Scintillator 1 Japan 300 running
Borexino Scintillator 0.3 Raly 100 2003
Baksan Scintiliator 0.33 Russia 50 running
Mini-BooNE Scintillator 07 USA 200 running
AMANDA Long string M. 0.4/PMT South Pole N/A Funning
Icarus Liquid argon 24 Raly 200 2002
OMN Pb 2-3 USA? >1000 proposed
LANNDD Liquid argon 70 USA? 6000 proposed
UNC Water 600 USA? >100,000 proposed
Cherenkov
Hyper-K Water 1000 Japan =100,000 proposed
Cherenkov 2009

Galactic
sens-

itivity

=1 every

30
years!

Extra

Galactic

Scholberg, NESS02



ETH Institute for
Particle Physics

20 , |
" et e Telic Clustered
15 l\;"ﬁ X solar
o el \ «. | supernova single burst
l +‘*. | - ' '3‘:\’.0““.'4
Og dF/dp T \ .‘/ ,““‘“‘i :
cm2s- IMev-1 5 /.-f e
(eV-1 for relic nu) \ L~ ’
0 S S s, SUPErnovae uniform integrated
+” M=20 G'E'V‘__
e Nk
-5 S M=200 GeV ; A - -
10 dark matter \ tmOSp eric
, | N
-135 — T'-
. <&
E L N V
28 eV keV MeV GeV ;’\P.’e\r’
=12 -9 -6 -3 0 3 6 9 12

From 100 MeV up to =100 GeV

André Rubbia - March 2004 72



Absolute charged current event rates

[ IIIIIII| ey e IIIIIII| I IIIIIII| 11T T
100 = ~ = o i
— @, o =
Eee, Vot Ve E e VY,
B 1 o _
— 10 .\ —= h -
N — * 4 L =
e = - 1T .- .
2L L _
|s_. E - EE E
> — I —&- —
T, = .- T N
= 0.1 & —— —
@ = - EE + =
£ r 1GeV + -
0.01 == —=
0.001 | ||||||l C ol ol ol ol
0.1 1 10 1 10 100

E [GeV] E [GeV]

Neutrino interaction rate is small: =150 CC events/kton/year
Alverage energy: ~400 MeU
Spectrum = €7 above 1 GeU



KGF—- The 1% reported Atmospheric v

Several detectors in KGF

mine at various depths.

3 v published 15 Aug 65

DETECTION OF MUONS PRODUCED BY COSMIC RAY NEUTRINO
DEEF UNDERGROUND

C. V. ACHAR, M.G. K. MENON, V.5. NARASIMHAM, P.V. RAMANA MURTHY
and B, V. SREEKANTAN,
ala Mmstitule of Fuedamental Research, Colabe, Bowibay

K. HINOTANI and §. MIYAKE,
Dsaka City University, Ozaka, Japan

D.R.CREED, J.L. OSBORNE, J Behil. FATTISON and A. W, WOLFENDALE
Umiversitydf Durkam, Durkars, UK

Aeoeived 12 Jily 1985

Event

number co'irn}(r:l;ce!ec:llce zgllitt}]i?nt;iie Date Time
1 TEL.2 Ny +8,4 379 30.3 20,04
2 TEL.1 Nj +84 48 £1° 27.4 18.26
3 TEL.2 Ng+8g 75 + 10° 25.5 20,03

'RATE/ SEC/5° INTERVAL

]

10

-6

10

T T T T  Ea—

Atmospheric muons

T4

T

Vg Yo induced muons

(upward and downward
moving )

{
9&:

7600 MWE

-

|
20 30 40 50 70 80
ZENITH ANGLE (DEGHEES)

Most neutrinos cross the Earth! Look for upward muons!



L8 Past and present atmospheric v experiments_

Table 1.1: Summary of atmospheric neutrino experiments.

Experiment Detector Location Mass
IMB Water Cherenkov | Cleveland, Ohio, USA 3.3 kton
Kamiokande Water Cherenkov | Kamioka, Gifu, Japan 0.88 kton
Super-Kamiokande | Water Cherenkov | Kamioka, Gifu, Japan 22.5 kton
Nusex Iron Calorimeter | Mont B lanc, France 0.15 kton
Fréjus Iron Calorimeter | Fréjus, Alps, France 1.56 kton
Soudan 2 Calorimeter Soudan, Minnesota, USA | 3.9 kton
MACRO streamer tubes Gran Sasso, Italy

1. They all stopped data taking except SuperK

2. SuperK is the only experiment that will continue data taking in the future.

3. In addition, only one new experiment ICARUS is under construction. It is the
only approved new experiment.

4. Other bigger experiments are being discussed (>2010)

André Rubbia - March 2004 75



s [ SOUDAN-Z_dete_c_ior (1989-2000)

Particle Physics

‘ ‘.‘].

B X
aiif
T

%

2

2%

N\ <7

2TS

A

Soudan II detector was 960 ton tracking
calorimeter composed 224 modules of steel
sheets shaped as honeycombs to host drift tubes.

Soudan II detector is located in an underground
laboratory in the Tower-Soudan Iron Mine 1/2
mile (2,090 metres of water equivalent)
beneath Soudan, Minnesota, USA
76

André Rubbia - March 2004




R  Atmospheric.néutrino events in SOUDAN _

The entire calorimeter is comprised of 224
modules

Each module contained a tightly packed
honeycomb array of 15,120 drift tubes

The drift tube array provides 3-dimensional hit
reconstruction, with an r.m.s. accuracy of 1.12cm
in the drift direction and 3.5mm in the orthogonal
plane, together with dE/dX sampling.

André Rubbia - March 2004

Y, U
p,n,,K,...
— ]
F
/ s P o
/ D
.o
_ 2 |
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g
¥
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O R Gran Sasso Underground Laboratory

ADRIATIC
SER

Earth shielding | 3sme e e s 1.

of 3800 meters Core of

of water ﬁfﬁ;ﬁ“’

equivalent 2370 m a.s.l.

External
buildings

1038 m a.s.l.

963 m a.s.l.

Underground
Laboratories

André Rubbia - March 2004
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( h ETH Institute for
Particle Physics
x

9895

André Rubbia - March 2004

MACRO.experiment (until 2001)

MACRO was composed of 6
supermodules, each consisting of
streamer tubes planes and
scintillators for precise timing

MACRO was built to
search for monopoles,
but is also sensitive to
C.R. muons and

atmospheric neutrinos

Altico
Superstructure

,  Track-Elch
"‘ﬁ- Plastics

o -
e
arizontal
Scintillalors

<\ Horizontal Streamer
Tube Planes

o
o
) \ A\ Vertical Scintillators and

Uertical Streamer Tube Planes

-



Detection of Atmospheric v’s MACRO

>Illtel'aCtiOﬂ iIl DeteCtOI' msgmimn@lﬁdm"u () upthmoughgoing w [2) Ssmicontainsd Up
Fully Contained Events L '
3 . "
Partially Contained Events : . .
. . = I D Sbhmarber =
» Interaction Outside Detector E B stccomer E
' : ﬂ 2 L\.\ cirtfllater E
Throughgoing [s i i el
Up-stopping U’s K H
Sef Uh — 5 I A —7
g,0 0 11 Wi — ——-
HEA G : =
Eaf ¢ ' F \ \
= 1F ='!
0 C
1 i [0 10
May 26, 2002 Gev

Maury Goodman, Neutrino 2002
“Other Atmospheric v Experiments”



-
4 ETH Institute for
Particle Physics

Very large

4

41.4m

André Rubbia - March 2004

SuperKamiakande Detector

Water Cerenkov detector: Fiducial mass 22.5 kton
50kt water

.~ b 7= Inner detector
~ = | /11146 0f 207 PMT
= ;,__: -.‘___._FT_N“‘A-ﬂs.L?!

e s =
B T
Lo IS o
O — |
- - o 't T ey 0
R = | =
- L-_d_ [ -
e — W i == X - -
- e =
B | P -
= -
| |
- _emcige o
- e
o .-

0 el

©lkeno-yama
- _Kamioka, Gifu

Operation from April 1996



D s ~ Cerenkov r ings ] Wate"

d°N o

TEdr -~ Te sin” 0. =~370sin’ 6, eV 'em™
n(H,0)=1.33

IR lepton
A.‘\ p -
\\

OOOOOOTOOO0

v
Ab_OUt 170 y/cm in 350 < < 500 nm Particle momentum thresholds in water:
With 40% PMT coverage, Q.E.=20% ‘Electron 0.6 MeV/c
Relativistic particle produces ‘Muon 120 MeV/c
==14 photoelectrons / cm *Pion 159 MeV/c
==7 p.e. per MeV ‘Kaon 568 MeV/c

*Proton 1070 MeV/c
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O 8  Event classification of atmospheric v

Contained event

Upward through-going u

(sub-GeV, multi-GeV sample)
N

{ully Contained (FC) Partially Contained (P\C) 1)
e/u LL Upward stogiping u.
YA < —— /
E,~ 1GeV )

T E,~ 10 GeV
s\ oo % E,~ 10 GeV (stop u)
{ | 100 GeV (through u)
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Electron and: muon _é\zen'ts in SuperK

Particle Identification
S e Showering ring
(e-like)
« Electron or photon
(e.g. from 1°)

Super-Hamickande

« Non-Showering
ring (U-like)

 Sometimesdecay | >
eclectron

Michael Smy., UC Irvine

-

A

Timees (ms]

André Rubbia - March 2004
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Super-Kamiokande data

® Whole SK-1 data have been analyzed.
1489day FC+PC data + 1678day upward going muon data

1-ring e-like
Sub-GeV e-like

bt

< 1.3GeV

-0.5 0

cosO

ulti-GeV e-like

0.5

> 1.3GeV

-0.5 0

cosO

0.5

André Rubbia - March 2004

1-ring u-like multi-ring u-like up-going u
" Sub-GeV p-like » 50 Sub-GeV Multiring u-like  _ 14 Upward Stoppingp
=500 = 45 "
— % 1.2 :
é’ 5 40 :m S'[Opplng
=400 = 35 1
5 M 5 30 ; +
=~ bn
8300 e 2 35 3 0.8
= - E 2o + So6 | . —1
=200 > —+— =1
z. Z 15 = 0.4
100 10| ¢ 0.2
5
0 %5 o o5 1 "1 w05 0 05 1 1 08 06 04 02 o
cosO cosO cosO
350 Multi-GeV p-like + PC % Multi-GeV Multi-ting p-like  _ 4 Upward Through Going u
= =100 w35
2300 No osc. 2 . = >3 | Through
w250 S B :
5 S 4 25| going
3200 2 60 a 5
£150 -+ = =
2 2 40 = 1.5
100 Osc. y N =
50 AS 0.5
0 0 0
05 0 0.5 -1 -0.5 0.5 1 -1 -08 -0.6 -04 -02 0
i cosO 1 cos0 cos
Up-going Down-going 85




(D spimes e S ICARUS.deétector @ Gran Sasso

Novel liquid Argon |mag|ng TPC technique: Initial mass 0.6 kton

N\ 1. Solar neutrinos

: 2. Atmospheric neutrinos
3. Supernova neutrinos
4. CERN-NGS neutrinos
5. Proton decay

Planned start data taking in middle 2005
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Bubble diameter = 3 mm
(diffraction limited)

~ Gargamelle bubble

Qh

h __.;5.,;:.'.- !

amber

Medium Heavy freon
Sensitive mass 3.0 ton
Density 1.5  g/cm3
Radiation length  11.0 cm
Collision length  49.5 cm
dE/dx 2.3 MeV/cm

André Rubbia - March 2004

" Electronic hubble chamber

Bubble size = 3x3x0.2 mm?3

ICARUS electronic chamber

[
Medium Liquid Argon
Sensitive mass Many ktons
Density 1.4 g/cm3
Radiation length  14.0 c¢m
Collision length 54.8 cm
dE/dx 21 MeV/cm

87



OE="=8  Prototype.in CERN WA neutrino beam

Excellent tracking
also near vertex

André Rubbia - March 2004 88



Ol Liquid Argon TPC.detector performance -
K'[AB]— u'[BC]— ¢*[CD]

e Tracking device
w Precise event topology

w Momentum via multiple scattering e+ ﬂ s '\K"‘

e Measurement of local energy deposition dE/dx C
= e /vy separation (2%X, sampling) G - A
w Particle ID by means of dE/dx vs range H+
measurement

e Total energy reconstruction of the events from
charge integration
w Full sampling, homogeneous calorimeter with
excellent accuracy for contained events

[ee]
T T 7T

dE/dx (MeV/cm)
By
(-
)
(0]
w
©
Tl
<
D
>
e
N
(@)

% 180 [ Entries 1858
2 e o0 I K+
s r -
g 160 4
g 140 :
= ICARUS T600 N

i : U+

100 [ ¢ Data 0----I---I---I-..I...I...I...I...I...l...

B — SM 0 2 4 6 8 0 12 14 16 18 20
--- Best fit Range (cm)

80 |

60 |

: RESOLUTIONS
: ? Low energy electrons: o(E)/E = 11% / VE(MeV)+2%
N T Electromagn. showers: o(E)/E = 3% / VE(GeV)
0 nerzovuwevio Hadron shower (pure LAr): o(E)/E = 30% / VE(GeV)
Hadron shower (+TMG): o(E)/E = 17% / VE(GeV)
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ionizing charged particies
ionization excitation

~ Processes jnduced by charged particles

ions secondary
R* electrons [~
(2) sub-excitation|
electrons
molecular ions | {thermalized
RE electrons

N

highly excited
atoms

R

(£)(5)

pm—mmm—mmmmmmmm———————h oo aa

Y
excited excited
~—» atoms atoms
R* R*
¢ )y
moleculdr states
R*
2
s iz

5

7

‘ luminescence \

E 2]

M. Suzuki et al, NIM 192 (1982) 565

André Rubbia - March 2004

'J"---k escape electrons \

When a charged particle traverses medium:

e lonization process
e Scintillation (luminescence)
w UV spectrum (A=128 mn)

= Not energetic enough to
further ionize, hence, argon
Is transparent

w Rayleigh-scattering

@ Cerenkov light (if fast
particle)

mmm) UVliight
mam) Charge
mmm) Cerenkov light (if p>1/n)
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Camparison rare gases

LAr LKr LXe
Density g/cm?3 1.39 2.45 3.06
dE/dx MeV/cm 2.11 3.45 3.89
I eV 15.76 14.00 12.13
W .on eV 23.6+0.3 20.5+1.5 15.6+0.3
W, eV 19.5 20 14.7

(15 for o)
Scintillation photons ~50000 ~50000 ~70000
photons/MeV
Decay const ns 6(23%), 2(1%),85(99%) | 2(77%),30(33%)
1600(77%)

Scintillation nm 128 147 174
peak
Rayleigh cm ~60 ~30
scattering
length for
scintillation

Andre Rubbia - March 2004
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e lIdeal materials for detection of ionizing tracks:

= Dense (=g/cm®*= 10°X p,,), homogeneous, target and detector

Liqu_‘efied,raré gase_s.‘ TPC: basic ideas

w Do not attach electrons (= long drift paths possible in liquid phase)
w High electron mobility (=quasi-free drift electrons, not neon)
w Commercially easy to obtain (in particular, liquid Argon)

w Can be made very pure and many impurities freeze out at low temperature

w |nert, not flammable

e | T | alorien | o | ol | el
Neon 1.2 1.4 24 80 27.1 high&low
Argon 1.4 2.1 14 80 87.3 500
Krypton 2.4 3.0 4.9 29 120 1200
Xenon 3.0 3.8 2.8 34 165 2200

André Rubbia - March 2004
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OF="=8 - The Liquid Argon TPC

Readout planes: Q UV Scintillation Light: L

Density 1.4 g/cm?3
Radiation length 14 cm
gl ‘ % i Interaction length 80 cm

s il 7 -/ dE/dx(mip) = 2.1 MeV/cm

\ =88K @ 1 bar
> Wez24 eV
) ) ) W,=20 eV
Drift direction Charge recombination (mip)

— @ E =500 V/ecm = 40%

»/ Time
pr’fﬁﬁer Prep Q oHIGH DENSITY
Shaping Amplifier
eNON-DESTRUCTIVE READOUT

- ¥
Low noise Q-amplifier ¢CONTINUOUSLY SENSITIVE
Readout
Continuous *SELF-TRIGGERING
Ancié Rubbia - March 2004 waveform recording *VERY GOOD SCINTILLATOR: T,

Edrif‘r
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= Eiecti'on drift properti‘es in liquid Argon

.
7 n ETH Institute for

Particle Physics
x

to
w

22 / L ——FOR 5 m MAX. DRIFT: 1 g 0.25 kV/¢em =
, {raef’e’ Frax 3.6=31ms ' P .
) Fa¥l 2k Bk &, 2
et = +95 7 16 05 kV/c = hr.p.—
Eé:- 1.8 ol HVmax 200 = 250 kV L / A . i GD - \/2 D vd
1.6
/
£ . / £ i = D = 4.06 cm?/s
= ; = ) |
£ - 0 ! S [ kV/cn
g e WORKING REGION | £ s
2 ous /é,/ N ‘_E =04+05kV/ecm . /5.// op=09mm-/TH[ms]
£ =14+16 - N/ o e
= )i va=1l4+1.6m /ms o Longitudinal rms diffusion spread
R ey . at 0.5 kV/cm
" Average <op> =1.1mm
¢ 0 01 020304 0506 07 08 09 1 1.1 1.2 13 14 15 0 0 05 1 1.5 3 3.5 4 45 Maximum Obmax = 16 mim
Electric field, kV/cm Max drift path, m
Drift velocity versus electric field in liquid argon Longitudinal rms diffusion spread
versus drift paths at different electric 3 m
field intensities .
n
1 1
, o ' s 1kV/c %s:‘“*—“_i__t
104 | Sensitivity limit of the measurement 0.9 ] | 0.9 —]
! | i 08 ™ & 0.8 \ \\ -
S . = = O N
£ [ 025KkV/en I T R AN
. N ~ "-i
z '% 0.6 g. T % 0.6 \ =
2 L = 6 C = .0
? ol T 035 7pkV/cm k2 0.5 ™ \I
% g 04 5 0.4 =
L s : :
T_: L 03 L 03
g e s p
Ist U 02 U 0.2 »
% Max drift time in the TPC _| 0.1 “ T7=10ms o E=05 kV/cm ]
N o —— o L ——
0 05 1 1.5 3 k 4 45 0 05 1 15 2 25 3 35
102 Max drift path, m Max drift path, m
21-Apr 27-Apr 3-May 9-May Drifting charge attenuation versus drift  Drifting charge attenuation versus drift

Elapsed time (days of 1997) path at different electron lifetimes

(E = 0.5 kV/cm)

paths at different electric field intensities

Purificat-ion rate fo-r the 50L TPC (=10 ms)
André Rubbia - March 2004 9 4



Particle Physics

AN ETH institute for : = Non destr.u_ctive Char ge readOUt

Yield ~ 6000 electrons/mm

ionizing track

lonization z1 fC/mm

electrons

paths

_ I E it In the p=3mm
Drift ICARUS d=3mm
u-t view T600 r=0.1mm
\ E
1 N Induced current Collected charge
v-t view
d /T=O

X E " T
P w-t view V-t \P /\
% O

Drift time Drift time

«.. Planes can be combined offline to reconstruct 3D view of event 0
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u'[AB] — e’ BC]

A AW
Q\.
o"',

T

\

Induction 1 view

A

« Kt

Induction 2 view

Collection view

Andre Rubbia - March 2004
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Reconstructed event

ng

40 cm

I'

)
S
8
3

-

SERE SRR SRR R B
Sl e
ER ,,wmw* ERIR I | m%mmwn 2
f.__M,M L5y :“#.#W...N “ w.ﬁﬂ H.Mfi-.%w.ﬂah?.w a
1~ = TRy el vmwmﬁwﬂ wwnww.ﬂm g E
S S A Sl Al
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1000
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A
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Wires 3

ETH Institute for
Particle Physics

D
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The “first unit”: T600 = 2 x T300

1 - High Voltage Feedthrough
2 - Cathodes

3 - Field Shaping Electrodes
4 - Voltage degraders

5 - Electron drift Directions

6 - Readout Wire Chambers
7 - Inner Liquid Argon Vessel
8 - Thermal Insulation Panels
9 - Signal Feedthrough Chimneys

André Rubbia - March 2004

Design, construction and
tests of the ICARUS T600

detector.
To appear on N.I.M.

e Two separate containers

w inner volume/cont. =
3.6 x3.9x19.6 m3

e SENSITIVE MASS =
476 TON

e 4 wire chambers with 3
readout planes at 0°, +60°
(two chambers / container)

w =~ 54000 WIRES
(None broke during test)

e Maximum drift=1.5m
wHV =-75kV @ 0.5 kV/cm

o SCINTILLATION LIGHT
READOUT with 8” VUV
sensitive PMTs
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Cryostat

half:

.

)
By, )
Bt
N
g ™ /
i

~ ICARUS T300 prototype
dule) . B \

wi“

View of the inner,d

// ‘E Drift Length (1|.5 m)-— =

|ﬁunﬁtim;alii!.lnt;h!‘ii,i,i'-{_; i :

T TR

RN
Wire Chamber -

Structure -

..fj /.1'/
Field wrodes

JrIduringiingtallation)




OIS0  First T300 cryastat during construction (2001)

. — . e

T B
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85 cm

Muon c{ecay

v

Run 960, Event 4 Collection Left

André Rubbia - March 2004

Run 308, Event 160 Collection Left

A
Shower
v
>
434 cm
<« 265 cm
A
' 142 cm
1 |
Hadronic interaction
' v

101

176 cm
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) ts-48 Lohg longitudinal muon tr_ack _cg:ossmg the __athode plage |

N
o
T

w
(9]
T

dE/dx = 2.1 MeV/cm

w
o
T

: , - e g O
3-D reconstruction of the long track I 05— F2 3 4 5 s
dE/dx (MeV/cm)
dE/dx distribution along the track I
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T 600 Data

1.8 MeV

4 I I £
g g
B 2 1o
f.l- I w231 ; Fl | 7
41 P 10581 ! I 1T
2] o L 1 424
P4 e ] 1 A0
[ BR800 I L4 [
P 1131
1 "7 5 TER
P& L]
e CLTATHIL S i
iy
Two w |
consecutive — —
. [ ]
wires | Noise
w |
.. |
Lran |-'E-- T s L0 130 1ne v W
Sagnal regiom ©E00 ne T nEe e T aee g azan i

?.;ii_:ll-l| lI-'I_Li‘l.lll L LN
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*Commercial PMT with large area

w Glass-window
*Scintillation VUV A =128 nm

w\Wavelength-shifter
‘Immersed T(LAr) =87 K

Electron Tubes 9357FLA

8” PMT (bialkali with Pt deposit)
G=1x10" @ ~1400 V

peak Q.E. (400-420 nm) ~ 18 % (=10%
cold)

T...~5ns, FWHM ~ 8 ns

rise

André Rubbia - March 2004

Zxternal quantum efficiency (%)

Chutput {arbitrary wnits)

TPB as WLS

160~
140 (b:l
t20F
100}

80

160 200 240 280 320 360
Wavelength (nm)

1 - ¥ o e sy
0.8
0.6

0.4 F

h.2

4} S T—— |

el n R ki
350 400 450 S0 550
Wavelength (nmb

La[fy et al, NIMB 117 (1996) 421
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D e " Sciptillation light readout

PM#1 PM#2 PM#3 PM#4 PM#5 PM#6 PM#7 PM#8 PM#9
A A A A A A A A A

800_'"'|""|""|""|""
B > ~ 3/IS
750 F MU
700'-\
" P —
= B e
=] L
3 650 [ /
(&) B
(m] B
< B
600 |-
550'-n {
500-||||||||||||||

Signal PMT#9  tmei
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Shock absorbers T T T T
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(P mumse ' ~ Installation procedure

h ® il e 9
X N ; !E, - - Py
A ".‘“"\" t- e

W, ol

The T600 installation procedure of the T600 in Hall B has started:
- contract for transportation (Pavia> LNGS) sighed

- interventions on the floor (Government Commissionersafety requirements) being defined

- goal: T600 in Hall B by mid 2004 (parking lot position); infrastructure & support structure
completed by end 2004; data taking with cosmic events by mid 2005
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In 1 year of T600 running ICARUS will collect about 100
events of this quality (in presence of oscillations)

BG free detection of solar neutrino events (E>8MeV)

Soon, physics with the T600...

Solar v events per year in T600
. . Gamow-
Elastic Fermi Teller
38 165 295

Search for proton decay event topologies I
Supernova observatory I

65 cm

A

..and more: learn about a new technology for astroparticle physics I

André Rubbia - March 2004
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Experiments at reactors

Chooz B
MNuclear Power Station

2 x 4200 MWth

distance = 1.0 km

5 | - &
I EE IR LR 300 mwe

it=gTi Sitsd —r——
tatgel

L
»
leeveeveveresl fn'l

Chooz Underground Neutrino Laboratory
Ardennes, France




Reactor 7, from
Meutron Rich
Fission Fra

[£]

Neutrinos from reactors:

. neutrinos/MeV/fission
233 fission
- [ I', | 1 Neutrino Energy [I'ula‘u:llu
- 0100 | | I-,
(ST IIl b '.III 10 "
[ARET]] I

LA = bl LKl Wi IAE I&E 14 150 s
Plass mumber A

10

~200 MeV per fission '
~6 v, per fission 0

~2 x 1020 v_/GW,, -sec

100123456?8910

Energy (MeV)



1 ll{)'1 1({}'2 19‘3 19‘4 19‘5

Neutrino Mass ( Am2) sensitivity ( eV 2)

Reactor Power x Target Mass (MW ¢, ton)

10°

Vsol

Vatm

10m 100m 1 km 10km 100 km
Baseline

>
Poltergeist

CHOOZ

From Reines to Kamland...




KamLAND

Etectic Poner Developarent Co-goma(Commercial plant. Aug. 1599)

ghod. Eeciric Powar Co-Higashioon - Hotaldo Eectric Power Co. ~Tema

u .. Iui ] B ;

™ /iy Eectic Fower Co—Fstesne Dk

ey Beeric Power Co—Fubushiva Dasl

: ’/ Japsn Atomic Powsr Co-Tokal

pasallon of commercial operation
{Mar.1998)
apan Atomic Power Co.-Tokai Daini

. Dperating sibon
A 0 || 8w | g
e DSMlon MW Undsr Mllen KW Cver 1Wlllan bW ﬁ'"ﬂﬂﬂ'"!m e :

Thermal power ~ 80GW
<E>~ 3 MeV
<base line> ~ 180 km

1,000ton liquid
scintillator detector



KamLAND Detector

1st accessi Sl

Liquid scintillator (1000ton))

Dodecane(80%)
+Pseudocumene(20%)+PPO(1.5g/1)

I:LJnﬂt::/fF 1 !
/& & &= =1 | i Tl ; Balloon+Kevlar ropes )
Stainlesssteektank==gf . - Wﬁ —;:"-L I 13ma, EVDHffiN}'fEVOH, 135um
b e P _(Buffer Qil (inner+outer) )
; . o Dodecane(50% )+Isoparaffin (50%
1717 FARRUW _ pwfpﬂnzl_{}m
H A | 200 (Acrylic plate (3mmt))
11l |1 '
TLAEEE L L L effr I " "
. | —{PMT) 17"(0~1ns)x1325+ 20"(0~5ns)x354
| Q=35%0f 4
440pe/MeV, 6/E=5%NE,
1 O V[K“'].Gcm (@ lMﬂV)
IPMT (20%) B v
P % 1o i | (Outer Detector ) wagy ¢
(PMT) 20"x225 in purified water
e— /I mt—

€ /Em —



[Ve Detection]

/—_@ 27(0@ "Prompt"
(=E\’ —0.77MeV)

. p%eﬁ] (Ey >1.8MeV)

180LLs
@ "Delayed"
@] Ve only (CC)

® Reject BG (delayed signal<— timing, distance, energy)
@ o s large (~1006(ve—ve) ) and well known.
@® E, is measured by prompt energy.

@ KamLAND Liquid Scintillator
Large light yield, High purity, Pulse shape discrimination (n/y, o/'y)
Fast response, cheap, safe ~300 p.e./MeV



yed.E.~ 2.22 MeV

foh:r 7.78

L

At~110 psec
AR~0.35 m

Candidate Neutrino Event



Disappearance of Reactor Anti-Neutrinos

145 days 1.4F
Expected L2 %
86.8+ 5.6 1_0_____*‘%1;_ '?““"""'E#"'"“‘""‘:?'T-.:-_ —
Background ; 0ORL
1+1 Z A [LL
z 0.6 ¥ Savannah River L
o A B r
Observed Z E Bl
i + (Goesger
o4 Uit fa Kram?m;arsk
1 Palo Verde
0.2 m Chooz
® KamLAND
00F | | | |
10" 10° 10° 10* 10°
Distance to Reactor (m)
N,oe/Npo-oce = 0.611 = 0.085 (stat) = 0.041 (syst)

Total systematic flux uncertainty = 6%



Experiments at accelerators

Target
Horn

— == . Pion / Kaon 3< M
Proton

beam

+ few % of (v, Ve )

Helium bags Decay tube Hadron stop Muon detectors

/ Reflectoxﬁ/l//zzzzz/ /K - decg// / 4 \‘

1 —pit floor

Magnetic focusing

Boone Horn Z[m]
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e Within two years of running,
should

w confirm or refute whether
LSND excess is due to
neutrino flavor oscillations (if it i
refutes LSND, it will still not 7
explain the LSND excess !) '

A fundamental result for the
overall understanding of the
neutrino data in terms of neutrino
oscillations !!!

In case of positive result from -
MiniBOONE the roadmap for the
future neutrino physics would
have to be re-thought !

1

ETH Institute for
Particle Physics

- MiniBoane at FNAL

MiniBooNE has been collecting data for > 1 year
1.8 x 10°® protons on target

10-1 l'w'iﬂ]"ITE;G*:‘NE

ar [ T g
T b
P _,_.-PJ
5] I
£ 2 .
<10 g L -
= CH ,-1:)
LS "fg‘ “J :
2 [ |
i:I k :k
T E ‘\

Z
o
1
[
-
2 -
[l
s
i
Y
.
"
a
-
e
-
n
-
e
a
-
-

-
#__-

204K contained neutrino candidates 10 10

Detector working as expected
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® 8 GeV proton from FNAL
Booster I Vi

Repetition rate: 5 Hz

Average neutrino energy
1 GeV

w |/E,  e=L/E snp=1 kKM/GeV
e Intrinsic v, contamination can

be ..
= Inferred from v events 3

w Simulated using - wﬂ

boone

hadroproduction 3
measurements H W
1 1 1 ﬂ 1 ’I_| |_| | |_L 1 ’I_| 1 1 1 1
1.9 2

w Measured using muon ENERGY (GeV)

counters in and around the target
: b .
decay pipe - & &
] ermilab Q@.
w Checked by comparing 50m sé GeV N s
and 25m absorber results ooster | I
450 mof dirt

Bl 25or50m
André Rubbia - March 2004



OFt = —~ The Mm:Boone,Detector

e The detector is a 40ft (12.2m) diameter sphere filled with 800 tons of pure
mineral oil and instrumented with ~1500 8” PMTs.

Running since 2003

An inner sphere with 1280 PMTs viewing a 445 ton
fiducial volume ( 10% photocathode coverage)

An outer veto shell 35cm thick monitored by 240 PMTs.

- 50 ft 241t | s e ssecsese
- § Detector Support Room Entryway

’ﬂ Detector Vault
I 40 ft

André Rubbia - March 2004 120



Particle Physics

/‘;, ETH Institute for ._ - - Ey e m : Recons Iruc t ion

e MiniBooNE will reconstruct quasi-elastic v, interactions by identifying the characteristic
Cerenkov rings produced by the electrons ... (Detect also scintillation light)

Veto Activity Track Extent Ring Profile Hit Topology

L]
gnl mg
-

\’e\/e tes?,
LT o .
._".,..'_‘_ - - .
d

1no =K

Vv L
uv -":: "-
T oy o L

possible SN t_? '7:

ﬂ:.':_r:i-: .E .
no . = of »

s -
/\ e % m ge®a
L ] | ]
At

André Rubbia- PP Yy o o : :
NOON 2004 9.L. Raaf, University of Cincinnati February 12, 2004
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=l MiniBoone-“calibration u tracker”

Scintillator strips to tag
cosSmic muons

Scintillator
Cube

Study stopping muons
and Michel electrons

André Rubbia - March 2004 122



Super-KAM | (URENE

Neutrino oscillation

probability for
A m?=0.003eV? and

at 250km.

K2K-|
80.1+%2 . , expected

56 observed
obs/exp=0.70 = 0.09(stat)
K2K-I1 (until April 2003)
26.4+°3 , . expected
16 observed

/ 1.5

Since 1”9

obs/exp=0.61=0.15(stat)



.
7 n ETH Institute for

Particle Physics
x

~  K2K (KEK-to-Kamioka)

[Neutrino Beam Line

( To SK Muon Monitor and
h 1% i " BEATADUITp Experimental Hall
T-Station
Front / i
Detector Decay Sl .
Volume x ™ Arc Section
/ X4 \ /Beam Dump
4 S B T Gay f!
S f Straight Section
_ ! / (Extended EP1-A)
2nd Horn / /
(Reflector) ]
Production Target &
1st Horn(Collector)

André Rubbia - March 2004

@ Accelerator: 12 GeV proton
synchrotron

w [ntensity 6x107'2 protons/pulse

w Repetition rate: 1 pulse/ 2.2
sec

w Pulse width: 1.1 uys
® Horn-focused wide-band beam

= Average neutrino energy:
1.4 GeV = below t-threshold

® Near detector: 300 m from target

e Far detector: SuperK@ 250km
from the target

w L/E =~ 180 km/GeV
e Goal: 10% protons on target
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e-like and p-like events

in Super-Kamiokande

+ SUFer Kamiockande # 1 x Su{{ner Karmiokande 8¢
RUN 8071 EUN 9955
4l SUBRUN 443
5487540 EVENT 72736724
;Nfgj ] DATE 001-RApr-12
2:lls 2 TIME 2:57:57
3547 TOT PE: 20406 .7
2118 < MAX PE: 117.7
37 5 NMHIT : 3507
3B ANT-PE: 14.0
28" ANT-MX: 1.3
7 NMHITA : 25
+ e T -:- T
o u-‘}‘
A
- da-gE
. .a 9'8.
' =l
;
NORMAT,
0QoO0111l
644 .
5130%803
W: 2/ 3
207’0
o( o/ o/
1203
31495094
31474205
SP: :
Comnt ; 84_§22gg 7
“omnt 2767 T
GPSDIF 0.41 Comnt ; NHITAC: 1

~100% efficient for CC

Total rate with low threshold (>30MeV)
Identification of L (1RL), e (1Re)

K. Nishikawa, Neutrino 2002



Flow of Neutrino Oscillation Analysis

Observed (pu,ﬂu} distributions at Near Detectors
v Int. Model

Neutrino Spectrum at Near detector ¢

\)

Far/Near Extrapolation vs Ev Ren(EV)

(Ev),

near

Neutrino Spectrum w/o oscillation at SK ¢ ..(EV)
¢ (Ev) @ Oscillation (sin’20,Am?) ® Int. Model

Prediction SK observation
» N (exp’t) : Expected no. of SK events *N k(0bs)
7 S (E ) :1Rp E_ distribution(shape) *1Rp E .. distribution

Maximum Likelihood Fit in (sin’20, Am?) b



< CC QE
<~100% efficiency for N,
<can reconstruct Ev «<(0_,p,)

o p+ﬂ:9ﬂ ....................... (Ey, Py v CCnQE
: <~100% efficiency for N
s P <Bkg. for E, measurement
. v
V. + NV 4D +Ts
f 1 & NC

<~40% efficiency for N¢x
1

s P 4
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é ETH Institute for
Particle Physics

Neutriho cross-sections

vn—u
= WP
CC v, Quasi—Elostic Cross Section CC v, Total Cross Sections
P B P 1.2
NE - ™ Serpukov, Belikev, Z. Phys. A320, 625 (1985), Al I - NUX
o 2 |- 4 BNL, Baker, Phys. Rev. D23, 2499 (1981), D, % B —_— NUANCE
3 L v ANL, Barish, Phys. Rev. D16, 3103 (1977), D, O -
O, 75 [ © FNAL, Kitagaki, Phys. Rev. D28, 436 (1983), D, c 1
N - O SKAT, Brunner, Z Phys.C45, 551 (1990), CF;Br o i
— - & CERN—WA25, Allasia, Nucl. Phys, B343, 285 (1990), D, $ :
& 1.5 [ ¢ CCGM, Bonetti, Nuove Cimento, A38, 260, (1977), CsH, O 08 L
3 B CF3Br N
Ti2s [ by & SN Y At W | N { S
c i L 4 0 8
5 1 L | ) L_j 0.6 j
o - + % ~ I
AR O
0-75 1 * J(H % % % '3 0.4
0.5 F + T -
- Z —
i S" 0.2 -
o NUANCE (free nucleon)
0.25 [ iy -
i NUX (free nucleon) i .
0 i 1 1 1 1 11 ||| 1 1 1 L 111 || 1 1 1 11 11 II 2 O B I.".". L ““‘ | ---------------- 1
10 1 10 10 —1 2
10 1 10
E, (GeV) £, (Bev)
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IRc=l ~  Example for single pion production

v,p — u pm’ v,n—> u px’

CC Single Pion Production CC Single Pion Production
~ - &
- T ™ CERN—-WA25, Allasia, Nuel. Phys. B343, 285 (1990), D, c T ® CERN—WA25, Allasia, Nucl. Phys. B343, 285 {(19980), D,
O 2 |- 4 ANL, Barish, Phys. Rev. D19, 2521 (1979), H,, D, G 12 | 4 ANL, Barish, Phys. Rev. D18, 2521 {1979}, H,, D,
g; r ¥ ANL, Radecky, Phys. Rev. D25, 1161 (1982), H,, D, 5} | ¥ ANL, Radecky, Phys. Rev. D25, 11681 (1982), H,, D,
O, 5o [ © BNL, Kitageki, Phys. Rev. D34, 2554 (1986), D, o . o BNL, Kitagaki, Phys. Rev. D34, 2554 (1986), D,
N O SKAT, Grabosch, Z. Phys. C41, 527 (1989), CF,Br w~ 1 | O SKAT, Grabosch, Z. Phys. C41, 527 (1988), CF,Br
o . A BEBC, Allen, Nucl. Phys, B264, 221 (1986), H, & i
k1.5 [~ ¢ FNAL, Bell, Phys. Rev. Lett. 41, 1008 (1978), H, K :
a - & ANL, Campbell, Phys. Rev. Lett. 30, 335 (1973), H, Q hgl
i = ' ’
31.25 [ 3 i
T 1 [ ? 0'6 I —
Q - i | | < I
4 B | ‘ ﬁ } ;ﬂ- r
A r L -
0.75 |- \ + ~—
o L i % %}L % + b 0.4
i A :
0.5 - I
. 0.2
0.25 [ ___| NUX (free nucleon) L
’ i —— NUANCE (free nucleon) L
: I 1 L 1 1111 II
0 L 1 L 1 | | I‘ 1 1 | | | || 0 :1 2
—1 2
10 1 10 10 1 10
E, (Hev) £, (Gev)

S. Zeller, NUINTO2
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K2K-I From Mar.1999 ~ Jul.2001
Super-Kamiokande | Near neutrino detectors

SUIEL Water
'..H';E"‘l

| Muon range _
| detector

!
'11' I

EESEESSEE ES

-
o

I kt Water Cherenka:
: Detactor
] I
.. . Hsutri

S EEFEREY

‘ﬂ e Inner detector
11146 20" PMAS

*-.'I — ' "
B S
E > HF I _——
=,

<

Outer detecta

After the successiul resume of the experiment
K2K-IIa peco12000-~

Super-Kamiokande | Near neutrino detectors

» Inner detector » Remove Lead Glass detector
~5200 PMTs with FRP+Acrylic cover to explore lower energy region

K2K-IIb  0ct3.2003~

Upgraded near neutrino detectors

» SciBar detector




Extruded
« Extruded scintillator with WLS scintillator
fiber readout (151)

+ Neutrino target is scintillator itself
« 25x1.3x300cm?cell

+ ~15000 channels Multi-anode I
+ Light yield PMT (64 ch UK

7~20p.e./MIP/cm (2 MeV)
+ Detect 10 cm frack | iF

Distinguish proton from pion by g

using dE/dx L B BT o
=>High 2-track CC-QE efficiency
=>»Low non-QE backgrounds

shifting fiber

RRRRRR




SCIBAR i1s working well since October 2003
Run 4999, Spill 19016, beam trigger

_i—l HZK Fine-Grained Detector | Side ¥iewr)
K2K Fine-Gralned Deiector ( Top Vies) ] Ry 5003 Spil 96139 TRGID 1
Run #299 Spill 10016 TREID 1 0 .I e S0 DG R o
LA 714 445 |
Mvia @ ) { »
[T
]
p.Z !
- 8 .lll.'.'-l.l SV iR 1§

“CCQE candidate HH

‘ Fine grain detector !

3track event

In.-—l

|:l:||":‘: lf"_‘il_'ll."'l:l_':..

T I-d— ) _I.
i e e

1 i

T[]



(D s | ~ NUMFMINOS program

Two detector Neutrino Oscillation Experiment
(Start 2004)

« 8m Octagonal Tracking Calorimeter
*486 layers of 2.54cm Fe
* 2 sections, each 15m long

*|4.1cm wide solid scintillator
strips with WLS fiber readout
» 25,800 m? active detector

planes

Magnet coil provides
<B>=1.3T
« 5.4kt total mass

Near Detector: 980 tons
Far Detector: 5400 ton

Aalf of the MINOS Far Detector

Fermilab

beam
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Topology of Neutrino Events

Identified by a relatively v, CcC
long track in an event. At _
very low energies, there can S LT R — .
be some BG from NC 1. '

V, cC
Identified by lack of a long o,
track and a relatively concentrated 4!55.1 ..
EM shower in the core. Main - bl
BG comes from NC 1t° events
From higher energy v’s. Vv, nc

Identified by lack of a long track =iil:._-.|i;.'.
and lack of strong EM core. Some ST
high y CC events are BG.

D. Michael, Neutrino 2002
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Particle Physics

“Sacrifice neutrino flux to fit the expected energy of osallated events”

Energy of the max. of oscillation
accordmg: to SK ‘5)0” ’1“0“ ed reglon

T T T T ]
Low Energy Beam 200 [ } High Energy  Event Totals ]
- - T (1 kton year) -
i = LT ]
Magnetic focusing — - - g ]
- i LE: 470 ]
Target 2nd Horn -0 [ i Fmang ]
z=034 m z=10.0m ;;1:30 — ! ; 5
-_('2 - =1 E ]
Z125 [ - ]
== BS z | | |
$ 100 —Low Energy : .
2 - i i ]
Target 2nd Horn ~ B : ]
z=130 m z=220m U=_ 75 i .
High Energy Beam - - g
50 1 ]
— B - e )
25 i_l .
Target 2nd Hom - e _

Z= 396 m z= 400 m 0 - 1 | 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 lll 1 1 1
0 5 10 15 20 25 30
E, (GeV)
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The First MINOS Neuttino Evei!

* The first neutrino-induced event has recently been observed!
* Upgoing muon passing through about 3.5 m of the detector. (p, > 1.9 GeV/c)
* Magnetic field not on yet so no measurement of the momentum.

i = L 15868 20
pd -00243E = 4.204
| (-3 ] 1273 = 27348

D. Michael, Neutrino 2002



D s - _ Goal.of the CN GS project

GRAN SASSO

"Long Base-Line" oscillation experiments

* build an intense high energy v, beam at CERN-SPS
* optimized for v_appearance search at Gran Sasso laboratory
(730 km from CERN)
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_
4 ETH Institute for

v/GeV/m?/p.o.t

Particle Physics

CERN SL-note 2000-063 EA

- v flux at GranSasso
i Energy region £, [GeV] 1-30 1-100
i v, [m™2/pot] 7.36x107Y | 7.78 x 1077
I v, CC events/pot /kt 5.05 x 10717 | 5.85 x 10717
1/“ <E>1/H Jluence [Ge\,«'] 177
-10| IT fraction of other neutrino events:
0 F ve X 100 VeV, 0.8%
[ U/ vy 2.1%
7 0.07 %

—11|
10 L] -
e Small v, contamination

v, /v, =0.8%

16 L e Error on knowledge relative to v,

IIIITII

T

ll]lll]llllIlllllIlllllllllllllllllll]lllIlllllll

ci 10 20 30 40 50 60 70 80 90 100 Ave /VM z(iS%Ve)/VM

E, (GeV)
~+4x107*

André Rubbia - March 2004 139




;
4 ETH Institute for

a{pb)

. 2 . 2/ » L
P(v, = V;) = sin" 20sin"| 1.27Am E) 1 |
0,/0, CC increases with energy -

. P
(kin. suppr. due to T mass) %
0.6 | >

=
0.4 F .x1
r >
0.2 Q
0 :%I . R R T 9/
0 25 50 75 100 o1
Neutrino energy (GeV) 5
| -
0.8 F >
0.8 T Pr'Od *hr“.___rr__...--“"' """""""""" .
0.4 F [ 7
0.2 |
0 B L | L L L | L L L L | 1 1 L 1 |
0 25 50 75 100
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Particle Physics

Neutrino energy (GeV)

P * o, (arb. units)

\

I

50 75
Neutrino energy (GeV)

o 25

100

CNGS Optimization for v, Appearance

E, M

N ®»

o

400 GeV protons
Ideal V_ rate
Can be matched

by a focusing system

with two magnetic lenses
(Horn + Reflector)

E,~ 7+246GeV

E,. ~ 20 + 50 GeV

100

20 40 60 80
E (GeV)
140



The OPERA (CNGS-1) detector structure

S
U spectrometer

Magnetised Iron Dipoles
Drift tubes and RPCs .

.............. , S em
r— module ................ ( 10X0) ................
v target and T decay detector [ gl
Each “supermodule” is o | [E——
a sequence of 24 “modules” consisting of \ Bl K r1cK wa
- a “wall” of Pb/emulsion “bricks” N, I 301;?1%2t0r
- two planes of orthogonal scintillator strips " 235,000

br1ck4s1



Target U spectrometer
»  Trackers

Pb/Em.
target ‘H ‘ ‘ ‘H
LU I
| A “hybrid” experiment
at work
vV Pb/Em. brick
....... »
# 1 Basic “cell” V‘IZ
".mmmﬂ
aail ? " mﬂ (DONUT)
I Ty
o

~
Extract selected F | al
: < N\ > A A «—>
brick 8{: Pb Emulsion 1 mm

Emulsion analysis
— vertex search

— decay search
— u ID, charge and p — e/y ID, kinematics

Electronic detectors

— select v interaction brick
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Kinematical separation

105 cm

120 cm

280 cm

CNGS v_interaction, E =18.7 GeV

9.5 GeV, p;=0.47 GeVi/e,

' % -
! ; X ‘

Ay

Vertex: 17°,2p,3n,2 v,1e

CNGS v, interaction, E,=16.6 GeV




ICARUS detector configuration in LNGS Hall B (T3000)

First Unit Te00 +
Auxiliary
Equipment

T1200 Unit
(two T600
superimposed)

~ 35 Metres

T1200 Unit
(two T600
superimposed)

Magnet




D s - <~ The T1200 “Unit”

_+00PF.

i EVACUATED INSULATION PANELS
E ' ST. STEEL PLATE
o ] // / T | D - (RETAINING TANK)
‘ L I
&
il |
s ! p
Il | k—— i |
\ | ST. STEEL STRUCTURE
o et I 3 =
= i | ] /J LN, COOLING SHIELD
— [
\ | /////
S l | d I
3 | |
|

Lo

335

10300

Detailed engineering project was
produced by Air Liquide (June 2003)

T1200 CRYOSTAT READY FOR
TENDERING

André Rubbia - March 2004

e Based on cloning the present
T600 containers

w A COST-EFFECTIVE
SOLUTION GIVEN TUNNEL
ACCESS CONDITIONS

e® Preassembled modules outside
tunnel are arranged in
supermodules of about 1200 ton
each (4 containers)

w TIME EFFECTIVE SOLUTION
(PARALLELIZABLE)

@ Drift doubled 1.5 m = 3 m

w SENSIBLE SOLUTION GIVEN
PAST EXPERIENCE

e Built with large industrial
support (AirLiquide, Breme-
Tecnica, Galli-Morelli, CAEN, ...)

= “ORDER AS MANY AS YOU
NEED”’ SOLUTION
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-~ T3000 “definitive” project at LNGS Hall B _

AL UL

¢ 0 ¢ -0 9

o —— it il
i N e 3 [ i %
I 1200 | | | 11200 | |7 TO00

| S .|l = 2 2 2

| L
J L e
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Complete engineering
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LN2 release from broken connections of storage tank

S

(Q:ZKg/s) - Isotherm 0°C after 2 min

11/6/2003 A Secaramelli

PRONENM 5 .10

1a -DEC-O2
TEMPERATUORE

AAAAA

TIME

TOTE

]

W B EEE R R E BB B R K BB
- I = I A P

[ = P N
T - L= T B O e

LI |

B OB WM O EWHEDS W R R



(D spimes ~ °  ~ Muon spectrometer

GEANT 4 Full Simulation

e Simultaneous optimization of Physics performance and cost
e Simplest solution (known technology, no R&D needed)
w Passive material: Magnetized non-instrumented iron
o B=18T
@« Cross Section: 8.5 x 8.5 m?, two bending sections 1.5 m long each
w Sensitive part: Planes of proportional drift tubes
w External device to provide trigger: RPC (precise t0 measurement)
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Next major issue

Determine the magnitude of 6,

Towards the measurement of CP-
phase



JHF-Kamioka Neutrino Experiment
(hep ex/0106019)

Plan to start in 2009 AN

- |
F J
| = 4__" -

o

P— J AERI

'-1r,..r~

r l{arﬁlc:i:nnde 1 ..JAEHI {Tﬂkﬂl)
®4 J,,;E??km @) (Tokai)

Hyper-K: 1000 kt .\
¥ﬂk?l"9‘i1_

"KEK -t

4MW 50 GeV PS

( conventic

- 4200 i /6758 kkm g

Phase-11 (4MW+Hyper-K) ~
Itow, NOONO04
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Particle Physics
x

Off-axis beam

Target Decay Pipe
0
Horns 254+0 5“

X 100 more intensity than K2K, Ev < 1GeV
1o T, o006~ JPARC sensitivity ' 013 sensitivity
> f CFaki T
N 108k Sl Fragis ooos.  (OYrs) 5
g ’_lr I -LLLL aeg. MINOS 90% Y .
;10113 n _H_"-_._.-._ = D, D0 - (10 ki-yve) 9 "
o |1V, m‘*ﬁ-m > .
g 10* 2= \C i’ 0,003 ]
o ! - w0 L
T10% & 0.002- " | — oA 2ams
% [
2102 [}I['IH_IL_ 1 | 0 CHOOZ excluded

0 0005 06 07 _ 08 05 10 " “ 1.0.12 ol

S e 0.5 sin"2g13
sin?20,,
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OF==l - v, appearance in Water-Cerenkov

° misid vs energy

o
/]\
“k
c
o
° 1
10 ¢
L
viN—> i +N+v
10 2 L Fraction of misidentification
i’ Se
0 1 273 a5 e 7 = 1€ Sy
0 > = Ao o
E0 (GeV) = = = BG=10%
o . p -1 — ——  &B0= 5%
Assumed 80% efficiency for electrons 210 £ §8G= 27
.'2 _2: . .
% = 10 -"'M__‘_‘—‘
v v B --“““—b—h:_:—__-%
u e ! S —————
10 M
JHF — 5 Syaar N
- 5 JHF —= 20X 5K ayear
1 1 1 IIIII 1 IIIIIIII 1 1 1 L1111
10 :
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Ev~0.7GeV oscillation maximum
Osc. Prob.=sin*(1.27Am*L/E.)

Am2=3x103eV2 |
| =295km

Tuned at oscillation maximum

~70% deficit !

OAB2.0deg
OAB2.5deg
OAB3.0deg




Front Detectors

— ) @ ] -

< |
F/

I I
140m 280m ZEm 295 Em

Muon monitors @ ~140m

= Fast (spill-by-spill) monitoring of
beam direction/intensity

First Front detector @280m

= Neutrino intensity/direction N
Second Front Detector @ ~2km

|

m Water Cherenkov can work
Far detector @ 295km

= Super-Kamiokande (50kt)

Neutrino spectra at diff. dist

FDs being currently defined (K2K model)




A 2km Detector

Fine grained Water Cherenkov
scintillater detector detector

Muon detector

p e
Total mass :

8m
3m x 5m x 5m 9.2m ¢ 1000ton

Fid. Mass : -

100ton

| / L5m



OF="8  Many initiativés have been discussed...

Ep Power Boarm <E > L M, 'VMCC v,
(GeV) | (MW) (GeV) | (km) (kt) (/yr) @peak

JHF-SK 50 | 0.75 oA |07 295 225 ~3,000| 02%
JHF-HK 50 | 4 OA |07 295 1,000 | ~600,000| 0.2%
OA-NuMI 120 | 0.3 OA |[-~2 730? 20kt? |  ~1,0002| 0.5%
OA-NuMI2 120 [ 1.2 OA |~2 730? 20kt? |  ~4,0002| 0.5%
AGS->?? 28 [ 1.3 WB/OA | ~1 2,500? | 1,000?2| ~1,000?

SPL-Frejus 224 WB |0.26 130| 40(400) 650(0) | 0.4%
OA-CNGS 400 | 0.3 OA |08 ~1200| 1,000? ~400| 0.2%
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OF="l  Which baselines and which energy?

® New generation experiments
want to optimize the energy and
baseline to observe the
maximums of the oscillation

® Inthe low energy region (<500
MeV), measurements suffer from

w | OW cross-section
(especially for
antineutrinos!)

w \Norsening of resolution due
to Fermi motion

w  Atmospheric neutrino
background

-
o

Neutrino

-
T

Anti-Neutrino

Q.E. Cross section 10" cm?
o =)
(1] [=-]
T

o
ES

e
[N}

o

o
|
i
)
.
)
|
.
o
)
o

Maox nodes of oscillations

Am?2

0.003 eV® ¢ 0025

g

Bosefine (km]_

g

~ 950km .

[0.002

l 0.8 1 1.EI | I1.4 .'LEl l IE
Loy < UL+ L/ 2TE(GeV) Freray (CeV)
~ 1.27Am*(eV?) 158
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4 D ETH Institute for

Particle Physics

Detector will be on surface
Baseline L = 820 km

Large mass: 50 kton
Not magnetized

e 06000 0 "

electron identification
Two options:

w Scintillator

w RPC

Sampling calorimeter made of Wood

Good sampling for clean low-energy

+* On axis

+

: ]
— 14 mrad off-axis
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NUMI off-axis experiment
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The Scintillator Detector.

* ¢ ¢ o

*

Height 15 m
Width 30 m
Scintillator Active Detector

Particle Board Passive Material
(density .6 - .7)

Alternating horizontal and
vertical detector planes

1/3 radiation length between
detector planes

readont

9.4 tons

o 6 = 1 plane
5300 = detector

8i

NOON2004 Toky

Scintillator read without WLS fiber
with pixelated APD

15m 15m
800 planes = detector



RPC double layer

Detector Concept

Absorber
Particle board—__,
8 ft x 28 ft

“magic”’ max size
From industry,

1 inch thick
0.7 gm/ce

Ground plane—8%]

D

Horizontal strips —

Absorber

Particle board

About 3.7 cm wide, N o
17 micron Cu foil Vertical strips,
on Particle Board About 4.4 cm wide,
64 channels Cu on Particle Board 596,000 m’ RPC.
3 x 64 = 192 channels 3.7 million channels.

¢ RPC’s arranged in two layers to get full efficiency - 4 layers of glass,

¢ 2 layers of strips on Particle Board, ground plane on opposite side.



Detector performance: ) -

Event length 13,, : Fr To:fa.-’ pulse
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OE="4# ~ Giant waterCerenkov (up to 1Mton)

® Perceived widely as a “straightforward” extension of SK (?)
® Many “proposals”, e.g., Hyper-K, UNO, 3M, ..

® Many sites, e.g., Frejus, Kamioka, Homestake, etc.

® Physics case is "broad”: proton decay, neutrino properties, galactic supernovae,

Plat form

Liner o R i A . —
= = - ; T . 'f'.'_"‘:;n f N, e :
Opaque Sheet \ § | L - ; -
Phase-I: Suker-K  outerbetector TR R Y
Inner Detector ., g ) s r‘kum gk
F ey S “ €
22.5kt (50kt) g
o ..' w .I -
il
e
Plab g
R
SECTION
P e _Plat form
e "’ Access Drift
i
: x | tl - Outer Detector
= E o g
2 5 Inner Detector
VN i
a\\&c“:\“‘w‘\ ' .8 ower Access Drift
N wﬂ'd;}, (,:‘?"?..\:C“@ o S i el
% g . 46m —"T
= | Width 50m .
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(D spimes ~ UNO Detector Concept

Water Cherenkov Detector
optimized for:

 Light attenuation length limit
 PMT pressure limit

» Cost (built-in staging)

o

4 60x60x60m°x3
£=° 5" Total Vol: 650 kton
PO o

I o a2 - ' Fid. Vol: 440 kton (20xSuper-K)
2.5m veto layer with * _# " Only optical * Inner: 56,000 20" PMTs
AndréRu001a-gg£y\igfd-fa(:|ng PMTS Separatlon OUter 14!900 8” PMTS

.LUS
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"Cohpérisoa of-Water _Cerenkov detectors _

Executive Summary table: Comparison of water Cherenkov detector parameters.

Parameters Kamiokande | IMB-3 Super SNO UNO 3l
Japan USA Kamiokande | Canada | (proposed) | (proposed )
I1 Japan ten unit
ArTaY
Total mass 4.5 kT 8 kT 50 KT 8 kT 650 kKT 1,000 kT
Fiducial mass
proton decay 1.0 KT 3.3 kT 22 kT 2 kT 440 kKT 800 kT
solar 0.7 kT - 22 KT 1 kT 440 kKT S00kT
SUpernova 2.1 kT 6.8 kT 32 kT 3 kT 580 kT 00 kKT
Effective 20% 4% 10% 60% 1/3 10% 14%
Photocathode 2/3 40%
COVErage
Total size 16m = 22 % 1Tx 41mx 30 G0 = 60 1 unit
19ma 18m3 39 22 180m ™ 50 x 50me
10 units
See Fig, 1
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Comparison of Possible Next-Generation Detectors

Toal M
Cost
e
=
SN Go. Cener | 194,000 evens | 5000 svems | NA

SN in Andromeda

SN msec structure
SN relic neutrino

Atm. Neutrino 60,000 event/year 15,000 event/year _

Solar Neutrino E. > 7MeV E.> 10 MeV
(central Module)

V. scattering
Astrophysical Newirino | F+> 10 Gev

* assumes ~$200M for 70 kton of liquid argon.
Source for LANDD: astro-ph/0104552 and astro-ph/0208381
Source for SciPIO: R. Svobada’s presentation at the Neutrino Facilities Assessment Committee, NAS in

2002.
J. Wilkes, UCLA 2003

inverse beta-decay




US HEPAP Subpanel (2001) on Long Range Planning

Remarks on Proton Decay and UNO
A.4.1 Proton Decay

If protons decay, their lifetimes are long, so proton decay experiments require massive
detectors. A worldwide collaboration has begun to develop the design for a next-
generation proton decay experiment. Such a detector should be at least an order of
magnitude larger than Super Kamiokande. A next-generation experiment would extend
the search for proton decay into the regime favored by unified theories.

Current thinking favors the use of a large water Cherenkov detector, as in the UNO

approach. The detector would be situated underground to reduce cosmic-ray
backgrounds. A large water Cherenkov detector could simultaneously serve as the long-
baseline target for an accelerator neutrino beam. It would also expand our ability to
observe neutrinos {rom supernovae.

Present estimates suggest a price of about $650M for such a detector. Given its strong
science program, and assuming that an affordable design can be reached, we believe it
likely that a large proton decay detector will be proposed somewhere in the world, and
that U.S. physicists will participate in its construction and utilization. The R&D effort
should be completed over the next several years. A decision might be made near the
middle of the decade, perhaps in conjunction with a decision on a neutrino superbeam
facility.
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_CERU: three.types of beams

® CERN still considers three types of neutrino beams:

H° linac 2 GeV, 4 MW Accumulator
{ ring
Superbeams ...
horn eapture
Target

. (7) Select focusing
sign

A possible layout of a Low Energy Neutrino Super Be

B-beams

)

_ (-)
‘ZA%ZHA /5: Ve

Select ion

Decay
Ring

Select ring sign
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_ CERN: B:beam. b_aée,line scenario

Nuclear
Physics

lon source

ECR

Cyclotrons,

synchrotron

SPL

ISOL target &

linac or FFAG
Rapid cycling

PS

6 67+ - —
,He— Lie v

Average £, =1.937 MeV

18 18
o Ne—= Fee'v

Average £, =1.86 MeV

Decay
Ring

Decay ring
Brho = 1500 Tm
B=5T

L, =2500 m

e 1ISOL target to produce He", 100 A, = 2.9 - 10" jon decays/straight sessionfyear. = 7., .

e 3 |SOL targets to produce Ne!® 100 pnA = 1.2 10" jon decays/straight session/year. = 1/, .
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OB The starting point: the CERN SPL !

EKIN = 2.2 GeV

23
Power = 4 MW T 10 protons/year
Protons/s = 1016

Study group since 1999
design of a Superconducting Proton Linac (H-, 2.2 GeV).
v" higher brightness beams into the PS for LHC
v intense beams (4 MW) for neutrino and
radioactive ion physics

95 keV 3 MeV 7 MeV 120 MeV 2.2 GeV

m 4 m 64m — 45y _ 584m -

40MeV 237MeV  383MeV
¥

RFQ |-chopping{ DTL| CCDTL R? 0.52(? 0.7 70.8 dump

~— "

Source Low Energy section DTL Superconducting section ~\

B \

660 m St;etching and !
collimation line

e
PS / Isolde - —
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(D i "~ Benefit to gppFoved ph ysics programme

® Need for higher beam performance (brightness®,
intensity) to:

= Reduce the LHC filling time, Higher
w |mprove the reliability in the generation of the integrated
ultimate beam actually foreseen for LHC, luminosity

= [ncrease the proton flux onto the CNGS target, More events

{11 =

= |Increase the proton flux to ISOLDE, Upgrade
Upgrades

w Prepare for further upgrades of the LHC beyond
performance beyond the present ultimate. ultimate

* For protons, brightness can only degrade along a cascade of accelerators
=> Any improvement has to begin at the low energy (linac) end

courtesy of R. Garoby
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D e 18 - _[Fréjus Jaboratory

PROJET DE GRAND LABORATOIRE SOUTERRAIN INTERNATIONAL « j »
Proposition N° Cooperation agreement
roposition N°4
— - e T e between
<3 S N R B Y French (IN2P3/CNRS, DSM/CEA)

—— and Italian (INFN) Institutions

AR RA R R AR R RN

« The DSM, IN2P3 and the INFN agree to prepare the design of a
very Large Underground Laboratory in the new Fréjus tunnel, with
complementary features with respect to the Gran Sasso laboratory, to
be submitted as a joint proposal to the French and Italian

EOVErnements.

Passage inférieur Passage inférieur

The institutions aim at associating the Fréjus and Gran Sasso
laboratories in a single entity, a European Joint Laboratory, gpen to

: - : : i ?Y the world scientific commuynitv to carry out advanced E"PEIEF'E"EE in
6rand Laboratoire Vue dartiste 4 particle, astroparticle and nuclear physics in the coming decades, on

i | 1000 000 m? : le 28.04.2003 | ; o . -
topics such as matter stability, neutrino mixing and mass, stellar
collapses and nuclear astrophysics »

March 2004: Start study for major caverns totalling 1'000'000 m?

If approved, excavation start in 2008
Physics >2015
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Copper mines (owned by KGHM, one of the largest producers of
copper and silver in the world)

Salt layer at 1000 underground (dry)

Very large caverns already exist (from mine exploitation)
Possibility to host =<80°000 m3 detector in salt cavern under study
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sl  Feasibility of large underground cavern _

® Geophysical instabilities limit the size owest horizo
of the underground cavern

® In practice, the “tunnel” approach is

stable (l.e. small span, span/height = 1, ===
length unlimited) EES=S=c==r0r
T e
e For large underground detector, we S
require large span, large height, length SSESSS e
is small (compared to tunnel) ‘ = -
e Actual size limit depends on details of g i
rock and depth and on the wished ‘ 1 ====ammelilil
cavern geometry e |
e Homestake study: span = 50-60 m, ) :
height 50 m is maximum feasible L

&8

Modularity =~ 100’000 m?3
or
Tunnel-like geometry

André Rubbia - March 2004
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D s Comparison Watei' - liquid Argon

Particle Physics

Water Liquid Argon
Density (g/cm3) 1 14
Radiation length (cm) 36.1 14.0
Interaction length (cm) 83.6 83.6
dE/dx (MeV/cm) 1.9 2.1
Refractive index 133 1.24
(visible)
Cerenkov angle 42° 36°
Cerenkov d2N/dEdx =160 eV-! cm-! =130 eV-! cm-!
(B=1)
Muon Cerenkov 120 140
threshold (p in MeV/c)
Scintillation No Yes

(=50000 y/MeV @ )=128nm)

Cost 1 CHFliter (Evian) =1 CHF/liter

André Rubbia - March 2004
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~ Comparison Water - liquid Argon

Cerenkov thr. in H»O | range in LAr
MeV /c cm
0.6 0.07
120 12
159 16
H68 59
1070 80
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(D spimes A 90 kion liquid argon TPC ?
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Experiments for CP violation: a giant liquid Argon scintillation,
Cerenkov and charge imaging experiment.

Bt A Rubbia, Proc. IT Int. Workshop on Neutrinos in Venice, 2003, hep-ph/0402110 183
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D e 18 | . -Front view

WIPTRERETTMaD B0 0 LE_| | IEEEEEIINNIDnG
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DE="8 -  Detectorand highway tunnel
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Sumimary parameters

Dewar

=70 m, height = 20 m, passive perlite insulated, heat
input =<5W/m?2

Argon storage

Boiling argon, low pressure (<100 mbar overpressure)

Argon total volume

73118 m3 (height = 19 m), ratio area/volume=15%

Argon total mass

102365 TONS

Hydrostatic pressure at bottom

~3 atm

Inner detector dimensions

Disc ¢ =70 m located in gas phase above liquid phase

Electron drift in liquid

20 m maximum drift, HV=2 MV for E=1KV/cm,
v,~2 mm/us, max drift time =10 ms

Charge readout view

2 independent perpendicular views, 3mm pitch, in gas
phase (electron extraction) with charge amplification (typ.
x100)

Charge readout channels

~100000

Readout electronics

100 “ICARUS-like” racks on top of dewar (1000 channels
per crate)

Scintillation light readout

Yes (also for triggering), 1000 immersed 8“ PMT with WLS
(TPB)

Visible light readout

André Rubbia ~varch 2004

Yes (Cerenkov light), 27000 immersed 8“ PMTs or 20%
coverage, single photon counting capability 187




(P suseses = A possible detector layout

Single detector: charge imaging, scintillation, Cerenkov light

Charge
readout
plane

Electronic

Extraction racks

grid

UV &
Cerenkov
light
readout
PMT +
Cathode (-2MV) race track
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(D s = -~ _{Lharge readout

® Detector is running in BI-PHASE MODE

w |n order to allow for long drift (=20 m), we consider charge attenuation
along drift and compensate this effect with charge amplification near
anodes located in gas phase

w Amplification operates in proportional mode
w After max drift of 20 m @ 1 KV/cm, diffusion = readout pitch = 3 mm

Electron drift in liquid

20 m maximum drift, HV=2 MV for E=1KV/cm,
v,~2 mm/us, max drift time =10 ms

Charge readout view

2 independent perpendicular views, 3mm pitch

Maximum charge diffusion

0~2.8 mm (V2Dt__ for D=4 cm?/s)

Maximum charge attenuation

e-(Vtmax)~ 1/150 for t=2 ms electron lifetime

Needed charge amplification

102 to 103

Methods for amplification

Extraction to and amplification in gas phase

Possible solutions

Thin wires (¢=30um)+pad readout, GEM, LEM, ...

André Rubbia - March 2004

189




OEE="8 ~  Cryogenicstorage tanks for LNG

- ¥ /':
i ¥ F o
‘Plearned a Iot TR

About 200 cryo-tanker exist

in the world... up to L g
zZOO’OOO m3 j # /7Bl righitpages

Process, design and safety
Issues already solved by

~Retrachemical industry ! 190




DR  Liquefaction.of LNG.and transport via ships _

- £ S Al LI - :.T:' . _ 3 _. = : o . .
@ ot s P Liquefaction

TRANSGAS "7 =

1.35 bemiyear o s = i
P ENAGAS &
A GAS MATURAL

e ol — | ] iﬁ 4.3 bembyear
. %‘.‘l IGERI -|.
Up to 145,000m?3 b5, ¢l

1 .
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T ~ Large underground .Ii_quid Argon tanker

TECHNODYNE INTERNATICNAL LIAITED LARGE UNDERGROUND LIQUID ARGON STORAGE TANK

74400 |

ST —

SURROUNDING ROCK [ SALT

200

SIDE MNSULATION
1030 mm PERLITE

RESILIENT BLAMKET
130 mm
——

NNER SHELL

BOTTOM INSULATION ~ NMER SHELL
1300mm FOAMGLAS

ELEVATED
FOUNDATION PAD

1000mm HIGH,
600mm DWAMETER ON _
2000mm GAD

BOTTOM INSULATION
1300mm FOAMGLAS

FOUNDATION PAD ONTO ROCK/SALT
1000mm THICK

MOT TO SCALE

Preliminary baseline design for the Fréjus study
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D=l The “dedicated’. cryagenic complex

- In situ cryogenic plant: tanker 5 W/m? heat input, continuous re-circulation (purity)
- Filling speed (100 kton): 150 ton/day - 2 years to fill

Electricity

1 1

Hot GAr

Underground
complex

GAr —»

Joule-Thompson  Heat Argon
expansion valve  exchanger  purification

0 External complex




OFEEE - Events for 100 kton detector mass
Number of targets for nucleon stability:
6 x 1034 nucleons = t,/Br > 103 years x T(yr) xe @ 90 CL

Low energy Super-Beams or beta-beams:
460 v, CC per 102! 2.2 GeV protons (real focus) @ L = 130 km
15000 v, CC per 10% ¥Ne decays with y=75

Atmospheric:
10000 atmospheric events/year

100 v, CC /year from oscillations

Solar:
324000 solar neutrinos/year @ E,>5 MeV

Supernova type-II:
~20000 events @ D=10 kpc
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Proton decay: sensitivity vs exposure

! pLE

p K\' [
- r+lk+

- U -

3

-

-

[

7:]1/B upper limit at 90% CL (years)

3
[

10°

10°

Channel

Eff (%)

# Bkg. events
( 1kTon x year )

pletn 45.3 0.001
L p_et (" 15.1 1.945 .
= pCK v 96.75 0.001 3
E piun K 97.55 0.001 ]
B plenn 18.6 0.025 ]
i ple nt(n) 29.5 1.202 T
= pL et (nt :r:_) 16.3 3.935 =
B pinv 41.85 0.782 ]
¥ plun® 44.8 0.008 .
i pLut 17.85 4.162 ]
iiiiil i [ A i i i i i
2

6 x 1034 nucleons =

10°

Exposure (kTons X year)

tT,/Br>110% years x T(yr) x ¢ @ 90 CL
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(P epsmes = " .« Xonclusion

e Neutrino physics experiments are exciting !

e Since Pauli’s neutrino postulate in 1930, the field has been
characterized by

= A huge number of experiments
w |n very different energy ranges...
w From very different sources (astrophysical, man-made)

w |n very different environments (near accelerators, deep
underground, ...)

w\Vith very different techniques (...)

e The results of these experiments have dramatically improved
our understanding of the neutrino particle

e However, still many unanswered questions remain

w Solving these questions will continue to require new, inventive
experiments to pursue progress in the field
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