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« Solar neutrino problem
* Neutrino history

e Quantum mechanics and neutrino
oscillations

* Experimental situation
* Future projects
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Solar neutrinos

* How does the sun

shine?
Pressure ol
gravity e—
equilibrium
between gravity
and nuclear

reaction pressure
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(op) PHP>*Hte™+V,

pre+p>2H+V, | (oo

99.6% 0.4%
’H+p—>3He+y
85% 2X10%
SHe+3He—>*He+2p 15% 3He+p%4He+e++ve
(hep)
SHe+*He—>"Be+Yy
0.13% 99.87%
'Be+p—>8Be+y .
(85) 889886* +e+ +Ve ;B.e+e-?7|_|+4\/e ’Be
8Be">4He+*He Li+p=>*He+He
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Q o """ ) : where the reactions occur
= : PP > 3 ..
S o | ] e inside the sun?
O : oG rare but easier ;
C\/) 10° = 13 L R [Py .
o e Ne—l 717N, to detect (high ati |
100 |-G -7 ||} . relative solar mass
g it 18 energy) : AL
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important for the neutrino detection) T TRy
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relative solar radius
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Photons and Neutrinos

* The photons take about
1 million years to come
at the sun surface (and 8
min. to reach the earth).

 The neutrinos take few
sec. to come at the sun
surface (and 8 min. to
reach the earth).

m neutrinos good probe of what happens at the heart of the sun
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» Large tank of C,Cl,
(cleaning fluid) in
Homestake mine (South
Dakota),

« Uses reaction v, +37Cl —
STAr + €,

« Count Argon atoms
produced, expected about 1
a day,

« Started experiment — 1968
Ray Davis- Nobel prize
2002.

Found only 1/3 as many Argon atoms as expected!
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Knowing how many neutrinos the

proton-proton chain produces, the

1994

expected number of neutrinos to be
detected by the experiment can be

predicted (standard solar model - SSM).
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expected flux

mean measured value

v +37Cl>37Ar+e- > flux ~0.33 SSM

Solar neutrino problem
(lasted more than 20 years)
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e First one ever used to detect v detection method sensitivity

) . ‘ (Chlorine ISUperK’ SNO
solar neutrinos - Davis- e —
. i Bahcall-Pinsonneault 98
Pontecorvo reaction: to p——"" pp)
’ 10“‘§r
v+ 'Cl—e + 7 Ar =2
g . Be "Be pep
« or the more sensitive one o oy
. . Z  10%F
(which has confirmed the //,,--»*
previous experiment results): "
71 — 37 e ;
V,+ Ga—e +7Ge R e

Neutrino Energy (MeV)
(Threshold at 233 keV, dominant p-p reaction)

. Produced ,’so‘ro es are r'adioac‘rivedy\/"rh not T,oo long lifetime - they are
periodically extracted and counte ('non on-line exgerumen‘r%,

. No information on time of interactions or neutrino direction.
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VWhat neutrinos are?

* elementary particles,
* neutral (no electric charge),

* Interacting only through weak
interaction,

» they have a massive charged
partner,

» without mass (this is what the

particle Standard Model
+bosons carrying the interactions assum es)?

Y z w
(photon) boson boson
/ \ N Y

strong weak

electromagnetic
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Main sources of neutrinos

Solar neutrinos : 2 1038 v/s — 40 billions v/s/cm? on earth
— 400000 billions v/s/human (<20 MeV).

eUniverse :

« Big-Bang : 330 v/em? (0.0004 ¢V — 2000 km/s
if m,=10 eV/c?).

* Stars : 0.000006 v/em?.

* Supernovae : 0.0002 v/em?.

Earth radioactivity : 50 billions v/s/human.

*Nuclear reactors : 10-100 billions v/s/human (1-10 MeV).

Human body : 340 millions v/jour (20 mg de potassium 40,
B—decay).
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A brief history of neutrino

1886: Pierre Becquerel discovers radioactivity
1897: J.J.Thomson (and others) discover the electron
1902: Pierre and Marie Curie discover that 3-rays are electrons

1914 : Lise Maitner, Otto Hahn and James Chadwick measure the energy
spectra of the B-rays

L—-—-ﬁ .
- 1075 decays Why not a fixed
o f energy?
%
] Energy not
H0K— 40Ca + e- conserved?
big crisis...
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Two body decay

ALPHA DECAY
americium —® neptunium + alpha particle
224,544.672 220,810.605 3728429 MeV/c?
@-— }
. \
i
; |
Energy-momentum £ A
: - /
conservation => ./ \w
l
2 2 2 5.486
\/ 2 2 M +m2 —ml Alpha particle energy (MeV) —» MeV
2 2 'M

Energy of the decay products
always the same
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1913-1930: Puzzle of [ decay

BETA DECAY

thodium —» palladium + beta particle

0BOS2ET6 98449196 0511 MeV/c?
§ Continuous spectrum
3 of b particles
g (electrons)
:
2
‘ |

3169

Beta particle energy (MeV) —®  MeV

08/07/2006 M. Dracos IReS/CNRS-ULP

14



Dec 1930: A Desperate Remedy

Pauli's letter of the 4th of December 1930 A’
Dear Radioactive Ladies and Gentlemen, a

As the bearer of these lines, to whom | graciously ask you to listen, will

explain to you in more detail, how because of the "wrong" statistics of the A

N and Li6 nuclei and the continuous beta spectrum, | have hit upon a
desperate remedy to save the "exchange theorem" of statistics and the
law of conservation of energy. Namely, the possibility that there could
exist in the nuclei electrically neutral particles, that | wish to call
neutrons, which have spin 1/2 and obey the exclusion principle and ® e
which further differ from light quanta in that they do not travel with the
velocity of light. The mass of the neutrons should be of the same
order of magnitude as the electron mass and in any event not larger
than 0.01 proton masses. The continuous beta spectrum would then
become understandable by the assumption that in beta decay a neutron
is emitted in addition to the electron such that the sum of the energies of
the neutron and the electron is constant...

y
\ 4
&

electron neutrino

| agree that my remedy could seem incredible because one should
have seen those neutrons very earlier if they really exist. But only
the one who dare can win and the difficult situation, due to the

continuous structure of the beta spectrum, is lighted by a remark of my
honoured predecessor, Mr Debye, who told me recently in Bruxelles: “I| have done something
"Oh, It's well better not to think to this at all, like new taxes". From now
on, every solution to the issue must be discussed. Thus, dear radioactive very bad tOday by

people, look and judge. Unfortunately, | cannot appear in Tub;’cngen proposing a particle that
personally since | am indispensable here in Zurich because of a ball on TR
the night of 6/7 December. With my best regards to you, and also to Mr cannot be deteCted’ itis

Back. something no theorist
Your humble servant ” .
07 Paali M. Dracos IReS/CNRS-ULP should ever do. W.Pauli 15




v history...

1933 Enrico Fermi develops the B-decay theory (weak interaction) and
names the Pauli's "neutron" “"neutrino”.
(James Chadwick had discovered the neutron in 1932)

p
n B-decay
o
V.
n intermediate vector boson (IVB,
\W; ¢~ analogue to photon in
— Ve electromagnetic interaction)
virtual particle,
m,,~80 GeV
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Heisenberg uncertainty principle and virtual

particles
AxAp =2h/?2
At very short
AEAt =N/ 2 =
/ AE very big
—
R E2-p2£m?

virtual particle

08/07/2006 M. Dracos IReS/CNRS-ULP
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v history...

1933 : Hans Bethe and Rudolf Peierls first cross-section calculations
(probability of interaction)

OyN le‘lOO'eN

cross-section very very weak!!!

One needs either 101 km of water to
(N for IlU.Cl@OIl) absorb a neutrino, or a lot of
o neutrinos (mean free path longer
The beginning of a 26 year quest than a light year of lead).

(Fermi: "I offer a case of champagne to whom will detect the first neutrino”)

1953-56-58: Fred Reines et Clyde Cowan detect the first neutrino
interactions at the Savannah River nuclear power plant

IVEISERSEIARELRY)

from _ Y 51t keV
nuclear < e S /
reactor % homt
p /
water, Y 511 kev

scintillator,
CdCl,

\ﬁ\ 2.2 MeV
~200 s )

M. Dracos IReS/CNRS-ULP DETE
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v, beam (7" — u'v, decays)
V,*N—>u +X
V,*N He +X

first neutrino beams

v history...

1960 : Tsung Dao Lee, Chen Nin Yang, Bruno Pontecorvo, Melvin Shwartz,
.. 1and u decays to produce intense neutrino beams at accelerators.

1962 : Leon Lederman, Melvin Schwartz, Jack Steinberger discover v,

20m

blindage de fer

le i 5'arméte

i

) détecteur
[0 borenes]

wansnns Blincelles sur e

paremars du rmugn

issu de I'interaction

du neutring ¥,

1968: Homestake (R. Davis), something wrong with solar neutrinos

2000 : DONUT experiment at FermilLab discovers v,

08/07/2006 M. Dracos IReS/CNRS-ULP
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Trying to find a solution to the solar
neutrino problem

* If neutrinos are massive:

— States participating in weak
interactions (flavour e U T

eigenstates): @

— States with well defined
masses (mass matrix
eigenstates):

08/07/2006 M. Dracos IReS/CNRS-ULP 20



Lepton mixing and
Quantum Mechanics

* "Known" neutrinos are
combinations of mass eigenstate
neutrinos, e.g., for electron

neutrinos: ‘Ve> U, V1> +U,

v,)+U,,

Vy)

 For all neutrinos we can write:
(Ve \ / Uel UeZ Ue3 \ (Vl \
V. |= Uﬂ1 Uﬂ2 U

p 3 V5 |« Uis the transformation
operator/matrix,
KVT } \\Ufl Uny UT3/J KV3/ * the hypothetical v,, v,, v,
o have unique masses and are
the most fundamental
Maki-Nakagawa-Sakata matrix neutrino states.

» change of basis,

unitary mixing matrix

08/07/2006 M. Dracos IReS/CNRS-ULP 21



U-matrix properties

+ Unitarity (UU*=I): (v, |vs) =6/ (=0 fori# j, =1 fori= j)
o, fB=e U, T

U;Ual T UZzUaz + U23U w3 =1
(e.g U:erl T U:2Ue2 T U:3Ue3 =1)
U,Ug +U,Ug, +U U, =0 for a# f
— orin condensed notation: [y =y U =U'U =1

e ¢ mj= uj (7

UU . =UU.=U U. =0

e~ U] e T] Uj~ 7]

08/07/2006 M. Dracos IReS/CNRS-ULP 22



Rotation between states

Vi, |= R23R13R12

1 0 0)
U=|0 ¢, s,
\O Py Cy)

rotation by: &
08/07/2006

[ c, O €%S13\
0O 1 0
\—eﬂ"%”s13 0 c, )
913

01 2

M. Dracos IReS/CNRS-ULP

5. 0
c, 0
0 1)

c.=cos@. s =smné.
l] l] l] l]
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(v )

Vi

LY,

Final mixing matrix

/
C12Cr3

T815C3 T Cp87383

\ S12823 T €nCr383

S12C13
C12Co3 = 812523913

TC1S83 T 81560383

S13 )

$23C13

C13C13 )

Yes but, how can we use all that to
explain the solar neutrino problem?

08/07/2006
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How neutrinos propagate with time?

According to Quantum Mechanics

‘Vj (t)> = ¢ M7 ‘Vj (O)> (H: hamiltonian)
Solutions of Schrodinger equation
For 3 neutrinos with definite energy and mass:

The Schrodinger equation:

dfvl\ /VI\ d/Ve\ /Ve\
ljt v, |=H|V, iE v, |=H,|V,

\V3/ \V3/ \VT) \Vz'/

for mass states for flavour states

with: H, = UHU
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How neutrinos propagate with time?

v,(0)) = ZUZk v, (0)) o=e, ll, T

3
time evolution of flavour states: ‘Va (t)> = ZUake_lE"t Vk> (h=1)
k=1
"2
with energy: Ek — \/pz + mlf B p +—k with: p>>m,

2p

‘Vk> can be expressed as a function of flavour neutrino states ‘Vﬁ>

V() =D 4, O]V)
B

3
where: Avaﬁvﬁ (1) = Z Uﬂke_lE"tUak the amplitude of v,, —v, transitions at
k=1 the time t (or at distance L)
08/07/2006 M. Dracos IReS/CNRS-ULP 26



Transition probability

ok

o) 3
—iE, t/hy ¥
R/aevﬁ:‘Avaavﬂ(t) — E:U,Bke ) U
k=1

« U* . the amplitude to find the neutrino mass eigenstate |v,> with energy E, in
the state of flavour neutrino |v_>,

 eEkh gives the time evolution of the mass eigenstate,

* Up: the amplitude to find the flavour neutrino state |vg> in the mass eigenstate
neutrino [v,>.

Using the unitarity condition:

Z Uﬂk UZk — 505,8

3
k=1

08/07/2006 M. Dracos IReS/CNRS-ULP 27



Transition probability

- , —12
3 _Z,Amle

P, =|0,+D UnU,|e 2 -1

Vo>V o ok
k=2

(the time has been

2 2 2 '
with: Amkj =m; —m’ replaced by the distance)

transition probabilities do not depend on particle masses but on
squared mass differences

Finally, the transition probability depends on the elements of the mixing matrix,
on 2 independent mass-squared differences and on the parameter L/E.

No transitions are observed when: AmlflL/E 11

with A4m? given in eV2, L in km and E in GeV

08/07/2006 M. Dracos IReS/CNRS-ULP 28



Probability as a function of the mixing

angles
P, - >Vﬂ):_4Z(UmUﬁanjUﬂj)Sln2[ 7 / ]:
i>]
S 1.27Am>L
s 2 i
i=1 j=I,j#i
o (1278m5LY | (he=197MeV
yalUﬁanzUﬁﬁmz [ E = j+ (he eV fm)
ng transitions only if the
(1.27Am L neutrino masses are
=4 +ya1Uﬂ1Ua3Uﬂ3 §1n2 ( - ]"‘ non-zero and not the
CY 2 same
13 ;
. 1.27Am:. L
+\Ua2Uﬁ2Ua3Uﬂysm2( - 23 j
i Y _
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Oscillation Probability and approximations

2 L. 2 o (1.27Am] L, (1.27Am?
P(Va — Vﬁ) - 4|:012 sin’ (1 272}%12[/ j T ¢y sin’ (1 27Em13L j + C,4 sin” [1 27Em23L ):|

Let’s assume: Am,, = Am,, = Am Am,, = Om  (ustified by
experimental results)
Aml] om

Let's consider two types of experiments:

Case A —small L/E:  ip2 (1-275’””2Lj -0
E

L (1.27Am"L
P(Va%Vﬁ):_4(cl3+cz3)sm2( 7Em j

not anymore sensitive to 8,, and om
08/07/2006 M. Dracos IReS/CNRS-ULP 30




Oscillation Probability

2
CaseB —largeL/E: sin? (1.27Am Lj ~ %

E

1.270m"L
E

P(Va %VIB):_4|:CIZ Slnz( ]+0'5(Cl3+023):|

not anymore sensitive to Am while the amplitude of the oscillation
depends only on 6,,

08/07/2006 M. Dracos IReS/CNRS-ULP



Case A: small L/E

p i 49 . 229 ) 127Am 2L
(Vﬂ %VT) cos "0 ; sin ,; Sin £ v, = Vv,
. . . 1.27Am *L
P(Vﬂ %Ve) [ sin ?26 , sin *@ ,, sin 2[ Em N /
1% "V-E
: . 1.27Am °L
P(v, > v,)0sin *26 , cos °8 ,, sin 2( = oscillation
(fOI' 61320 Only 2 flavours m1X1ng) taking into account parameters
spread and detector effects
1.0 -
0.8
Case of atmospheric neutrinos | 7 °¢]
A~ 04
02
00—
102 10+ 10° 10!

Am’ L/ 4 E
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P(v, >V, )=cos 6 ;sin 226 , sin 2(

08/07/2006

Case A: large L/E

1.276m °L

E

Vv

Case of solar neutrinos

M. Dracos IReS/CNRS-ULP

]+ 0.5sin °280 |,
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Oscillation parameters

mixing angles 913, le, 923

mass differences  Am,,, Am,,, Am,,
(only 2 are free)

what can be varied by E I
humans in order to study Vo
neutrino oscillations

Very often used: Oscillation length
(length after which all neutrinos
reappear): 7= 2.5EV

E

Vv

osc 2
08/07/2006 M. Dracos IReS/CNRS-ULP Al’}’l

L

osc

.(1.27Am2Lj L
sin =simn(7—)
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Appearance and disappearance experiments

In a disappearance experiment one counts how many of the initial

neutrinos V, are left after passing a distance L:

Z 10 - ::\{::::i it
= Am? = 3x107 V2 /
o o[ 12TAMLY) Eos J
P(v, —V,)=1-sin"26 sin S ,
a T
E 0.0 R R ‘ . bl
Y 10! 10? 103 104
L/EV km/GeV

In an appearance experiment one searches for neutrinos Vg

1n an initial beam OfVOc : 2 10— _—
2 S Am? = 3x1073 eV?
P(V %V ) :szze Sm2(1.27Am Lj = 0.0 : :::::::I —t ::::::I \’fl i
o B E 10! 102 103 104
4 L/Ev km/GeV
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Back to solar neutrino problem

Radiochemical experiments were only sensitive to v,

not seen

08/07/2006 M. Dracos IReS/CNRS-ULP 36



Neutrino Oscillations and mixing matrix

Matrix MNSP (Maki, Nakagawa,
Sakata, Pontecorvo)

923 -
Uel UeZ UeS \ v
. . e e v,
v=\U, U, U, ¢, =cosb,, s, =sinbij ;
S ©
Uz‘l Urz Ur3 ~ 7
—id, g
¢, S, 0)1 0 0 Cps 0 e Sia 1 0 0
—| _ —ict, /2
— —idcp —ioy |2+
0 0 100 =5, cn)l—€es; 0 ¢ 0 O
solar . reactors Majorana phases
, atmospheric, accelerators
reactors accelerators

CP violation

sensitive to CP violation if 6,3>0

08/07/2006 M. Dracos IReS/CNRS-ULP
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To Make a Precision Measurement of

Neutrino Properties

How do you design a neutrino experiment?

An 1ntense source of neutrinos (Reactors, sun, v-beams...)
Right type and energy,

The ability to do precise energy measurements.

Large detectors at the optimal distances from the source,
Distance from the neutrino source,

Protection from cosmic rays (Deep Underground)

08/07/2006 M. Dracos IReS/CNRS-ULP 38



Neutrino experiments
Using: :

P /
 solar neutrinos (distance fixed, energy \Q‘
fixed), good for (4m?,,, 6,,) measurement,

« atmospheric neutrinos (distance can vary,
energy fixed), good for (4m?2,;, 6,5)
measurement

 reactor neutrinos (distance can be tuned, ; 7\ ()
energy fixed), good for (4m?,;, 6,3)

 accelerator neutrinos (distance can be
tuned, energy can be tuned). —— »I=—=¢F

on top of that the experiment neutrino detection sensitivity has to be taken into account

08/07/2006 M. Dracos IReS/CNRS-ULP 39



Neutrino energy spectra

- 10"
2012
~.
10 > 10
£10"
2 Cosmological » (Big Bang) <
S . .8
10% | £
Solar » 3 .
Ukl B » during superncya burst (~10 s) z 10°
Flux ¢ F % Terrestrial ¥ N 4
(cm-25 ey 3 L fnatural radioactivity)
10 Reactor # (averaged) 5
' T Supermova ¢ laveraged) N
lind B Atmospheric » 1
-y 2
1a Qluasar v 10
].I:I_].:2 B 1 1 1 1 1 | 1 1 r\_4
w* 1w 10% 10° 10° 10t ¥ 10" _
Energy (eV) 10°
-8
" .l. lll .r N 10
nartural nedtrinos
=10

M

"human" neutrinos
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Confirmation of neutrino oscillations

Super-Kamiokande detector

M 50,000 tonsof ultra-pure water
B 1000 m underground

W 11,146 photomultipliers (PMT)
| 20" dimension

W 1,885 PMTsin outer layer

42m

v

08/07/2006 M. Dracos IReS/CNRS-ULP
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Detection technique used at SK

Cerenkov radiation Light emission only if the particle
is faster than light in the crossed
medium (radiator)

0¢

Cerenkov angle: U

1 [particle velocity (v/c)
cosl, =— : .
b n=index of refraction

Light detection technique: Photomultipliers

Photomultiplier Tube

nnnnnnn

Ve<VL Ve=VL

no light emission light emission

08/07/2006 M. Dracos IReS/CNRS-ULP



S

Cleaning detector during filling
- no radioactive dust allowed

08/07/2006

Super Kamiokande Detector

Less efficient technique for solar neutrinos than
Gallium and Chlorine but on-line experiment with
directionality information.
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Super-Kamiokande: Solar neutrinos

. . ‘ ‘ | | o the sun is

SK-l 1496day 5.0-20MeV 22.5kt ] here

(Preliminary) | e | Superk, M0 _
b ahcall-Pinsonneault 88

rino Flux

Neut

Event/day/kton/bin
o
N

Neutrino Energy (MEV)

the sun shining

. 1 RS e e a So e e I ___ bbby . .
° with neutrinos!
background
V+e —DV+e
o' ' ‘ S . o
-1 -0.5 0] 0.5 1
confirmation of solar neutrino results COSOSLm

of radiochemical experiments
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SNO

(Sudbury Neutrino Observatory)
Water detector with a

difference:
» 2 km underground
» 1000 tons D,O
> 104 - 8" PMTs
» 6500 tons H,O
» sensitive to all neutrino families

= 8

o 12

1 7 —

: 2

o 6. o

. 5 O

< 4F GE)
- re)
3 =
- (@)
= O nmmm)
1= all solar
Oz | o w | neutrinos
0 1 2 3 4 5 6 are there

6 4 i
¢e (10 cm 2s 1)racos IReS/CNRS-ULP |
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Atmospheric neutrinos
\

primary flux
!
(o). p
T K
j_\A Vu decay
U chains
V
N H 2x more v, than v,
e Ve

M. Dracos IReS/CNRS-ULP 46



Atmospheric neutrinos and confirmation of oscillations

SuperK

Discovering Mass

The farther neulrines trasel, the more time hey have to osllake, B
comparing he ratio of lavors of neutings coming "up” thraugh the Earth
bo those coming from ovethesd, physicists determnined that neulinos

osdllake , which neuttinos can ahly do if they have mass.
M COETIG =y
uzy alby & protan)
M Space

SUPER KAMICKANDE DETE

o)

k Osdllaing |
‘S!; neutrines |

Aneutting skikes snother
elame hkary partice in the
detechor bank. The interaction
iz recarded shd shalyzed by
2 # srientists o identify both the
o . RN flvor af the neuring and its
bl | fight path.

P Neutrinos continue o
the trajectoryand begin
to osdllake 25 they

passthrough the earth

CoEmnic ey Earths

/\ - el - e ahnosphere

The coanic ey hitshe One eyde of an osdllating neutring
earth's atmosphere, 2= it pas=zes through earth

mnaking 2 spray of
secohdary parices,

|
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Atmospheric neutrinos and confirmation of

08/07/2006

V& Vi

2-flavor

oscillations
<
)
°c
<

10

10

oscillations

[ sin2219:1.0,lAm2:12.1x101'3 eV? |
- ¥2=175.2/177 dof
: 90% C.L. region:
| sin220>0.92,
1.5 < Am?< 3.4x1073 eV?

— 68% C.L.

— 99% C.L. (
— 90% C.L.

sin®20
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allowed
oscillation
region

6?23~45°
maximum
mixing
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L/E Oscillation result

B e e
L N b~ O

Bgst fit expectation -

systematic errors_

Data/Prediction (null oscillation)

0.8F +
0.4 0.6 3 +
oz 0.4
| | 0.2k
0 e naul el el T | L gl L3 gl L ol
1 10 10° 10° 10" ° 10 10° 10° | 10*
L/E (km/GeV) L/E (km/GeV)

Mostly downward
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Sin®20,, and Reactor Experiments

A Well understood, isotropic source

T g of electron anti-neutrinos. Oscillations observed as a
7 e E,=8MeV deficit of V..

v, 2 \
C @ ®

1.0 T
5 sin?20
1>
2
% Unoscillated flux
% observed here.
A
o P(v, >V, )=1-sin’20,sin’(1.27Am/,L/ E,)
.7 TS

WV, == VH’\ |

~ >
N - / Distance 1200 to
1800 meters
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Nuclear Reactors as a Neutrino Source

* Nuclear reactors are a very intense sources of Vv, deriving from
the B-decay of the neutron-rich fission fragments.

 Each fission liberates about 200 MeV of energy and generates
about 6 electron anti-neutrinos. So for a typical commercial

reactor (3 GW thermal energy)
3 GW = 2x10%! MeV/s — 6x102°v /s

* The observable V spectrum 1s the product
of the flux and the cross section.

* The spectrum peaks at ~3.7 MeV.

08/07/2006 M. Dracos IReS/CNRS-ULP

Arbitrary

From Bemporad, Gratta and Vogel

Observable V. Spectrum
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S
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o
SR

G
Ch

R
u
SR
Gp
L‘_‘«
=

Y 511 keV

@ Eion
@~/ rromp

‘ .
In pure scintillator the

p / neutron would capture on

hydrogen

¥ 511keV 1 H—-Dy (22MeV)

Scintillator very often is
doped with gadolinium
2.2 MeV which enhances capture

n"Gd — "*'Gd y’s (8 MeV)
~200 us

Delaye

08/07/2006 M. Dracos IReS/CNRS-ULP 52



CHOOZ detector

- Site: CHOOZ reactor, Ardennes (France)
« 2 cores: 2x4200 MW
‘Depth: 300 mwe
- 5 tons of liquid scintillator (gadolmlum loaded)
«<L>~1km

I EEEEENNEEEREE]

et N
| tank.

barrier
containment
region

acrylic
vessel

I 7T Y TP YT PTPTPEY
\low activity gravel shielding |

5-ton target
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CHOOZ detector

future (>2008)

— 1 : Analysis A
> i
o '
"5 . Ve Vs
~ * 7] 90% CL Kamiokande (multi-GeV)
b
‘; 3@ 90% CL Kamickande (sub+multi-GeV)
]
1 .
0k ]
H
El
10
w7
90% CL
104' sl ey by b b b b b Ly
0 ol o0z 03 04 05 06 07 08 09, |
sin~(28)
E lusi 2 < 4 2 e :
- A 7x104 eV - | o
xclusion v, 5 v, . Ame < 7x10% e

(90% CL) e = R -— o Far detector
Best constraint on sin?(26,5) < 0.14 |
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Reactor experiments

20 % of world nuclear power

~ 70 GW Nuclear Power Stations in Japan

Electric Power Development Co.-toma(Commercial plant. Aug. 1999)

]
o

[ Flﬁ o ey phoiu Eleciic Power Co-Higashido ] Holékaido Electric Power| o, Tomari
of O kashiwazaki Hw, eSO e

- 8~/ cenesm

- )% )

- 86 % of v events : / o B, o G-t O
OF  from 17535 km / e

- (Mar. 1898)

: o ; JTp n Atomic Power Co.-Tokai Daini
0 B © > \- e a:
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o % 5| 2
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- &9 s s..0..0 8=

N 6 8 m Under DSMIllon KW Under 1Milon kW Over 1Millcn kW In planning stage
0— %E £ 2

- b =

: 5 . 2 KamLAND

- . €3 o._ 3

-8 « E®2 s Efzs 3 flux

- ~ x ©8 g B oE § o 2
0 B | | | | | "9. | ?q | | .I. | | * ?"O.l ‘% | | | a| | ~ I/R

0 200 400 600 800 1000

Distance from Kamioka [km] 55



KamLAND detector

Crane

Rock lining

T Outer water tank
{
Inner tank

4 !I_-E'-.. . qu_-sclntr‘
' Container

&' Aluminum sheets

Phototubes

08/07/2006

>

>

Nobs/Nexp

external container filled with 3.2 ktons of
water

inner spherical container filled with 2
ktons of mineral oil

inside a transparent baloon filled with 1 kt
of liquid scintillator

2100 photomultipliers to measure
scintillation light

located in Kamioka mine at depth of 1 km

L4+
12+ %
1.0 Frtdbett - e — — — — — .
"W H * compatible
08 4 Yoa with
S h Ri 3 ifa . .
s o B ; ;*ﬁ oscillation
X Rovno .
04 L ¢ Goesgen v 8 hYpOTh@SlS
’ A Krasnoyark "-‘_."
O Palo Verde
02— MW Chooz
® KamlLAND
00 | | | | |
10" 10° 10° 10" 10°
56
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Proposed Reactor Neutrino
Experiments

gKrasnoyasrk Russul
+ KGShIWC(_ZGkI Japan

Angra, Brazil




Am? [eV?]

Combined results from all

experiments

from solar neutrinos

Am}, =827 0-0x107 e

2 H +0.09
tan” &, = 0.40_ 07

from atmospheric neutrinos and
neutrino beams

1.9x103 < Am2,, < 3.0x10°3 eV?
0.90 < sin226,, @ 90% C.L.

from reactors

sin26,,< 0.15

1cos IReS/CNRS-ULP
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Long Base Line Experiments
7

AN

| MINOS Far Detector

GRAN SASSO

CNGS v, beam CERN-Gran

Numi v, beam Fermilab- Sasso 732 km
Minesota 730 km first appearance experiment
disappearance experiment is starting now...

700 m 100 m

: . _ 1000
has just gave the first results... T R 2

Target

Horm  Reflector' sz,
[Am2,| = 2.72723% (stat) £ 0.13 (stat) x 10 eV P_;....==P_L
sin’26,, =1.00 _, ,(stat) +0.04 (syst) S
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The OPERA detector

w2 Gran Sasso

-~

1400 m

i~ N

N
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OPERA experiment

um resolution
= photographic emulsions (DONUT)

Large target mass
— lead materials

—=Detector based on bricks :
Sandwich of 56 (1mm) Pb sheets
+56 emulsion layers

08/07/2006

emulsion “grains”
— track segment

Plastic base(200um)

Pb ESAES Pb

’ g, Ve,>Vu

~16 grains/50 um

Vi

e, u,h

Decay “kink”
>25 mrad

O~ 2.1 mrad
c,~0.21 um

|61




s OPERA detector

upermo
/\/Qlile\ Gran Sasso, Hall C
2 Supermodules

Target: 31 walls/supermodule
with 3328 bricks each
Target mass: 1.8 ktons

a2 /
, b ’
L spectrometer E |
Electronic detecto ’
to find candidate '
brick s
\
- Robot toremoveN, [ \ |7
the candidate brick Brick wall
- Scan by automati i
icroscope N
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Target Tracker

= Find the right brick to extract o T
- Plastic scintillator + wave length shifting fiber

-M\: + 64 channel multi-anode Hamamatsu PM

r £ @& £ & & 4
y o o o o - 4
y 74 0 7 o o 4
y o o o o - 4
| Y S S
y o o o o o 4

- N,>5 p.e. for a mip (2.15 MeV)
~99% detection efficiency = trigger
- brick finding: €, ~80%

green” photon
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Few of many pending questions

m? >
A .V, A
. v
¢ 613? — “’r
2 2
. . . My I — —m
CP violation? T :solar~7x105eV2 .
atmospheric T
-normal or inverted hierarchy A0V dmospheric
m,? | e——— ~2x107%e V2
-absolute masses? | .{& ' L
) ” .
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Future Neutrino
Oscillation
Projects

(mainly to discover v «<>v, oscillation and measure 6,3)

0000000000



EXCLUDED BY CHOOZ

Very intense proton 3
beam (0.7 MW) i
Off-axis (2-3 deg.)
<E>0.7 GeV o

08B Z dag

0AB 2.5 degree
OAB 3 degres
A

08/07/2006 S

6 Pn (GeVic'

- .
) = > Uslw) ;
e Minos, Icarus,Opera
degrees Double-Chooz
1 0 0 C13 0 S13€ io Ci2  Sq2 0 5 —
U = 0 [ S X 0 1 0 X —S842 Cyq2 0 Wff .
_ _ 1o CERN-FREJUS
0 S c S13€ 0 C13 0 0 1 - o
. T [ 15 e 11— \
"; sil3 ] eg‘ =l ] “;‘ i batabeam
< < ] 5 | | | |
2 2t E 2 ol E
o § i T o~ E IIn i g:_é [
5 5 ; e [ o
e 0.5 S aw-s — 1:‘.’4 = 1'o| ot Iolz; o Ioélal = 'ulql o
sine,,, sine,, sin 8,
cHOOZ solar + KamLAND
2
a AME .
T 2 50
Py 4= - B
Target - -
Near Detector ’
Om 280m

Flux « o (arbitrary unit)

n
Am?, = 2.0~3.0x10%eV?
[ Ev=0.48-0.72GeV ]
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Super-Beams

accumulator ring+bunch
compressor

proton driver

| I

H- linac 2.2 (3.5) GeV,
4 MW, 50 Hz

magnetic hom
capture
(collector)

decay tunnel
v beam

~300 MeV v " Neutrinos
small contamination
fromv, (noK at 2 GeV!)

M. Dracos IReS/CNRS-ULP
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Super-Beam project at CERN

Frgusunderground
laboratory

M egaton Cerenkov
Detector

also : proton decay,
supernovae, solar and
atmospheric neutrinos.

ture Laboratory _——7%
er Cerenkov Detectors

\. N \ i . |
::‘{: J S E’QW v
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Detect?‘rk at Frgus

| Same detector thdn for SB !
[

Accumulate 8Ne, °He to produce pur e beams of vefet Ve

Ion production

—————————————————————|
|
I
I
|
I
|
I
I
|
I

-

o

EURISOL

Proton Driver
SPL

Ion production
ISOL target &
Ion source

Beam preparation
Pulsed ECR

Ion acceleration
Linac

Acceleration to
medinm energy

Acceleration

Acceleration to final energy
PS & SPS

Neutrino sburce

Experimenté V: ]7

Neutrino Decayring
Source
Bp=1500Tm B=35
Decay T C="7000m
Ring L_=2500m
He: y=150
18Ne: y= 60



Neutrino Factory at CERN

2000:05-16 * Peter Gruber, CERN-FS

ch-hl’ A possible

layout of a
neutrino factory

Recirculating
Linacs 2 = 50 GeV

0.9 10%1 w/yr

310°vyr
3 100yt
,f’ v beam to far detector

___ G

H- linac 2 GeV, 4 MW Accumulator
ring + bunch
COMMpPrassor

Magnetic
horn capture

Target

10%p/s

[onization
cooling

Phase rotation

Linac > 26ev 1.2 104 /s =1.2 104 p/yr

+ + 0
Decay ring — 50 GaV u — € Ve VI.L

= 2000 m circumference

oscillatesV, <> Vu
interacts giving W™

WRONG SIGN MUON

T+

M+

interacts
giving Wt

08/07/2006

U magnetised detector (50-100 kt LAr?)

M. Dracos IReS/CNRS-ULP
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Future Neutrino Facilities

T ——

B MINOS
CNGS

e D-CHOOZ y—factories

Bl 72K

107 ¢ il NOvA

Reactor—I| N — q

NOVA+FPD perbeam upgrades

B 2™ GenPDExp

Extra dimensions

Astro-physics

ST Unification

A 102 ¢ M NuFact
i -
A Superbeams+Reactor exps

1075 ) .
Conv. beams ranching point

sin®20,5 discovery reach (3¢

V factoryies "2 e %e

Y

107 1
ACCELERATOR BASED ROAD MAP FOR THE QUARK AND LEPTON SECTOR CHOOZ+Solar excluded
10°
2005 2010 2015 2020 2025 2030

Year
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Summary
« Quantum Mechanics predict particle oscillations,

 Neutrino oscillations established,

« Many questions pending like, absolute neutrino
masses, why so small masses, how small is 6,5
etc...,

» Futureexperimentswill try to answer the main
guestions and probably make unexpected
discoveries,

* Neutrino physicsisvery fascinating.

much more on neutrinos at neutrino oscillation industry:
http://www.hep.anl.gov/ndk/hypertext/nuindustry.html
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Is that all?
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