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Neutrino mixing

e EWCC: iV =2 wtwvli+2 ) @

l:e,u,T q:uacatq,:dlaslvbl

where v , | ,q are left-handed neutrino, lepton
and quark fieldsand ¢.= »_ Uqqar

q=d,s,b

* In analogy to quark mixing in the lepton
sector: wr = ZUlkaL where U is uni’rary, V, 1S

the v field with mass m,.

» Since Q =0 neutrinos can be Dirac or
Majorana particles...
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Dirac mass term

LP = — Z vy rMpvir, + h.c = —ﬂ%MU}/ + h.c.
I,

* Diagonalisation M=VmU"—= L in terms of mass
eigenstates : \

LP = —opmur — ipmrg = —my = — E M VLV
k=1

Vp — V+U,R Y1
V =VR+ V[ = 1%,

/
VL:U+VL V3
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Majorana mass term

» Using v, and (v, )=Cv, " (Charge conjugation

mGTr'iX) !’(‘}\ ¥

l—,_ .. 1, .. :
o« LM — -3 > (DrL) My + h.c = —5(7)" My}, + he. o\

I,
* M is symmetric M=(U")"mU
3
1, , o , _ 1 _
LM = S(p)"CTN U T mU V4 e = —xmx = o ;mkmk

X1
Xx=U"vp +UTvy)° = ( X2 )
C X3
F

ield with majorana mass m,
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General term

* Dirac +Majorana mass terms with L&R-handed
fields

1 . _
[P-M _ -3 [(V’L)CMLV;: + (0 MR(vy)© + vg'Mpv; + (v )CMD( R)° } + h.c.

1 VIL
D—M _ e _
L = —§(nL) Mny + h.c. nr ( (V}‘i)c )
M= ( My Mp )

* Diagonalising M we get : Mp Mg

LP—H —§XmX = "5 kaXka -
2=

Xx=U"n,+U ng)=|
Majorana type X6
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More on the general mass term

6 6
nr =Uxr L = Z Utk Xk, ’@ C = Z Ui Xk L
\ k=1 k=1

1" 3 rows Last 3 rows
Right handed neutrinos (sterile)

» v, —V, flavour transitions are possible

* Active to sterile neutrinos are also possible |
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For one family

| : : sinf —cosb
+ M=Om'O™ (no CP violation) 0= ( ‘g o0 |
vy, = sinfix1r — cosfxar mpy, = sin*6m’, + cos*Oms,
(vr)® = cosbixir + sinfxar, mpg = cos>0m/| + sin*0m),

2mp = sin20(m} — mj)

* M eigenvalues :

1
m’1,2 — §(mL + mp + \/(mL —mpg)? + 4m7)

2mD
\/(mL —mp)? + 4m%
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Seesaw Mechanism

Limiting case m 20, m>m

/ 1 2 2
mlsz’ mzszZ/mR mi o = §(mL—|—mRﬂ:\/(mL—mR) + 4m7)
s1n260 = 2mp
om./m VL —mp)?+ 4m3,
D R
~ Cz
V¥ KoL (Ve) e

If my2m,  then m am2/m or m?/m,
m, is assumed GUT scale ~10"GeV

The heavy right-handed Majorana mass generates
the small active neutrino mass
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Oscillations in vacuum

[vp=X U", |v,> v (t)>=e v (0)>
lv(t)=X. X U e, |v.>
Transition amplitude: A (t)=<v, |v(t)>=X U U’ e

P(v—v,.)=|A, (?)\Z:ZkJ.U* U.U

* (€ -Et
Ik 1'k J'U 1€ Tk

relativistic v m«E : E,-E~Am, 2/2E

k= 1"k = |

P(vi—v, )= |A, (DI=E, U7, U, U U een L2

17/10/07 Muriel.Vander.Donckt@cern.ch



Oscillations cont'd

* Measuring oscillations will give us information
on the mass differences

* Measurement of symmetry conservation:
— CP violated : P(va—wﬁ# P¢ V)
- T violated :P(v,—v g Pt ,—v )

- CPT conserved :P(v,—v 3 P¢ . —v )
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Mixing in Two families

* Then mass and weak states are
connected by means of an unitary
transformation, the PMNS mixing
matrix, which depends of a single
parameter, the mixing angle 6

Ve|_[ COSO  SINO |[vy|_ [V,
VH _Sing coso V2 V2 Mass states
First Second
vy = cosfy; — sinfy : -
1
vp = sinfry, + cosfuy
5 Weak states
Am*L First Second
P, —. ,. = sin®20sin®
. N !
1I"';IE'
. 47 FE —~— E({GeV

PMNS: Pontecorvo-Maki-Nakagawa-. Sakata
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Neutrino oscillations

source

detection

propagation

»
>
.
»

The weak interaction
produces neutrinos
of a given flavour

|V(Zl?0) > = |I/e >
— C|V1 > —|—S|V2 >

17/10/07

The mass eigenstates Detection again via
Propagate at different weak interaction
velocities

Ve +M —€ —+p

v(x) >=cly; > FTRD po L) = <uu(@) > P

+5s|va > i Bi—F:)
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Oscillation Probability

Am?(eV?)

P, —,)(L) = sin?(20)sin” (1.27

Pye_”/e (L) — 1 o Pye_”/,u (L)

E(GeV) L(km))

prnh[pﬂ—ryp:l
_ Ank

f Ly = amz
%

k=

w

{ z
--1-- -
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Sensitivity to oscillations

* Disappearance experiments measure survival
probability

single energy

* Appearance look for a different flavour VGIUT

» No signal for 2mL
9 f o5 <! 0 | AT
= 06| Ay \/ A
.& JL - ni:z J \/ |
* Averagedout if = “>1 .~V |

A L/4nE  C.Giunti

Gaussian E spectrum
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Do oscillations solve the solar

neutrino problem ?

* So far experiments did not
measure NC

* If SSM is right NC will reproduce
SSM fluxes

* Pontecorvo proposed neutrino oscillations in

! 2
1962 P, ...(E,L(t) =1 — sin? 20 sin? m’jl E‘f’ (t)

* With the sun excentricity one should observe
seasonal variation n neutrino fluxes
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Seasonal variations ?

Flux (x10%cm?/s)
(8]
o on

Flux (x10%/cm?/s)

Mo
o
}

SK-l 1496day 5.0-20MeV 22.5kt
without eccentricity correction, stat. err. only
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Prediction based on the eccentricity of the Earth’s orbit

| >
. | .
1997 1998 1999 2000 2001 2002 e fls e s s

YEAR SLSTsS3252 0

1.5~

OCT
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DEC

* The observed variations are compatible with
the modulation due to the distance variation

* No extra variation that could be attributed to
oscillations
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And the E spectrum distortion?

* No distortion of the ®B spectrum is

17/10/07

observed in the recoil electron energy in
SK...

_ , . O
% 0.6 T.FWA solution-|
ok 20.55 >
SMA LMA 0.5 by, ot L _pi1r el
0.4 T '
- 107 '
& 0.6 !
E 10 LCHW 0.55 LOW SOLUEiﬂH
0.5 ___| Pl -
i 0.45 =—i_r ""—__I i
107 0'4: l |
R 6 8 10 12 14 16 18 MeV
_ VAL .
10 o
] ] i 1 .
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tan” 4
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What about neutral currents ?

F1 LTS0S Merite
v H

H3Em [ Banit] b
L

Granite
Liabbeo

Ll
T h
l [H Towmr " - 'I\‘ o
BN TR TR BOTE fu RN L] E#‘“llli
Rarwl

1000 tonnes D,0

Support Structure
for 9500 PMTs,
60% coverage

12 m Diameter
Acrylic Vessel

1700 tonnes Inner
Shielding H,O

5300 tonnes Quter
Shield H,O

Urylon Liner and
Radon Seal
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SNO detector
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Signals in SNO
‘ Ve +€ — v, +e —

Strong directional sensitivity e

. vetd—ptpte

Good measurement of v_ spectrum e

Weak directional sensitivity

v_only o
. Ve +d—p+n+ v, e

Measure total 8B flux from the sun

Equal cross section for all types
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@ .iiriie

‘ 7/51:_|_6__>7/.'I:_|_e_

‘ ve +d —p-+n—+ v,

-2 H-l}

]

G, (10 cm

(I,SND
(I,SND
(I)S'ND
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SNO observations

-1
seC |

N

. L .
Meutrmo Flux (= 107 cm
L)

I

oL

a
-,
.,
.

¢,.{ltlh em™ s

= [L68 L0 8e] x 10fcm ™% HINO
+0.38 6 -2 _—1

(4.94+£0.217,3,) x10°cm™"s

= (2.354 0.22+ 0.15) x 10%m %"

@SNO
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Fraction of S5M

— 0.340 + 0.023"

0.029
0.031
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The solar neutrino problem

0.2 ‘
Ga MO, SK

0.0

So the sun is shining the expected number of
neutrinos but many of them are v, and/or v.! Not

only Davis, but also Bahcall was right!
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Fine-tuning oscillations ?

source detection

Ve propagation

probz-,) prob{z-1)
o o
o) 2
ra rd
=] =
ey -y
] (4]
l . ; 2
--1- - -1 -
Eo= 41res ! P= 41
' oac a 3 |l oac. g3 a
m’—'ml . ‘m.!—'ml

\ 4
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Neutrino oscillations in Matter

Only v, All
V.V, V, interact with e, p

and n of matter via NC ’\\(/ “\\/
i

interactions (Z). Only v, o
interact via (CC) with the

. A
electrons of the medium /\\ o /\\f

* Neutrinos are subject to a potential linked
due to their interaction with the medium

1
Voo = ﬁGFNe VNC — _5\/§GFNTL
+ V=V Vi
° V/J: VT: VNC

Muriel.Vander.Donckt@cern.ch
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Hamiltonian in matter

g - [ cos? 0 + Epsin® 0 + C + /2Grp. ~(Ey — E;)sinf cos 6
m —(Ey — E1)sinf cos 0 E,cos?f + Eysin?0 + C

b | =

H,, = (B1cos’ 0+ Epsin” 0+ C) -1+ ( V2Grpe —5(E> — E1)sin20 )

~%(E; — E1)sin26 (Ey — E1)cos 20

To diagonalize H_ one needs 6_ such that
—(E9 — E1)sin 26

tan 20m = EGF,GE ~ (Ey — Ey) cos 26
/ﬁ‘\b‘ sin’ 26,, = sin” 26
o
5!'-\& Ve > = ¢080p|vy >m —sinfy,|ve >m
v vy > = sinb,|v; >, +cosly|vy >,
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Oscillations in matter

* Oscillation probability change in matter. There can be a resonant
enhancement of the oscillation probability. The Mikheyev-Smirnov-

Wolfenstein (MSW) effect. Only for Am20
@ cos 20 —and neutrinos or
Pe — PR — —= Am2<0 and anti-
2‘/§GF E neutrinos Il

P_..m*er can be large (=1) even if mixing angle in vacuum is small.

* Inpractice this implies that (if MSW is at work) v, can oscillate to v, v,

BEFORE exiting the sun
- 2
sin” 26
— 2= sin® 26,, =
Lo = V2pGr 1-2. %:— cos 20 + (%:—)?
L,
Oscillation length in matter:  Lm

- \/1 = Z%CUSZH—I— (%ﬁ)2
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AdlClel'l'IC condition

17/10/07

Neutrino energy im MWV

."'-mzuﬁ
Ve Fulfilled if the density layer
corresponding to the resonance
is thicker than an oscillation length
Wy —— - L Apr = prtan2d
'V# —___UF dp
Vi 'App > L,,
(dr) PR
dp  (Am?)”sin® 20
dr = 872G pE?
1 . . —
- Adi Hr tter N _1]:;_
. % Iﬂ L_:': = ,-_F,L: __ e}
i T A N
SICH F - - - - s s e s e e e — e o - - -
10" 1 10 10° 10° 10* 10°

27



Solar oscillations

[ X “min.=70.207 at (3.88e-01, 6.46e-05)
* b8= 1.040 hep= 1.000 'i Neutrinos produced at the
k sun (v,) oscillate to other

neutrinos via matter-

A NF (eV7)

-~-90% |
o _.g59; :.-" I/_F,_._m__q__\ | enhanced MSW.
)} Am? =8 x 105 eV?
~00.73% \\ * ||/ |
L, =300

SNO pure D,Q d/n spectra
+ SNO salt CC & NC & ES fluxes
+ SK-| zenith spectra + Cl « Ga B free |

=

10° .
tan=p

10
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Solar neutrino oscillations

Matter effect on v, from Sun to Earth
1 ef The LMA solar solution

Survival probability +
I T TTTTT | T T TTTI

T\SMA (A5t %eVE, sint26=8x10°)
\

’I]

matter effects

W o
o o
[ o ]
I|III|III

e
=
3

) -?: De\f2 gin? = . .
W | ---L-'fw_iﬂ o =i / explain beautifully
o 0'2 | B 7 E all solar neutrino experiments
T \ .
D E | | l“f-._l_l L1l et | L 111
107 108 10° 1.2
Energy (keV)
Solar nevtring spectrum L I S
umm- T 1T 1T 11711 | T 1T 1T 11711 ]
g - E]_p___—-—-.._ DEF = = GrE B =
-~ 105 i ) ;EIE - Ln SNDM
NE Ue-:: Be i Los 5 i
gE s 2 g _
~ L ab U N i
210 ' N e sl E R R A RN )] 0.2 Ga SNO, 5K
10f 10° 10" 0.0
Energy (keV) )
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Neutrino regeneration in the Earth ?

— . ._ ‘e 54 ‘ e |

e : .
' ; ..I-
; ™
s L -
e e oy o =
B s % i ¢
e » " - ... ]
.I- N .' " .. . "-I'
. L . =
at .f .. i
-II . ..%' A d iy
o® A s erectc
. ] - ] o _-.‘:‘i.l.- 4 :
l' --:‘E""-
.4 L - *" -
] ¥ E 4
- &
. "
_‘r = :u-.;_::::-qr- J

Day Night

-1 0 s
cosf,

All

=
4]
(-

Night

* SK sees no significant
day-night effect
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Mumber of Events

300

200

100

200 [
200 |

100

Atmospheric v oscillations

Suk-GeV e-like 300 - Sub-GeV p-like 60 L multi-ring 10.2
L F <400 Melic C P =400 MeVic - Sub-GeV p-like . - r T T 1 ]
4 200 [ a0 1.5x10-3 V2 < Am2 < 3.4 x 103 eV2 ]
ﬁ*’*ﬁ—kﬁL r i sin220 > 0.92 at 90% CL
- + [ 4 4+ : -
- 100 P + o0 Best Fit: -
r - <+ '+'
-IIIIIIIIIIIIIIIIIII I:I-IIIIIIIIIIIIIIIIIII I:I-II_+I_IIIIIIIIIIIIIIII | Sin228:1'02 _ggo,l
1 w5 0 05 1 1 05 0 05 1 1 05 0 05 1 & Am?2=2.1 x 10-3eV?2 i
. 400 . — > ¥2 = 174.9/177 dof 95%
Sub-Gel e-like C Sub-GeV p-like - multi-ring Q %2 = 465/179 dof for no osc 90%
P = 400 MeVic C P = 400 MeV/c o0k Multi-GeV p-like - ’ T
o S0 B = 68%
C r C <]
M 200 M : _+_
[ E - a0 C i
100 i
NSRRI NN BN NN 0:||||||||||||||||||| 0-|||||||||||||||||||
-1 05 0 0.5 1 -1 05 0 0.5 1 -1 05 0 0.5 1
- Multi-GeV e-like 150 - Multi-GeV p-like 200 C FC 10-3 | | | | |
- 4 - 150 F 07 075 08 085 09 0.95 1
100 | : . 9
: 100 b sin“20
VE s0f v, — vroscillations
-IIIIIIIIIIIIIIIIIII -IIIIIIIIIIIIIIIIIII :IIIIIIIIIIIIIIIIIII
4 05 0 05 1 %1 o5 0 05 1 %5 0 05 4 AmQ — 921 . 10_3€V2
cosh cosH CosH ’
Vv \Y) V . 9
e H H s1n“20 ~ 1
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Reactor experiments

* SBL 10-100m from the

reactor : exclusion regions =~ o =
* LBL ~1 km CHOOZ, o=k T_—-#_” -
sensitive to Atmospheric Jf ST \
neutrino parameter space o+ . &
o2 B
* VLBL 100km KamLAND oob 0 B B
evidence for R
disappearance
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LBL experiments

Chooz B
Nuclear Power Station
2 x 4200 MWth

distance = 1.0 km

Depth

300 mwe

- Liquid scintillator +6d [

* Coincidence from e’
capture and n-capture =]
(8Mev gammﬂ) L Undﬁ%ﬁigﬁ%ﬂﬁg Laboratory
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Chooz and Palo Verde

A

* No disappearance r
observed

 Excludes the | _.
region allowed by J
SK atmospheric )
neutrino anomaly .- TT—

Palo Verde
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KamLAND

* Measuring v, from several reactors in Japan

* 1200m3 of scintillator

Chimney = 1 . _~Calibration Device
x LS Balloon

(diam. 13 m)

Liquid SLmlll]aml;

(lkom) X Z X
I
Cﬂmammem P ot
(diam. IE m]'"‘--dL f, v _—
& AR Multipliers
#—-" Buffer Oil

=l
Outer Detector -

Outer Detector
PMT —ay
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Kamland location & flux

Many reactors contribute to the antineutrino flux at KamLAN!

o Dist | Cores | Py,.. | Flux Rate noosc™| “E,>3.4MeV
- km) | (#) | @W) | (emzst) [(yrt k1) | (Bprompe?2.6MeV)
_— — S— Kashiwazaki | 160 | 7 | 243 | 4.110° 2540 | ¢
7/ “ Ohi 79 | 4 [ 137 | 19108 1143
5 b Takehama | 191 | 4 | 102 | 121107 743 -3
€| .7 Tsuruga 138 | 2 45 1.0-105 62.5 3 3
P, i ).-f Hamaoka 214 | 4 | 106 1.0-10° 62.0 S
] 4 Mihama 46 | 3 | 49 | 1010 62.0 S
~Fussia Sika 88 | 1 | 16 | 9010 55.2 g
e o' [Fukushimal [349 | 6 | 142 | 5110° 3L g3
s 8 [Fukushima2 | 345 | 4 | 132 | 4810° 295 89
pe Tokai2 295 | 1 33 1610* 10.1 w §
Onagawa 431 3 65 1.5-10¢ 9.3 =k
Simane 401 | 2 38 1.0-104 6.3 s ‘g"‘
Tkata 561 | 3 | 60 8.3.10¢8 5.1 8§
Genkai 755 | _4 | 101 | 7.810° 48 N
. _ Sendai 830 | 2 | 53 3.410° 2.1
e Tomari 783 | 2 | 33 2.3.10° 1.4 |
West Asia v p— @ Michin 72| 4 | ns5 | 9910 6.1 | From electrical
- ] S |Yonggwang | 986 | & | 174 | 78108 48 power
d [ Einapases & |Kori 735 | 4 9.2 7.5-102 46 Japanese average
ik SR - 8 Wolsong 709 4 82 7.1-10 43 fuel used
Sria} mata @ [Tukushima Caikhi Total Nominal| - | 70 [181.7] 1.3-10¢ | 803.8

= i ¢ Fukushirms "-'...ZI I
Taunmn e

s r’ie.u ;
Tauanam h“”""’ Ha naoks

Y
3

L
e sonal Nices Saiety Ceits & ANE, Merr. 99
— 1 —— [ — <}

RUE 1%E RTE 1#E 1Z5E THE ME'E HE M.
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KamLAND results

L/E dependance !!

¢ Dlsappearance Of Ve “‘é" | 26 MeV prompt g gaml AND data
observed b T —
* Designed to check the 2% "7 -7 |
Large Mixing Angle o [Tt K
solar neutrino solution ° * =~

* R=0.658+0.044+0.047
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L/E_ (km/MeV)
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KamLAND confirms solar

oscillations

* LMA solution confirmed !

17/10/07

-+ 95% C.L.

-=-99%C.L.
—99.73% C.L.

% solar best fit
Pl 1 IIIIIIII

KamLAND+Solar fluxes

B 5% C.L.

99% C.L.

Bl %9.73%C.L.

B global best fit

L1l 1 4x10-5|||||||||||||||||||||||||||||

10 1

tan® 0

1.2x10™*
Ix10™*
N/-\
>
&, S|
o 810
g
<
6x10” |
. 95% C.L.
99% C.L.
- 99.73% C.L. B
@® KamLAND best fit
10 0.2 0.3
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0.4

0.5

tan> 0

0.6 0.7

0.8
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Accelerator exper'lmen’rs

‘ target and horn | decay region | absorber l dirt

detector

\; o ’

| ?f-f'%‘-fs'.;

primary beam secondary beam tertiary beam

-

-

(protons) - {mesons) (neutrinos)

* Neutrinos produced by the decay of pions, kaons and muons from a proton

17/10/07

beam onto a target

- Pion decay in flight: mostly muon neutrinos (OR anti-neutrinos) with
energies ~ GeV or more; e.g. SBL: CHORUS, NOMAD, CHARM, LSND;

LBL: MINOS, OPERA, ICARUS, T2K

- Muon decay at rest: muon anti-neutrinos of low energy from
muondecay, with energy ~ tens MeV; e.g. KARMEN, LSND

- Beam dump: protons of very high energy are completely stopped by a
target; muon and electron neutrinos with energy ~ 100 GeV

Muriel.Vander.Donckt@cern.ch

39



17/10/07

Only LSND claims a
signal in 7« — 7 and
weaker in Ve 7 Ve

L=30m E~30MeV
Not confirmed by

10

lam?| (evie)
|

10°F

- [ tsnpoox oL

OTher‘ exper‘imen.rs -I !j LE.r.JDgIg%:::JI_.I 5

I
m MAINIBOONE Q0% CL.

== KARMENZ 00% C L. |
= = ELigey 20% ©.L.

e, 5107

10°
1072
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10
sin®(24)

107

1 |Tﬁu1ﬂ.g
1
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MiniBoone
e, * Concept of sterile
neutrino:
- non-interacting light
= particle

R - . .
i M;}_ i s il g . SIHQIQT in the SU(2)xU(1)
Rl s
§ 1_,:,;__ - v, background gr'OUp

0.8

- mixed with active

. oaff z:_;jﬁfedbﬂ*@lmnﬂ heutrinos

i n_s- —- smzr_E‘Hfl=;lfrl'-:-. Amt=1.0 ey®

Lull  swesssw || 2500m E=500MeV
g u.z.—"J I_\:

e E,ifi, =1 Now running anti-nu mode

reconstructed E, [Mea'V)
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Absorber Muon Monitors

Target D 1
ecay Pipe

\ Target Hall A

120 GeV - . |

protons ._\ y

From #1 -
Main Injector HDI'IIS#
10 m 30m

Schematic Overview
of K2K

Minos & K2K:

GPS Satellite
(broadcasts time)

Proton
Synchrotro

s R S \@EM
-------------------------------- RLLLLEEE LR RN T EREY (R = _"'--..__L_HH
>I KE;EBar

f T =]
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K2K/Minos: confirm atmospheric
oscillation with a controled beam

Michigan
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Cross sections and energy reconstruction

Inelastic scatterings ] . . .
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i e.ﬂ vy +tn—=>put+tp H
v O
_ n ]} Vv l:]

Beam E~1206GeV

Oscillation maximum

e v. Cross-sections - @295km
M ] v, Cross-sections T

=
V]

IIIl1I||III|III|III

/HE@J_M 1.2 /’ Total (NC+CC);
/m E CC Total ]
08 2 T T

o/E (10-33cmZGeV)

o/E (10-8cmGeV)
L+ ]
o -

\CC quasi-elastic ]

IIIl'lIlIIII|III|III

=
o
Q
{1¢]
=
o
n

"""""
-----

/ .

YA AT AR

D511.522533.54

-l

0
E, (GeV) 05 1 15 2 25 3 35 4

Oscillation maximum@750 km
17/10/07 Muriel.Vander.Donckt@cern.ch 44




DeTecTors

Far Detectnr

Near Detetor
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v-interaction (QE) —

Neutrinos in

water & iron
V,, CC Event NC Event

Inelastic scatterings
vptn=ptp+m

. r P
-long p track+ hadronic - short event, often * short, with typical
activity at vertex diffuse EM shower profile
Ev = EShOWEI'+P:},L
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Minos/K2K fsul’rs

Oscillation Results for 0.93E20 p.o.t ; 1
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Oscillations revisited

Oscillation parameter central value 99% CL range
solar mass splitting -_lmif.;, = (8.0+0.3) UI‘ "eN* (r2a8 9y 10~ o oV *
. . . J o = ]
atmospheric mass splitting ~ |Am3q| = (25+0.2) 10~ dav? (21=31)10%&V?
solar mixing angle t: 'mE g = 0.450.05 30° < f49 < 38°
m111[‘41'111t"-1‘ir- 1111\:'1115_{ angle  sin®26y = 1.024+ 0.04 36° < O3 < H4°
CHOOZ mixing angle sin” 28 = 0310056 fi3 < 10
m2 m2
A - v, A
Normal -, Inverted
-V
m32—— I Y — I ——m22
solar~7x109eV?2
) ] ——f]"a'ﬂ]2
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?
0 x 0
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The neutrino mixing matrix

Ve Vi If 6 #0,m21m..then weak interactions violate CP

V|~ U V5 symme;rr'y in the lepton sector (as in the quark
sector

V. Vs

atmospheric CP violation phase

Ci3 0
0 0
~5,,€ 1

Links atmospheric & solar sectors
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