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Two disconnected two-flavour mixings

Solar neutrino parameters

=

Am2 ~ 8 x 107° eV2, f ~ 32° /

v

Atmospheric neutrino parameters
e __74,\2 Am2, ~25x 1073 eV?, Oy, ~ 45°
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Two disconnected two-flavour mixings

Solar neutrino parameters

Atmospheric neutrino parameters
P AME,, ~ 2.5 X 1072 eV, Oy ~ 45°
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0 General formalism for three flavours

e Matching with atmospheric and solar solution



0 General formalism for three flavours



Flavour eigenstates and mass eigenstates
Ve q
VH — Vo
Vr v3




Flavour eigenstates and mass eigenstates

y

Definitions of flavour eigenstates

@ ve: Interacts to give e~

@ v,: Interacts to give p~
@ v, Interacts to give 7~




Flavour eigenstates and mass eigenstates

Definitions of flavour eigenstates

@ ve: Interacts to give e~
@ v,: Interacts to give p~
@ v, Interacts to give 7~

Definitions of mass eigenstates

@ v3: The state that does not participate in solar oscillations
(the state “further away”)

@ 1»: The heavier state involved in solar oscillations

@ v4: The lighter state involved in solar oscillations

N




Assigning Am? values from available data

Solar data

2 _ .2 2 _ 2
Amg =m; —my=Am5,

° Anfl > 0 by definition
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Assigning Am? values from available data

Solar data

2 .2 2 _ 2
AmemQ—m1 = Amg,

e AmZ, > 0 by definition

v

Atmospheric data

ANy = mg — (m + ) /2

D — 2
oAm31:m3

D — 2 o)
coAm32:m3—m2

2
_rr]1

2~ Am2. ~ 2
@ Amgy =~ Amg, =~ Amyg,,
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Assigning Am? values from available data

Solar data

2 2 2 _ 2
Amg, = m; —my = Amg,

@ Am? > 0 by definition

v

Atmospheric data

ANy = mg — (m + ) /2

D — 2
oAm31:m3

D — 2 o)
coAm32:m3—m2

2
_rr]1

2~ Am2. ~ 2
@ Amgy =~ Amg, =~ Amyg,,
2

@ Sign of AmzZ;,, unknown:

Measured quantity P,,, = 1 — sin®20sin®(Am2,,

L/(4E))

4




The mixing matrix

Vo = Z UaiVi J
i

Ve Ut U2 Ues 4]
vy | =\ Un Uz Usg v2
Vr U’T1 U7'2 UT3 V3

PMNS matrix: elements in general complex

Ve = Uélyl + UCZVZ + U€3 73
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Vacuum oscillations with three neutrinos

Starting with a flavour eigenstate v,,:

16(0)) = Uat|v1) + Unz|ve) + Uaslvs)



Vacuum oscillations with three neutrinos

Starting with a flavour eigenstate v,,:
[va(0)) = Uat|v1) + Uaz|v2) + Uaslvs)
After propagation:

L _mL _mhL
[Va(t)) = Uptlv1)e7' 28 + Uyplvp)e™' 28 4 Uyglrs)e ' 2E



Vacuum oscillations with three neutrinos

Starting with a flavour eigenstate v,,:
[va(0)) = Uat|v1) + Uaz|v2) + Uaslvs)
After propagation:

L _mL _mhL
[Va(t)) = Uptlv1)e7' 28 + Uyplvp)e™' 28 4 Uyglrs)e ' 2E

Projection on flavour eigenstate |vg):

2 maL

maL 2L .
(valva(t) = Ujy Unt €2 + UppUnpe ™ 3 + Uy Unge™ 2



Conversion / survival probability

meL “maL L
<V5|Va(t)> = UZ;1 Uat e_lﬁ aF UEQUage_I% + UESUase_’% }

'P
YV, -V,
FTPRTS Py = |walva(t)
= U1 Uat |2+ |UppUn2l? + |Usa Uns ?
2 2[
/"‘U,m a2U,6’2 @—G—CC
Dolf’\L +U51U’:¢3U53U‘e Ly cc.

2 m2
+Uso a3U330'e Sl 4 e,
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P,s: further simplification

af

Paﬂ = ‘U[>§1 Uar |2 + ’U,(>§2Ua2|2 + |UE3 U0£3|2
‘Q!{e(ljaerZIAm ) {Re(mam:anIAm ) ‘t’)_Re(Da523 e2’1A32)
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P,s: further simplification

aU/j Ua, Udj U,t/ U*

Pas = |Us1Unt? + [UspUn2f? + |Uj3Uaal?
2iAp1 2iAas 2iAsp
+R6(Da5126 ) + Re(Damg,e ) + Re(Daﬁg;ge )

Pag = |U51Unt P + |UspUn2l? + |UjaUns|?

+> " 2Re(ag) C0S(24) — > 2Im(L, ) sin(24)
i<y i<f



P,s: further simplification

aU/j Ua, Udj U,t/ U*

Pas = |Us1Unt? + [UspUn2f? + |Uj3Uaal?
2iAp1 2iAas 2iAsp
+R6(Da5126 ) + Re(Damg,e ) + Re(Daﬁg;ge )

Pag = |UsUal? + [UUnzl® + |Ujg Uns?
+> " 2Re(ag) C0S(24) — > 2Im(L, ) sin(24)
i<y i<f
Pop = 6ap — »_ 4Re(agj) Sin®(4j) — 2 ) Im(O,gy) sin(24)

= i<j i<j
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Features of P,z

Pop = 6ap — »_ ARe(Oagj) sin®(4j) — 2 Im(O,gy) sin(24)
i<j i<j

ad/j Ua, UJJULU*
o (m2 m2)
Aji = 45
@ No-oscillation term
@ CP-conserving oscillation term

@ CP-violating oscillation term
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Parameterizing Upyns With three mixing angles

Neglect CP violation = Real Upyns matrix J

U = Ro3(023)R13(013)R12(012)

1 0 0 ci3 0 843 Cio Si2 0
= 0 o3 So3 0 1 0 —S12 C12 O
0 —Sy3 ©Co3 —s13 0 c13 0 0 1

C12C13 S$12C13 S13
= —812C23 — C12523513  C12C23 — S$12523513  S23C43
812823 — C12023513  —C12S23 — S12C23513 C23C13

ci = cos b, s; = sinb,;



e Matching with atmospheric and solar solution



Reactor neutrino experiments

_— Bvak 4k

; *
Dec 2 < %IUCZU:Z Ve Cé‘

Pee = 1_%-&%2"39%1—)
_4‘U62‘2’Ue3’2 Sinz(A32) - 4|Ue1 ‘2|Ue3’2 Sinz(ACﬂ)

~ & 1 - Al' ,UQ;,L SI\L%_’}I)( \U€ZIL+ )Uella>
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Reactor neutrino experiments

Pee = 1—4|Ug|?|Ue2|?sin?(A21)
~4|Ugp|?|Ues|? sin®(Ag2) — 4|Uet 2| Ueg|? sin®(Asz1)

Poe ~ 1 — 4|Ugs|?(1 — |Ues|?) sin®(Agz1)



Reactor neutrino experiments

Pee = 1—4|Ug|?|Ue2|?sin?(A21)
~4|Ugp|?|Ues|? sin®(Ag2) — 4|Uet 2| Ueg|? sin®(Asz1)

Pee 1= 4Uss*(1 — |Usal?)sin’(8c:)
& 55 Cp,"

Pee =1 — sin2 2013 sin2(A31)
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Results from CHOQOZ

107

[ The region The region
[ allowed from disallowed from
b CHOOZ data

CHOOZ data

90% CL allowed region
from Sk+K2K :

173 Using I/E range

2 2
Am®, /eV

i3 Using the zenith range

@ E,~3MeV,L~1000m = Agp ~ 1,A» < 1
@ Disappearance experiment: null result (no disappearance)



Results from CHOOZ

107

T
[ The region The region
[ allowed from

+ CHOOZ data

disallowed from
CHOOZ data

90% CL allowed region
from Sk+K2K :

173 Using I/E range

2 2
Am®, /eV

i3 Using the zenith range

@ E,~3MeV,L~1000m = Agp ~ 1,A» < 1

@ Disappearance experiment: null result (no disappearance)
@ |Ugs|?(1 — |Ussl?) < 0.05, consistent with zero

@ |Ugs|? < 0.05 (30) or |Ugs|? > 0.95 (30)



Results from CHOOZ

107 Ty
[ The region The region
[ allowed from disallowed from
+ CHOOZ data CHOOZ data

90% CL allowed region
from Sk+K2K :

173 Using I/E range

2 2
Am®, /eV

i3 Using the zenith range

E,~3MeV,L=1000m = Azs ~ 1, A < 1
Disappearance experiment: null result (no disappearance)
|Ue3|?(1 — |Ues|?) < 0.05, consistent with zero

|Ugs|? < 0.05 (30) or |Ugs|? > 0.95 (30)

sin® 013 < 0.05 or sin® A3 > 0.95



Atmosphetic neutrino conversion probability

i Xy
L{'\Mlzz %[U/ﬂzqmu,m cte

P = 1—4U Pl sinétAgT) —

- 4|U,22|U,3]2 sin®(Ag2) — 4| U1 2| U,a 2 sin®(Ag1)

~ 1 21Ul 512(0ar) (WUl W | )
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Atmosphetic neutrino conversion probability

Py = 1—4{U,UpPsin?(Ag) —
4|U,27| U3 P sin®(Ag2) — 4|U,1 2| U3 /2 sin?(Agy)

Py ~ 1—4|UgP(1— |Uusl?)sin®(As)
~ 1- 40123553(1 - C?ssgs)Sinz(Am)



Atmosphetic neutrino conversion probability

Py = 1—4{U,UpPsin?(Ag) —
4|U,27| U3 P sin®(Ag2) — 4|U,1 2| U3 /2 sin?(Agy)

P ~ 1 —4UusP(1 - |Uyusl?) sin®(Ag)
~ 1 —4c%,55,(1 — c2385;) sin(Asy)
A Z
> “Sz3Cus
When sin i3 ~ 0: P, ~ 1 — sin® 2053 sin(Am3, L /4E) v
When sinfi3 ~1: P, ~1 = No oscillations X
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Atmosphetic neutrino conversion probability

Py = 1—4{U,UpPsin?(Ag) —
4|U,27| U3 P sin®(Ag2) — 4|U,1 2| U3 /2 sin?(Agy)

Py ~ 1—4|UgP(1— |Uusl?)sin®(As)
~ 1- 40123553(1 - C?ssgs)Sinz(Am)

When sin i3 ~ 0: P, ~ 1 — sin® 2053 sin®(Am3, L /4E)
When sinfy3 ~1: P, ~1 = No oscillations

023 =~ Oatm, 013 ~0 )




Solar neutrino problem with three flavours

Ve 1
( Uy ) = Ro3(023) Ry3(0) Ry2(f12) ( 2 )
Vr V3

New basis:
Ve . Ve
Ux = R2|3(923) Yy
vy vy



Solar neutrino problem with three flavours

Ve 1
( Uy ) = Ro3(023) Ry3(0) Ry2(f12) ( 2 )

Vr V3

New basis:

Ve ) I/e
Vx | = R2|3 (623) | v
vy vy

Ve 72 1
( x ) = R};(023) Rea(023) Ri2(612) ( 2 ) = Ri2(012) ( 2z )

vy V3 V3



Reducing solar neutrino problem to two flavours

Ve Ci2 Si2 0 1
vx | =1 —S12 ¢2 0 2
vy 0 0 1 V3



Reducing solar neutrino problem to two flavours

Ve Ci2 Si2 0 1
vx | =1 —S12 ¢2 0 2
vy 0 0 1 V3

® 13 = v, decouples
@ Two neutrino mixing:

Ve \ _ Ci2  S12 V4
Vx —S12 C12 V2

@ Mixing angle 61>



Reducing solar neutrino problem to two flavours

Ve Ci2 Si2 0 1
vx | =1 —S12 ¢2 0 2
vy 0 0 1 V3

® 13 = v, decouples
@ Two neutrino mixing:

<Ve> ( Ci2 S12>(V1>
Ux —S12 Cq2 V2
@ Mixing angle 61>

/912:06 (when 613 = 0) J

v~ Solar oscillations are v < vy )
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Net three-flavour picture (No CP violation)

Mass squared differences
° Am3, = Am? ~8x 107 5eV?
© Am3, ~ Ami, ~ Am3,, ~ 25 x 1073 eV2 _~

i

@ v, = Ro3(023)R13(613) R12(012) vi
o 913 ~0

o 923 ~ Oatm ~ 45°

@ 010 = 0 ~ 32°

A\
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Neutrino mass-flavour spectrum
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