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vy Neutrino Flavor Mixing
Ve
W # Neutrinos come in at least 3 flavors:
U, B, x v, — associated with electron
1 &l * v, — associated with muon
i U, * U — assoclated with tau
Vr
Ve v,
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1%
Vuy * Neutrino Flavor MiXing
U [ #» Neutrinos come In at If_east 3 flavors:
Ll * Vg — assom_ated W|_th electron
v, §: * v, — associated with muon
U, * vy — associated with tau
U, # Association = in a weak process when (say) an
Ve v, electron Is created, it is accompanied with
vV, something we call v, — which when detected close to
Ve the source comes associated with the same
U, charged lepton
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1%
Vuy * Neutrino Flavor MiXing
U [ #» Neutrinos come In at I_east 3 flavors:
Ll * Vg — assom_ated W|_th electron
v, e * v, — associated with muon
U, * vy — associated with tau
U, # Association = in a weak process when (say) an
Ve v, electron Is created, it is accompanied with
vV, something we call v, — which when detected close to
Ve the source comes associated with the same
U, charged lepton

# What happens when it is detected “far away”?
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vy Neutrino Flavor Mixing
Ve
W # Neutrinos come In at least 3 flavors:
U, B, x v, — associated with electron
1 &l * v, — associated with muon
i U, * U — assoclated with tau
U, # Association = in a weak process when (say) an
Ve v, electron Is created, it is accompanied with
Vy something we call . — which when detected close to
Ve the source comes associated with the same
U, charged lepton
# What happens when it is detected “far away”?
# What if we detect either less neutrinos of the original

Kind or a neutrino with a different flavor (associated
with a different charged lepton)

SANDHYA CHOUBEY NEUTRINO OSCILLATION PHENOMENOLOGY -1 JIGSAW 2007, 12.02.07



1%
M : ..
vy Neutrino Flavor Mixing
Ve
W # Neutrinos come In at least 3 flavors:
U, B, x v, — associated with electron
1 &l * v, — associated with muon
i U, * U — assoclated with tau
U, # Association = in a weak process when (say) an
Ve v, electron Is created, it is accompanied with
Vy something we call . — which when detected close to
Ve the source comes associated with the same
U, charged lepton
# What happens when it is detected “far away”?
# What if we detect either less neutrinos of the original

Kind or a neutrino with a different flavor (associated
with a different charged lepton)

# Can be explained if neutrinos had mass and if they
were also “mixed”
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vy Neutrino Flavor Mixing

Vr # What is neutrino flavor mixing?
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vy Neutrino Flavor Mixing

Ve
I’jr # What is neutrino flavor mixing?
e v . . .
., ® It means that the neutrinos states defined in terms
{ v, of the states involved in weak interactions do not
55 have definite mass
2
U
e Vu
Uy
Ve
Vr
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vy Neutrino Flavor Mixing
Ve
57 # What is neutrino flavor mixing?
VZ Vi # |t means that the neutrinos states defined Iin terms

v, of the states involved in weak interactions do not
have definite mass

Vr
Ve v, The states which have definite mass (eigenstates of
vV, the mass basis) form a separate eigenbasis
Ve
Vr
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Ve v,
vy Neutrino Flavor Mixing

Ve
57 #® What is neutrino flavor mixing?
(&
17 Y# o It means that the neutrinos states defined in terms
{ v, of the states involved in weak interactions do not
55 have definite mass
2
Ve v, The states which have definite mass (eigenstates of
vV, the mass basis) form a separate eigenbasis
1% .
§ #® The two sets of eigenstates are related through a
Vr

unitary transformation
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vy Neutrino Flavor Mixing
Ve
57 # What is neutrino flavor mixing?
VZ Vi # |t means that the neutrinos states defined Iin terms

v, of the states involved in weak interactions do not
have definite mass

Vr
Ve v, The states which have definite mass (eigenstates of
vV, the mass basis) form a separate eigenbasis
1% .
§ #® The two sets of eigenstates are related through a
Vr

unitary transformation

# In other words in a simple 2 generation picture we
can write v, = cosf vy +sinf vy

v, = —sinb v+ cosb vy
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vy Neutrino Flavor Mixing

Uy
Ve
VT ’
Ve y, .
Vi
Ve
Vr
V )
e vy,
Yy
U, .
Vr
o
o

What is neutrino flavor mixing?

It means that the neutrinos states defined in terms
of the states involved in weak interactions do not
have definite mass

The states which have definite mass (eigenstates of
the mass basis) form a separate eigenbasis

The two sets of eigenstates are related through a
unitary transformation

In other words in a simple 2 generation picture we
can write v, = cosf vy +sinf vy

v, = —sinb v+ cosb vy

The states v and v, are “mass eigenstates”
The states v, and v, are “flavor eigenstates”
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Vr
Ve
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Vr

Neutrino Flavor Mixing

#» 0= "Mixing Angle”: Quantifies the relative
contribution of the mass states in v, and v,, —

It quantifies the “mixing”
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Vi

Ve
Vr
Ve
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Uy

Ve
Vr

Neutrino Flavor Mixing

#» 0= "Mixing Angle”: Quantifies the relative
contribution of the mass states in v, and v,, —

It quantifies the “mixing”

» Suppose we produce v, In a weak process. Its
created as a mixture of v; and v, components

Ve — cosO v1 +sinf vy
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vy Neutrino Flavor Mixing
Ve
W #» 0= "Mixing Angle”: Quantifies the relative
T - - c
Ul s contribution of the mass states in v, and v, —
v, e it quantifies the “mixing”
Ve » Suppose we produce v, In a weak process. Its
Vr created as a mixture of v; and v, components
Ve 1,
% — i
Vp » Aftertimet cost vy +sind vy

“Ve(t)" = cos @ e 1 1y +sinf e B2 1y
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vy Neutrino Flavor Mixing
Ve
W #» 0= "Mixing Angle”: Quantifies the relative
VZ 39 contribution of the mass states in v, and v, —
v, e it quantifies the “mixing”
Ve » Suppose we produce v, In a weak process. Its
Vr created as a mixture of v; and v, components
Ve 1,
% — i
Vuy » Aftertimet cost vy +sind vy
(& . .
.. “Ve(t)" = cos @ e 1 1y +sinf e B2 1y

#® [raction of v, In this beam is

<Ve‘ “Ve(?f)”> — COS2 0 e_iElt + Sin2 0 e—z'Egt
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1 : .
vy Neutrino Flavor Mixing
Ve
W #» 0 = “Mixing Angle”: Quantifies the relative
VZ 39 contribution of the mass states in v, and v, —
v, e it quantifies the “mixing”
Ve #» Suppose we produce v, In a weak process. Its
Vr created as a mixture of v; and v, components
Ve 1,
% — i
Vuy » Aftertimet cost vy +sind vy
(& . .
.. “Ve(t)" = cos @ e 1 1y +sinf e B2 1y

® Fraction of v, In this beam Is
<Ve‘ “Ve(?f)”> — COS2 0 e_iElt + Sin2 0 e—iEgt
# “Survival Probability”

Am?L
P.. = 1 — sin® 20 sin? ( Z?
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INCOMING
COSMIC RAYS

ZENITH

SK collaboration: Japan, USA, Korea, Poland
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vV
H : .
Yy Atmospheric Neutrinos
Ve
U, 10 —— .
U, v,
Y HI/ Data best explained by
= v, — v, vacuum oscillations:
T LT 2
1/33/ g > P,,. = 1—sin? 20o5 sin? 27 L
nooo
Vi 5 |
Ve Best-Fit:
----- 99% C.L. 2 _ -3 @\/2
Vr — 90%C.L. 4@31 = 2l ey
......... 68% C.L. sin® 2653 = 1.0
10 I N .

07 075 08 08 09 09 1
sin“20
SK Collaboration, hep-ph/0501064
® Results confirmed by K2K (Japan) and MINOS (US)
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prompt (

®» Reactor antineutrinos detected
In liquid scintillator
D+ 1, —n+ et

Ob d _
» Ghserved _ ()686 £ 0.063

® Am3,=8x107° eV2,sin? 13 = 0.3
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vV
v
Vi CHOOZ
Ve
vV
VT /|
e u _
. §: IEXEEEEEEEXEE] # Detects 7, through
HI/ Ela]ltllgi i . . | steel
N Ve +p— €' +n
VT cunéa&lpﬂr:‘lmnl
V f
& Vl’l’ aclj.rl:]v;
U R ® L ~1km
He & »FE~4MeV
Vs B e o 'n‘ ® L/E ~ 250 km/MeV
| bow activity gmv::l ahmldmg

— T 1= T T T ]
]

© 0 T Ay ~ 124km: g ~ 4km
9 Am%lL
AE

L << A9y = sin

# Am3, driven oscillations will be relevant
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Vi CHOOZ

Ve )
Vr Py = 1-4Y |Ual?|Us) [ sin2 —-L
Ve v, o ;‘ eil” 6‘7‘ > 4F

vV

J

Am3, L
Ve = 1 — 4|Ue1|*|Ue|? sin? Z%l

Vr
Ve o Am3 L Am3,L
v, Y —4|Ue1 P|Ues|? sin* = 2= — 4|Uea*|Ues ? sin® — 22

Ve Am3, L
U ~ 1 — 4|Ua1|*|Uea|* sin’ 421

Am32, L
—4|Ue3|*(|Ue1)* + |Ue2|?) sin? o1
4F
Am3, L A
= 1 4|Uu1|?|Uea|? sin? Ti} — 4|Ues2(1 — |Uea[?) sin? Tgl
o Am3, L o Am3, L

Y
a4

SANDHYA CHOUBEY

1 — 4|Uus]*(1 — |U.3|?) sin —1 — sin® 260;3 sin

1K 1k
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# No depletion of events ob-
served

® P (observed) ~ 1

®P..(Th) = 1 -

-2 -2 Am%ll)
sin” 2013 sin” ==

# We know that Am3,; was rel-
evant for oscillations

o # Therefore 613 — small
= b ] At3o,sin*f3 < 0.04

10
MeV

# Limit on ;3 will come from a \? analysis of the data
and will be determined mainly by the error involved.
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Yy Neutrino Oscillations in Matter

Vr # Neutrinos travelling in matter will interact with it.
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Yy
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Vr
Ve y,
Vi

Ve
Vr
Ve y,
Uy

Ve
Vr

Uy

Neutrino Oscillations in Matter

# Neutrinos travelling in matter will interact with it.
# Normal matter only has e—, p and n.
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Ve
Yy
Ve
Vr
Ve y,
Vi

Ve
Vr
Ve y,
Uy

Ve
Vr

Uy

Neutrino Oscillations in Matter

# Neutrinos travelling in matter will interact with it.
# Normal matter only has e—, p and n.
#» Only v, and v, have charge current interactions.
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Ve
Yy
Ve
Vr
Ve y,
Vi

Ve
Vr
Ve y,
Uy

Ve
Vr

Uy

Neutrino Oscillations in Matter

# Neutrinos travelling in matter will interact with it.

# Normal matter only has e—, p and n.

#» Only v, and v, have charge current interactions.

ve+e  — ve+e (CC+ NCO)
UVe+e — Ugt+e (CC+ NC)
vy +e,p,n — vy +ep,n (NC)
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Uy
Ve

Vr
Ve y,

Uy

Ve
Vr

U
e vy,
Uy

Ve

Vr

Neutrino Oscillations in Matter

# Additional interaction brings in additional terms
(potential) in the neutrino Lagrangian
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Yy Neutrino Oscillations in Matter

Ve
Vr #» Additional interaction brings in additional terms
Ve Vy (potential) in the neutrino Lagrangian
1%
i # “Matter induced potential”
(&
1% _ ~
PR LG = —2V2G (e ver ) (PervuerL)
Vp
Uy
Ve
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1%
H : : : :
Vuy Neutrino Osclillations in Matter
(&
Vr #» Additional interaction brings in additional terms
Ve v, (potential) in the neutrino Lagrangian
1%
v}

1 #» “Matter induced potential”
(&

1% _ N
PR LG = —2V2G (e ver ) (PervuerL)
Un
vV . . .
“V ® Using Fierz Transformation one can rearrange
e

i LS5 = —2V2G p(Terv"ver) (ELueL)
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1%
H : : : :
Vuy Neutrino Osclillations in Matter
(&
Vr # Additional interaction brings in additional terms
9
Ve Vy (potential) in the neutrino Lagrangian
1%
‘. ® “"Matter induced potential”
1% . _
BeN Left = —2V2Gp(eryver) (Perper)
v
V“Ve ® Using Fierz Transformation one can rearrange
Vr

LS5 = —2V2G p(Terv"ver) (ELueL)

» ((ervuer)) = $Nebuo
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1%
H : : : :
Vuy Neutrino Osclillations in Matter
(&
Vr # Additional interaction brings in additional terms
9
Ve Vy (potential) in the neutrino Lagrangian
1%
‘. ® “"Matter induced potential”
1% . _
BeN Left = —2V2Gp(eryver) (Perper)
v
V“Ve ® Using Fierz Transformation one can rearrange
i LS5 = —2V2Gp(Ver v ver) (€L Vuer)

» ((ervuer)) = $Nebuo

® Voo = V2GEN,
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Yy Neutrino Oscillations in Matter

Vs # One can similarly get for the neutral current

SANDHYA CHOUBEY

Ve = V2Gp S NI — 25in? QW)
/
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1%
H : : : :
Vuy Neutrino Oscillations in Matter
e
Zr # One can similarly get for the neutral current
e
v
VMV a5 Vne = V2GF Z Ny Ué? — 2sin” O Q')
e
/
vV (f)
Ve foLg QY
7 H e —1/2 —1
Ve p 1/2 1
U+ n —1/2 0
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1%
H : : : :
Vuy Neutrino Oscillations in Matter
e
57 # One can similarly get for the neutral current
e
v
VHI/ P Vo = \/iGF Z Nf[]:g{) — 2 Sin2 QwQ(f)]
e
/
vV (f)
s ’TV oI Q(f)
8:.k'% e —1/2 -1
Ve p 1/2 1
Vr n —1/2 0

o Normal matter has N, = N, and so their contribution
cancels out and only the neutron contribution stays
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1%
H : : : :
Vuy Neutrino Oscillations in Matter
e
57 # One can similarly get for the neutral current
e vy
v
Al » Ve = V2Gp S NI — 25in? QW)
e
/
vV (f)
) ’TV oI Q(f)
v, & e —1/2 -1
Ve p 1/2 1
Vr n —1/2 0

o Normal matter has N, = N, and so their contribution
cancels out and only the neutron contribution stays
Ny,

Ve = —V2G g ;
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1%
H : : : :
Vuy Neutrino Oscillations in Matter
e
57 # One can similarly get for the neutral current
e
v
VHI/ P Vo = \/iGF Z Nf[]:g{) — 2 Sin2 QwQ(f)]
e
/
vV (f)
s ’TV oI Q(f)
8:.k'% e —1/2 -1
Ve p 1/2 1
Vr n —1/2 0

o Normal matter has N, = N, and so their contribution
cancels out and only the neutron contribution stays
Ny,

Ve = —V2Gp 5
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Yy Oscillation Probabilities in Matter
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Yy Oscillation Probabilities in Matter

Vs # Evolution equation in the flavor eigenbasis:

Vy d (ve(t) 1, [ velt)
3 a (w) BECHE (wb(t))
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Yy Oscillation Probabilities in Matter

Vs # Evolution equation in the flavor eigenbasis:

Vi d [ve(t)\ [ Ve(t)
3 Zﬁ(w(t)) =3 (%(ﬂ)

Ve Y,
v 2
vV m my 0 t A+ A4, O
0 =U U
Ve F ( 0 m%) i ( 0 Anc

A =4+22Gpn.E (+ = neutrinos) (— = antineutrinos)
® A,.=TV2Grn,E (— = neutrinos) (+ = antineutrinos)

# A has dimensions of eV?
#A=15x10"°eV? (=) [core of sun]

A =17x%x10"3eV? (4.5 gpm/cc) (=4--) [earth]
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1%
H : : cre :
Vuy Oscillation Probabilities in Matter
e
Zr # Evolution equation in the flavor eigenbasis:
e
v}
Vy ¢ 1 ¢
Ve i L[ veld) = —=MTP velt)
o dt \ v, (t) 2F v, (t)
.
Ve 1,
v 0 0 A0
vV m _ T
v, E U(o Am2>U+ 0 0

A =4+22Gpn.E (+ = neutrinos) (— = antineutrinos)
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Yy Oscillation Probabilities in Matter

Vs # Evolution equation in the flavor eigenbasis:

VH . d Ve(t) B 1 m Ve(t)
3 & (vm)) 2 (wﬁf))

Ve vy,
K 0 0 A 0
vV m __ T
1L =U U
Ve 1 (O Am2> - (O O)

A =4+22Gpn.E (+ = neutrinos) (— = antineutrinos)

# Evolution equation in the flavor eigenbasis:

d [ aee(t) 1 [A— Am?cos20 Am? sin 20 Qee (1)
i N
dt \ e, (1) 4E Am?sin20  —A+ Am?cos20 | \ aey(t)
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Yy Oscillation Probabilities in Constant Matter

Zr #® Solve analytically the coupled differential equation of
S motion to get a.. and then P, = |a..|*.
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1%
H : : cre :
Vuy Oscillation Probabilities in Constant Matter
e
57 #® Solve analytically the coupled differential equation of
Ve vy motion to get a.. and then P, = |a..|*.
“ye # Diagonalize the mass matrix in matter M’
Vr
M? 0
Ve V[L U%M%”LU - 1 ,
vV 0 M;
Ve
Vr

SANDHYA CHOUBEY

Ve cosf,, sinb,, Iz
vy, —sinf,, cos6,, iz
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Yy Oscillation Probabilities in Constant Matter

Vs # Evolution equation in the flavor eigenbasis:

4 ;2 d [ aee(t) 1 [A— Am?cos20 Am? sin 20 Qee(t)
T— = —
“ dt\ae(t))  AE\ Am2sin20  —A+Am2cos20) \ ae,(t)
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Yy Oscillation Probabilities in Constant Matter

Vs # Evolution equation in the flavor eigenbasis:

4 ;2 d [ aee(t) 1 [A— Am?cos20 Am? sin 20 Qee(t)
T— = —
“ dt\ae(t))  AE\ Am2sin20  —A+Am2cos20) \ ae,(t)

7,
i Yn e Eigenvalues of this mass matrix are:
i
7.
i M2, — il [(—A + Am? cos 20)? 4+ (Am?sin 29)2] e
V’T 2,1 2
1/2

Amz, = [(—=A+ Am?® cos 20)* + (Am? sin 26)?]

m
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Yy Oscillation Probabilities in Constant Matter

Vs # Evolution equation in the flavor eigenbasis:

4 ;2 d [ aee(t) 1 [A— Am?cos20 Am? sin 20 Qee(t)
T— = —
“ dt\ae(t))  AE\ Am2sin20  —A+Am2cos20) \ ae,(t)

7,
Vi o Eigenvalues of this mass matrix are:
Ve 9 1 9 9 9 . 9711/2
U, M3, = i§ (—A+ Am® c0s20)” + (Am* sin 260)7]
1/2

Am?2 = (—A+ Am? cos 20)% + (Am? sin 2(9)2]
# Eigenvectors of this mass matrix give:

Am? sin 26

tan 20, =
A =Um — A+ Am? cos 26
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Yy Oscillation Probabilities in Constant Matter

Vs # Survival probability in matter is

SANDHYA CHOUBEY

AmZ, L
ngl—siHQQQmsinQ( M )

15

NEUTRINO OSCILLATION PHENOMENOLOGY -1
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Yy Oscillation Probabilities in Constant Matter

57 # Survival probability in matter is
N L Am? L
vV, g P!’ =1 —sin 290, sin” M
N AE
(&
VVT #» Both mass squared difference and the mixing angle
€ Vy and hence P,. could change substantially in matter
vV
v
Ve
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Yy Oscillation Probabilities in Constant Matter

57 # Survival probability in matter is
N L Am? L
vV, g P!’ =1 —sin 290, sin” M,
N AE
(&

VVT #» Both mass squared difference and the mixing angle

€ Vy and hence P,. could change substantially in matter
vV

uue ® If N, —0, A << Am?

U Am?  — Am?

0,, — 0
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Yy Oscillation Probabilities in Constant Matter

57 # Survival probability in matter is
€1 Am? L
v, g P’ =1 —sin 290, sin’ M
T 4F
(&
VVT #» Both mass squared difference and the mixing angle
€ Vy and hence P,. could change substantially in matter
vV
Hye 8 If N, -0, A<< Am?
VT Am?n — Am2
0,, — 0
o If N, — very large, A >> Am?
Am? — A

O — /2

SANDHYA CHOUBEY NEUTRINO OSCILLATION PHENOMENOLOGY -1 JIGSAW 2007, 12.02.07



Yy Oscillation Probabilities in Constant Matter

57 # Survival probability in matter is
€1 Am? L
v, g P’ =1 —sin 290, sin’ M
T 4F
(&
VVT #» Both mass squared difference and the mixing angle
€ Vy and hence P,. could change substantially in matter
vV
Hye 8 If N, -0, A<< Am?
VT Am?n — Am2
0,, — 0
o If N, — very large, A >> Am?
Am? — A
O — /2

Ve = €OS Oy + sin0,,v5"
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Yy Oscillation Probabilities in Constant Matter

57 # Survival probability in matter is
€1 Am? L
v, g P’ =1 —sin 290, sin’ M
T 4F
(&
VVT #» Both mass squared difference and the mixing angle
€ Vy and hence P,. could change substantially in matter
vV
Hye 8 If N, -0, A<< Am?
VT Am?n — Am2
0,, — 0
o If N, — very large, A >> Am?
Am? — A
O — /2

m
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Yy MSW Resonance in Matter

SANDHYA CHOUBEY

# If the matter density, Am? and ¢ are such that

A = Am? cos 20

NEUTRINO OSCILLATION PHENOMENOLOGY -1

JIGSAW 2007, 12.02.07



1%
7] .
Vuy MSW Resonance in Matter
e
I’jT »# |If the matter density, Am? and ¢ are such that
e v
v}
1%
v
Ve A = Am? cos 20
| %4 2
U, TVH » Then since tan 26, = —~2 s
Y
Ve

0, = m/4 = Maximal Mixing
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I 74
M .
Vuy MSW Resonance In Matter
(&4
M. » If the matter density, Am? and ¢ are such that
Ve v,
vV
7]
Ve A = Am? cos 20
vV 5 .
Ve TVH » Then since tan 26,, = —2% sp20
| V4
H
Ve _ . = .
A 0,, = m/4 = Maximal Mixing

Wolfenstein 1978, Mikheyev and Smirnov 1985-6
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I 74
M .
Vuy MSW Resonance In Matter
(&4
M. » If the matter density, Am? and ¢ are such that
Ve v,
vV
7]
Ve A = Am? cos 20
vV 5 .
Ve TVH » Then since tan 26,, = —2% sp20
| V4
H
Ve _ . = .
A 0,, = m/4 = Maximal Mixing

Wolfenstein 1978, Mikheyev and Smirnov 1985-6

» And since

Am2, = [(—A+ Am?cos 20)? + (Am? sin 20)%) '

Am? = Am?sin 20 = (minimum)
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vy Oscillation Probabillities in Varying Matter

SANDHYA CHOUBEY

NEUTRINO OSCILLATION PHENOMENOLOGY -1
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vy Oscillation Probabillities in Varying Matter

V- i Ve :i m | Ve
Ve y, o <VM> 2571 <yﬂ>
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vy Oscillation Probabillities in Varying Matter

V- i Ve :i m | Ve
Ve y, o <y,u> 2571 <yﬂ>
Vuy d [ v, 1 M2 0 Ve
€ i— =—Un| ' U,
U dt \ v, 2K 0 M; VM
U, v,
Uy
Ve
Vr
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vy Oscillation Probabillities in Varying Matter

V- i Ve - L m | Ve
Ve v, o <yu> 2571 (%)
VH 5
U, d [ Ve 1 My 0 v Ve
ZE — ﬁUm M2 U’m
V- V) 0 3 V),
Ve 1/ 2
(7 d (I 1 M 0 it
v, i—um ) = —=u. (T T
Vr
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vy Oscillation Probabillities in Varying Matter

V- i Ve L m | Ve

Ve vy, Zdt (VM> QEM (V,u>

VH 5
U, zi Ve :LUm M3 O2 U:n Ve

U dt \ v, 2K 0 M; VM

_ L M: 0 u{n

2"\ 0 M2 \up
Vr AUy, [v]" d (v 1 M?Z 0 Z4k
Tt (@%) T Umt <u§n> h ﬁUm< 0 M2 \uwp

1 (M} 0 i
C2E\ 0 ]\422 2%
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vy Oscillation Probabillities in Varying Matter
V- i Ve __t am
Ve I/“ Zdt (V,u> QEM (V,u>
VH 5
U, zi Ve | _ LUm M3 02 U;fn Ve
U dt \ v, 2K 0 M; VM
_ 1y ME 0 (v
2F 0 Ms) \vi
U, idUm Z4k i Umii 24k : iUm ]\412 02 Z4s
dt \ vy dt \ vi 2K 0 M 2
d e d (v 1 (M? 0 1
UT '_Um 1 St 1 o 1 1
( MY gy ><y2>+ dt( ) 2E<O M22> m
.d (1] 1 M12 0 vood — Z4
= | — U Un
dt( ) 2F ( 0 M22> Mg <u§n
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vy Oscillation Probabillities in Varying Matter

U, o cosf,,, sinb,,

Ve vy, " —sin6,, cosb,,
Ve

Vr

U
e Uy
Vn

Ve

Vr

SANDHYA CHOUBEY NEUTRINO OSCILLATION PHENOMENOLOGY -1 JIGSAW 2007, 12.02.07



vy Oscillation Probabillities in Varying Matter

SANDHYA CHOUBEY

U, — co‘.s 0,, sinb,,
—sinf,,, cosb,,

iU [ —sinby,  cosby, d@_m
de dx

—cosf,, —sinb,,

NEUTRINO OSCILLATION PHENOMENOLOGY -1
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vy Oscillation Probabillities in Varying Matter

SANDHYA CHOUBEY

U, — < CO.S 0,, sin €m>
—sinf,,, cosb,,

iU [ —sinby,  cosby, d@_m
de dx

—cosf,, —sinb,,

- d0
Ut ggUm = ( ) )da:

—1 dx

NEUTRINO OSCILLATION PHENOMENOLOGY -1
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vy Oscillation Probabillities in Varying Matter

V. o cosf,, sinb,,
Ve v, " —sinf,, cosb,,
| V4
Hy 2 i S sinf,, cosbf,, d@_m
U, de "\ —cos 0,, —sind,, | dz
Ve v - do
0 O\ 4,
VH U]J(ﬂ;iUm — -(C)ZG Vs ﬂ
I/e dt —1 d—; O dx

Vr A\ _ (e (o
dit iz —@'CZ?—;@ % V'

My — M} = [(—=A + Am? cos 20)* + (Am? sin 26)?] 12

A,

1 Am? sin 20 dA
dr 2 (—A+ Am?2cos20)? + (Am?2sin20)? dx
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vy Oscillation Probabillities in Varying Matter

M?  .df

m m m

Vr Zd<V1>< Qé’ ng)(”l)

Ve m | \ _ -df, M m
Vi s\ Var 2E /) \"2

Y 2 2 2 2 2 . 271/2
Ve My — M = [(—A+ Am® cos20)* + (Am” sin 20)7|
| %4
U, TI/ dbpy 1 Am? sin 26 dA
v, ¥ dr 2 (—A+Am?cos20)2 + (Am?sin20)? dx
Ve
Vr



vy Oscillation Probabillities in Varying Matter

MlQ - dOpm m
|V - db,, M2 m
© Vy t - 2

& M2_M2—[(_A+A 20)° 25in 26)2] '/
5 5 &= m* cos 20)° + (Am* sin 20) }
1%
U, TI/ dom 1 Am? sin 20 dA
v, ¥ dr 2 (—A+Am?cos20)2 + (Am?sin20)? dx
1%
"  ®We see that v and v4* themselves get mixed in matter
2

with varying densﬂy = Not stationary states.
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Oscillation Probabilities in Varying Matter

M? db,, m
-d<V1><Qé Zdaz><V1>

- b, M; m

dt —1 dx 2F Y9

M2 — M? = (—A+ Am? cos 20)? + (Am?sin 29)2} 12

Ao,

1 Am? sin 20 dA
dr 2 (—A+Am?cos20)2 + (Am?sin20)? dx

# \We see that v{* and »J" themselves get mixed in matter
with varying densﬁy = Not stationary states.
#» However, If the condition

db,

dx

IS satisfied, then we can neglect the off-diagonal terms in
the mass matrix above and then »{* and v35" go
unchanged in matter.

< | M3 — M}
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vy Oscillation Probabillities in Varying Matter

Ve
V- My — M} = [(—A + Am? cos 20)* + (Am? sin 26)?] 12
Ve Y,
vy, ¢ d@_m 1 Am? sin 26 dA
Ve dr 2 (—A+Am?cos20)2 + (Am?sin20)? dx
Vs dBOm, 5
I/e I/u de‘ < M2 Ml
Vi
I/e
Vr

SANDHYA CHOUBEY
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vy Oscillation Probabillities in Varying Matter

V- My — M} = [(—A + Am? cos 20)* + (Am? sin 26)?] 12
Ve 1,

vy, a0, 1 Am? sin 26 dA

Ve dv 2 (—A+ Am?2cos 29)2 + (Am?sin 26)? dx
Vr dOm, 5
Uy
Ve
U, # This condition will be easily satisfied when:

v A > Am? cos 20
Vv A << Am? cos 20
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vy Oscillation Probabillities in Varying Matter

V- My — M} = [(—A + Am? cos 20)* + (Am? sin 26)?] 12
Ve 1,

vy, a0, 1 Am? sin 26 dA

Ve dv 2 (—A+ Am?2cos 29)2 + (Am?sin 26)? dx
Vr dOm, 5
Uy
Ve
U, # This condition will be easily satisfied when:

v A > Am? cos 20
Vv A << Am? cos 20

# In fact, it will have maximal violation when:
x* A = Am? cos 20 = at the resonance
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v
vy Oscillation Probabillities in Varying Matter
Ve
I’jr # Define an adiabaticity parameter
e v
7
Vp _ | (M5 = M) /2E
Ve L A R
VT Tes
Uy v,
Vn
Ve

SANDHYA CHOUBEY
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1
Vy Oscillation Probabilities in Varying Matter
Ve
Iljr # Define an adiabaticity parameter
e y
7
Vy B (M3§ — M7)/2F
Ve L A R
VT res
Ve 1,
i)
VNI/ B Am? sin® 20 il N o
i 7T 9FEcos20 |dx e

SANDHYA CHOUBEY

NEUTRINO OSCILLATION PHENOMENOLOGY -1
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vy Oscillation Probabillities in Varying Matter

Iljr # Define an adiabaticity parameter
e y
v
I/HV L (M2 — M?)/2E
e A, /dx -
VT res
U, v,
I/NV Am?2sin®20 | d I AT !
— - | —=In
i ! 2Fcos20 |dz | _.
VT res

#»~ > 1 = Adiabatic Transition
# v ~ 1 = Non-Adiabatic Transition

® v < 1 = Extreme Non-Adiabatic Transition
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Yy Adiabatic Transition in Matter — MSW Effect

SANDHYA CHOUBEY
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#» The adiabaticity condi-
tion Is satisfied so the
mass eigenstates (cre-
ated at A or B) evolve In-
dependently in matter and
emerge in vacuum at A’
and B’
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#» The adiabaticity condi-
tion Is satisfied so the
mass eigenstates (cre-
ated at A or B) evolve In-
dependently in matter and
emerge in vacuum at A’
and B’

S At A: v, = cos O, V" + sin 0,V Om — /2
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SAtA v, ~ VY

#» The adiabaticity condi-
tion Is satisfied so the
mass eigenstates (cre-
ated at A or B) evolve In-
dependently in matter and
emerge in vacuum at A’
and B’
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SAtA v, ~ VY

S AL A" 19 = sinbr, + cos Oy,

#» The adiabaticity condi-
tion Is satisfied so the
mass eigenstates (cre-
ated at A or B) evolve In-
dependently in matter and
emerge in vacuum at A’
and B’
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#» The adiabaticity condi-
tion Is satisfied so the
mass eigenstates (cre-
ated at A or B) evolve In-
dependently in matter and
emerge in vacuum at A’
and B’

SAtA v, ~ VY

» At A" vy = sinfr, + cos v,

$ SO (Ve|vg) = sind
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SAtA v, ~ VY

#» The adiabaticity condi-
tion Is satisfied so the
mass eigenstates (cre-
ated at A or B) evolve In-
dependently in matter and
emerge in vacuum at A’
and B’

S AL A" 19 = sinbr, + cos Oy,

$ SO (Ve|vg) = sind

>

P.. = sin’6

SANDHYA CHOUBEY

(MSW Effect)
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#» The adiabaticity condi-
tion Is satisfied so the
mass eigenstates (cre-
ated at A or B) evolve In-
dependently in matter and
emerge in vacuum at A’
and B’

# For general adiabatic case where 6,,, IS not = 7 /2

1 1
P.. = 5 — 5 cos 260 cos 20,
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Yy Non-Adiabatic Transition in Matter

SANDHYA CHOUBEY
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#» The adiabaticity condi-
tion is broken so there is
a finite probabillity that the
mass eigenstates (cre-
ated at A or B) cross-over
to each other at the reso-
nance
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#» The adiabaticity condi-
tion is broken so there is
a finite probabillity that the
mass eigenstates (cre-
ated at A or B) cross-over
to each other at the reso-
nance

# The survival probability is

1 1
P.. = 5 — (5 — PJ) cos 20 cos 20,

Py = [ (24) 13" (2-))
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Yy Solar Neutrinos
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Vy Solar Neutrino Flux

€ V[! p+p = *H + et + ve (pp) p+ e + p — *H + ve (pep)

99.7% 0.23%

Ve 2H + p — 3He + ~

84.9% 15% ~107°%

3He + *He — a + 2p 3He + p— a + et + ve (hep)

3He + o — "Be + ~

15% ‘ 0.02%
“"Be + e~ — "Li+ ve ("Be) "Be + p -8 B + ~
Li + p — 2« 8B — 2a + et + ve (®B)

The pp-chain

SANDHYA CHOUBEY NEUTRINO OSCILLATION PHENOMENOLOGY -1 JIGSAW 2007, 12.02.07



vV
H :
Vp Solar Neutrino Flux
Ve
Vr 4p —* He + 2et + 2, + 28MeV  ONLY v,
Ve 1/“
Vy # Standard Solar Model gives the solar neutrino fluxes:
Ve
V- 10 g - ———y - ————y
Ve Y, o1 /—;B 1o Bahcall—Serenelli 2005 —
V4 K 101°é— Neutrino Spectrum (x10) —
'UJV . "Be-|+10.5% i
e N . L E
el Na--{]IIIIITE <
i g a» ——— pepER% ]
£ 5 | GRS S The N
<= 10| 7R - ! \ +16% -
; ,. ””” “Be— | 1
= 105 [ +10.5% 1, 3
10 4 /’/ i : -
102 ;— E : 5
101 ; . N /( |
0.1 1 10

Neutrino Energy in MeV
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Yy Solar Neutrino Experiments

SANDHYA CHOUBEY
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VeI/

i) : :
vy Solar Neutrino Experiments
Ve

I’jr e Chlorine Experiment B = 0.81MeV
I/e Vy *x3TCl+ v, =37 Ar + e~ "Be,B
J
ble Observed/SSM(BP2004) = 0.301 4 0.027
Vr
Ve 1,
Uy
Ve

Vr
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Vey

i) : :
vy Solar Neutrino Experiments
Ve

I’jT e Chlorine Experiment Ey, = 0.81MeV
I/e Vn *3Cl+ vy =37 Ar 4 e~ "Be,’B
o)
ble Observed/SSM(BP2004) = 0.301 4 0.027
Vr
1o
UV, * e Gallium Experiment Ey, = 0.23MeV
Ve *x 1Ga+ v, -1 Ge+ e~ pp,"Be,’ B
Vr

Observed/SSM (BP2004) = 0.52 + 0.029
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vy Solar Neutrino Experiments

Ve
ZT e Chlorine Experiment Ey, = 0.81MeV
I/e Vn *x3Cl+ v, =37 Ar + e~ "Be,®B
o)
ble Observed/SSM(BP2004) = 0.301 4 0.027
Vr
e
UV, * e Gallium Experiment Ey, = 0.23MeV
Ve *x 1Ga+ v, -1 Ge+ e~ pp,"Be,’ B
Vr

Observed/SSM (BP2004) = 0.52 + 0.029

e Super-Kamiokande Eepn, = 5.0MeV
x €+ U, — e + Uy, 5B,hep

Observed/SSM(BP2004) = 0.406 £ 0.014
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I/HVVH Solar Neutrino Experiments

(&

I’Z L. SNO Tt = 5.0MeV

v, 7 x d+ve —p+p-+e (CC) 5B,hep
Ve Observed/SSM(BP2004) = 0.290 & 0.018

Vé/Tyu x d+ v, — p+n-+rv, (NC)

¢ Ve Observed/SSM(BP2004) = 0.853 + 0.072

Vr

x e +uv, — e +uv, (ES)

Observed/SSM (BP2004) = 0.406 + 0.046
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Yy Features of Solar Neutrino Data
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UV
H .
Vp Features of Solar Neutrino Data
Ve
U+
Ve | P4 Total Rates: Standard Model vs. Experiment
H Bahcall—Serenelli 2005 [BS05(0P)]
Vi
Ve
U+ 8.1+12 L osae 126+ 1.0+918
), ' 1.025:18
€ U
i3]
| V4
1)
Ve 48+0.07 6945
Y, 0.41+0.01 S5
T 2.56+0.23 0.30+0.02
7 =
SAGE GALLEX
SuperkK GNO SIDIO
C1 HQO Kamiokande Ga Dzo ©

I "Be W PP, Pép Experiments m

Th
eory 88 W CNO Uncertainties

J.N. Bahcall, http: //www.sns.ias.edu/ jnb/
# Neutrinos are definitely oscillating
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Yy Features of Solar Neutrino Data

B 6. 68%CL.L.
I g”68%CLL.
B ¢ 68%CL.L.

0.5 1 15 2 2.5 3 35
@, (X 10°cm2 s

SNO Collaboration, hep-ph/050202
» No doubt about the presence of v, and/or v;.

Ve
Vr
vV
e
V“ éu? ....... BS05
vy § e . U9 T Py 68% C.L.
Ve 5 E T
o —— @, 68%, 95%, 99% C.L.
S s
UV :
U T e T
€ I/u 9_'5. A TSSO e
Vi - R BN T
Ve 3 )
u SNO
Vr+ o BN o 68%CL.

=

(@)
OrrrT1T17
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V4
v .
Vuy Features of Solar Neutrino Data
(&4
Vr 1
Ve v, : ﬂ[ =
V E SNONC
H/I/e 0.8 B
U § i %
Ve Vy £ 06 R ]
Y g | 3 Ra |
Ve ® L) Ravoes
VT g 04 : RECI I?SNOCC 7
g ®
O o2 .
o -

# There Is a marked energy dependence in the
suppression.
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vV
[t )
Vuy Features of Solar Neutrino Data
€
Vs ® Suppression Is energy independent above £ = 5 MeV
U, v,
Vy SK-1 SK-2
Ve o ——
U % [ SK-l 1496day 22.5kt SK-II 622day
U, L ELDD.B- 1 (Preliminary)
V] H g% : + Data/s5M 0407 +-0.01 (stat.)
K =T T
U, ED.B_— % 1 }
V- ‘ E I ’}} #f'ﬂ'ﬂr} @:{&. ++
0.2}
I Errors: stat. only
L Line; SK-1 149%&day averags
GE 10 15 206 8 10 12 14 16 18 20

Energy(MeV) Energy(MeV)

SK Collaboration
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v
v .
Vuy Features of Solar Neutrino Data
(&
Lir # Suppression Is energy independent above E =5 MeV
U, v,
v
i) — 300
> |
Ve 3 : (b)
VT 3 250
Ve iz
Vn § 200 S
= 150/
VT E ° Data
100 — —— undistorted B MC shape
~ || Energy systematics
50— I B, systematics
E B All other systematics
ol v v b v b b b b Ly e
6 Ve 8 9 10 11 12 13 20
Teﬁ (MeV)

SNO Collaboration, hep-ph/050202
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1%
v .
Vuy Features of Solar Neutrino Data
e
57 # Small difference between the rates at day and night
Ve ’/“ g 0.25;_| | @
25 = 0'25‘ I Sﬁ%’m g
Ve EoHb1ei
g ] _
VT t_L:; 0.1:_ $ i) $ ACC — 2¢N qu
Ve I/ " 005§_ $ # $ . ¢N —|_ ¢D
oKy £ "o, —  —0.21 4 0.063 % 0.035
Ve 6 7 8 9 10 11 12 - ;_fB(M o )20
Vr 2 « igmmsiey |
% 0.04;_ o l >
S

Ty (MeV)

SNO Collaboration, hep-ph/050202
® There are similar results from SK.
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Neutrino Oscillations can explain ALL features of
the solar neutrino data
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vy Analysis of Solar Neutrino Data

SANDHYA CHOUBEY

#® Take the Experimental Data

NEUTRINO OSCILLATION PHENOMENOLOGY -1

#» Need to do a x* analysis to pin down the parameters

JIGSAW 2007, 12.02.07



I/eV

e Analysis of Solar Neutrino Data

Ve

Vr
Ve 17

#® Take the Experimental Data

H . .
Vy #® Take the Error in Experimental Data

Ve
Vr

U
e vy,
Uy

Ve

Vr

SANDHYA CHOUBEY
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vy Analysis

of Solar Neutrino Data

ne Experimental Data
ne Error in Experimental Data

U+
Ve 1, Take t
L
Vn » TJaket
Ve
» Jaket
Vr
v
e VN
Uy
Ve

SANDHYA CHOUBEY

ne Theoretical Predictions
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vy Analysis of Solar Neutrino Data

e #» Need to do a x* analysis to pin down the parameters
ZZ v, #® Takethe Experimental Data
vV #® Take the Error in Experimental Data
1/:/6 ® Take the Theoretical Predictions
U, v, #» Take the Error in Theoretical Predictions
Uy
Ve
Vr
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vy Analysis of Solar Neutrino Data

Ve #» Need to do a x* analysis to pin down the parameters
ZZ y, #® Takethe Experimental Data
vV #® Take the Error in Experimental Data
1/:/6 #® Take the Theoretical Predictions
Ve v, # Take the Error in Theoretical Predictions
Vuye » Take the Correlations between the Exptal Errors
Vr
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vy Analysis of Solar Neutrino Data

Ve #» Need to do a y“ analysis to pin down the parameters
ZZ y, #® Takethe Experimental Data
vV #® Take the Error in Experimental Data
1/:/6 ® Take the Theoretical Predictions
Ve v, # Take the Error in Theoretical Predictions
Vy #» Take the Correlations between the Exptal Errors
'3 #» Take the Correlations between the Theory Errors
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vy Analysis of Solar Neutrino Data

Ve #» Need to do a x* analysis to pin down the parameters
Zg y, #® Takethe Experimental Data
vV » Take the Error in Experimental Data
1/:/6 ® Take the Theoretical Predictions
Ve v, #® Take the Error in Theoretical Predictions
Vy » Take the Correlations between the Exptal Errors
er #» Take the Correlations between the Theory Errors
# The Covariance Approach
N
X2 _ Z ( Rglata B Rgheory)( 0-7;2]')_1( R;lata B R;heo’ry) |
i,j=1 K
02-2]- = 00,0 + Z Ofafpij, N — bins, K — theory errors

k=1
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vy Analysis of Solar Neutrino Data

e #» Need to do a x* analysis to pin down the parameters

ZZ v, #® Takethe Experimental Data

vV #® Take the Error in Experimental Data

1/:/6 ® Take the Theoretical Predictions
U, v, #» Take the Error in Theoretical Predictions
YV #» Take the Correlations between the Exptal Errors
er #® Take the Correlations between the Theory Errors

# The “Pull” Approach

(]

N data theory K - K _
2 i Z( ( >t >> e
k=1

uncorr
ke : O,
§ 1=1

& — free parameters,
N — no. of bins, K — no. of theory errors
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vy, Predicted Rates from Theory
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vy, Predicted Rates from Theory

U ® EXxpected event rate in radiochemical expts Cl and
Ve v Ga s
v

v, R Z | BB Pee B )E,
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© :
vy Predicted Rates from Theory
Ve
U ® EXxpected event rate in radiochemical expts Cl and
Ve UV Ga s
Vi
Ve
IjT Rth Z Eth (Ey)<Pee(EV)>dEV
Ve w,
V"Ve Gallium Experiments (SAGE, GALLEX, GNO)
Ur # Detection Channel: 1Ga +v. > Ge + e~

This is a charged current reaction: only v, detected

r
#® Energy Threshold: E, > 0.23MeV
# Solar Neutrinos Detected: pp, " Be

V'S

Observed/SSM(BP2004) = 0.520 + 0.029

SANDHYA CHOUBEY

NEUTRINO OSCILLATION PHENOMENOLOGY -1
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© :
vy Predicted Rates from Theory
Ve
U ® EXxpected event rate in radiochemical expts Cl and
Ve UV, Ga s
I/HV 8
(&
1% R;;h = Z Ok(Ey)oi(Ey)(Pee(Ey))dE),
i Eth
Ve w, k=1" v
V"Ve Chlorine Experiment (Homestake)
Ur # Detection Channel: 37Cl + v, —37 Ar + e~

#® This is a charged current reaction: only v, detected
#® Energy Threshold: E, > 0.81MeV
o

Solar Neutrinos Detected: “Be, 8B, hep and CNO v's

Observed/SSM(BP2004) = 0.301 4+ 0.027

SANDHYA CHOUBEY NEUTRINO OSCILLATION PHENOMENOLOGY -1 JIGSAW 2007, 12.02.07



1%
[z :

vy Predicted Rates from Theory
Ve

U ® EXxpected event rate in Super-Kamiokande is

Ve v,

4 Rl = | dBE4 | dBrR(Ea, Er) | dE, ), (E
Ve SK = | ., A TR(E4, ET) v Av. (Ev)
v A

e TVH X @<P66(EV)> + 20w, (Pez(Ev))

vy, dET dET
Ve
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vy Predicted Rates from Theory
Ve
U ® EXxpected event rate in Super-Kamiokande is
Ve v,
1%
Ve R§y = /E dEy / dETR(E4, Er) / dE M\, (Ey)
v A
e TVM X @<P66(EV)> + 20w, (Pez(Ev))
vy, dET dET
Ve
Vr
1 (ET — E4)?
Ea, Bp) = —
R( A, T) 27’(’0’2 eXp( 20_2 )

16\/ B
o= 10MeV
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vy Predicted Rates from Theory
Ve
U ® EXxpected event rate in Super-Kamiokande is
Ve v,
1%
Ve R§y = /E dEy / dETR(E4, Er) / dE M\, (Ey)
v A
Ve TVH’ X %<P66(EV)> —|_ dO_VﬂU <P6$(El/)>
v, dET dET
Ve
U Chlorine Experiment SK Experiment

Detects only v,

Solar Neutrinos Detected:
"Be, 8B, hep and CNO v's
Rep = 0.301 + 0.027

Detects v, (= 83%) and v,
Solar Neutrinos Detected:
8B, hep and CNO v’s

Rgr = 0.406 = 0.014

# Even before SNO, Astrophysical Solutions could not
solve this
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1%
[z :

vy Predicted Rates from Theory
Ve

U ® EXxpected event rate in Super-Kamiokande is

Ve v,

4 Rl = | dBE4 | dBrR(Ea, Er) | dE, ), (E
Ve SK = | ., A TR(E4, ET) v Av. (Ev)
v A

e TVH X @<P66(EV)> + 20w, (Pez(Ev))

vy, dET dET
Ve

SANDHYA CHOUBEY
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I/“VVM Predicted Rates from Theory
e
ZZ | # Expected CC event rate in SNO is
VHI/ ¢ RtC;} _ f dEuAye (EV>UCC(EV)<P€€(EV)>
o € deV)\l/e(Eu)JCC’(EI/)
IV/ e Tuu occ = /E . dE 4 /0 : dETR(EA,ET)dOVeng?EV)
:”e osno = (—0.131 + 0.383+/(Ex — me) + 0.03731(Er — me))
T

# Expected NC event rate in SNO is

Nc_/ / / EN-Y R(E, Er)dE,dE,dEy
5.5 " dET

# Expression for ES event rate is similar to SK
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Yy Neutrino Oscillation Solution
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Yy Neutrino Oscillation Solution

Zr # Neutrino Flavor Ocillations can explain the
¢ b7 conversion of v, to v, and/or v;.
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Yy Neutrino Oscillation Solution

57 # Neutrino Flavor Ocillations can explain the
¢ b7 conversion of v, to v, and/or v;.

U, #» How does it explain the other features?
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1%
H : : : :
Vuv Neutrino Oscillation Solution
(&
Vr o Neutrino Flavor Ocillations can explain the
Ve UV conversion of v, to v, and/or v..
1%
{ U, #» How does it explain the other features?
U, #» Peculiar energy dependence of the suppression
Ve v,
Uy
Ve
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1%
H : : : :
Vuy Neutrino Oscillation Solution
(&
Vr #® Neutrino Flavor Ocillations can explain the
Ve UV conversion of v, to v, and/or v..
1%
{ U, #» How does it explain the other features?
U, #» Peculiar energy dependence of the suppression
Ve 1, .
¢ & Day-Night Effect
Uy
Ve
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1%
H : : : :
Vuy Neutrino Oscillation Solution
(&
Vr # Neutrino Flavor Ocillations can explain the
Ve UV conversion of v, to v, and/or v..
vV
{ U, # How does it explain the other features?
U, #» Peculiar energy dependence of the suppression
Ve 1, _
g EE Day-Night Effect
“1/6 #® The answers to these guestions will also tell us why

7, LMA is the favored solution.
4
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1%
H : : : :
Vuv Neutrino Oscillation Solution
(&

Vr # Neutrino Flavor Ocillations can explain the

Ve UV conversion of v, to v, and/or v..

vV

{ U, # How does it explain the other features?

U, #» Peculiar energy dependence of the suppression
Ve 1, _
g EE Day-Night Effect

uue #® The answers to these guestions will also tell us why

7, LMA is the favored solution.
4

To understand that we will have to look at the solar
neutrino oscillation survival probabillity.

°
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Ve 1,
v, ' Survival Probability of ..,

Ve
57 Since solar neutrinos travel through
€ Vg, (1) solar matter
5 ;! (2) vacuum between sun and earth
(&

(3) earth matter
Vr The amplitude of a v, to remain a v, IS

Ve 1,
i Ace = AZATAT, + ASASAS,
5 I ® A° (k=1,2) gives the probability amplitude of
,

v, — Uy, transition at the solar surface,

o A7 1s the survival amplitude from the solar surface
to the surface of the Earth,

» A isthe v, — v, transition amplitudes inside Earth.
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Ve
Vy
Ve
U+

Uy

U, v,

Vi
Ve
Vr

U
e vy,
Yy

Ve

Vr

SANDHYA CHOUBEY

Survival Probability of

Ve@
® _ O —ip?
Aek o a’eke g

where gb? IS the phase picked up by the neutrinos on
their way from the production point in the central regions

to the surface of the Sun and

2 1 1
al” = o (5 — Pj) cos 20,,

6. 1S the mixing angle at the production point of the
neutrino, Py Is the non-adiabatic jump probability

vac
kk — €

—iEx(L—Rp)
A will depend on whether neutrinos cross the earth of
not. For no earth effect

A?e = cos b; Agi = sin 6

NEUTRINO OSCILLATION PHENOMENOLOGY -1
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VHV”” Survival Probability of v,
:
U+
e v, Aee = AGAEA, + AR5
Ve Pee = |Aee|’
I/:TVM _ a@Q]A@ 2 aQQ\A@ 2 -
Vuye +203 a3 Re[AF A" (P P Ro)gilez —¢1)]
U Identifying P, = agf and Py, = | A |2

Pee = PQPGB—I_(l_P@)(l_P@)
+24/P5(1 — Py)Pg(1 — Pg) cos &

# ¢ contains all the phases collected in Sun and Vacuum.
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| 74
M : or-

vy Survival Probabllity of v,

Ve
Vr
UV
Ve V“ Pee — PQP@+(1_P®)(1_P€B)

{2 127/ Pl — Po)Pa(l — Pa) cos(Am2(L — Ro)/2E)

Ve , #® Am’/E 25 x 10710 eV2/MeV = extremely
vy, non-adiabatic

® Py=3+(3— Pjs)cos20y,

® S0, 0,~7/2 Po~ Py~ cos? 6 and P = cos? 0

P = cos* @+ sin® 0 + 2sin® 0 cos® @ cos(Am*(L — Ry) /2E)
— 1 —sin®20sin?(Am?*(L — Ry)/4F)
Vacuum Oscillations Regime
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I 74
M : or-
Yy Survival Probabllity of v,
13 O
(&4
V- FPee = PG)PGB—I_(l_P@)(l_PEB)
Ve v, +24/P5(1 — P5)Pg(1 — Pg) cos(Am?(L — Ry)/2FE)
vV
HVe

For Am2/E X 1078 eV2/MeV, the cos(Am?(L — Ry)/2E)
Vr term averages out to zero.

UV
UV, % Po =3+ (3—Pj)cos20m, 1 — Py =5 — (5 — Pj)cos 20,,
I/e
1 1
iy pMSW (5 + (5 — Pj) cos 29m> cos® f
1 1
— <§ — (5 — Pj) cos 20m> sin® 6

1 1
pMSW 5 + (5 — Pj) cos 20, cos 26

MSW Regime — LMA, SMA, LOW
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Vy Survival Probabllity of v,

oo

V 0.6 [—
= —

T P o.Aa —
o.z2 |—

o.8
oO.6
oO.4

I/e o.2 —

o.s
VT o.e
o.a
o.z=

J
3
N
i
0
0
m

P
%
I|I
/

oO.8
0.6
o.4a
o.2

P
IH|I| |I|I I

oO.8
0.6
o.4a
o.2

P
W T

j =4

W

BEI|I|I|I|IE§I|I|I|I|I:§I|I|I|I|I:§I|I|I|I|I§§I|I|I|I|I§

10 10 10 10 10° 10
E/Am” in (Mev/ewv™ )

R
0
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Survival Probabllity of v,

Ve

1 =ARAE RAARE RAARE RARA=

Ve __os 5 LMA = N

r 08 & E 0

a? u _ A’

Ve = 9% F = =
1/“ 0.2 -
O:IIIIIIIIIIIIIIIIIII:

o

1 LI I LELELILI I LELELILI I LI I_

0.8 - MSW Sterile

/_\Q) _

0.6 % —:
0.4 = 3
o ]

0.2 —

o

O 5 10 15 =20
E, (MeV) E, (MeV)

» Before the SNO, all six were allowed!

» LLMA was not even the favored solution!!
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| V4
)
Ve
Vr
I P4
€ U
12 3
V 10 § 1 1 1 LI Il 1 1 1 LI |||| 1 1 1 LI Il 1 |// 1 LI |||| 1 1 1 LI Ig
H = =
| Pg = =
€ 107 =
1/7- i - =
Ve 0% TS,
U m S e S
V 6 — —
H 10 E S
| P4 L - -
e ~——— 10-7 —— _——
Vr 5§ F é
10_8 = =
10° _ -
= —— 90%b C.L. =
= — 95% C.L. =
1ol —— 99% C.L. -
107 £ ---- 99.73% C.L. =
—11 B 1 1 L1 111 Il 1 1 11 IIII 1 1 L1 111 Il 1 1 1 L1111 Il 1 1 L1 11 II_
10
10% 103 102 10t 10° 10

tanze

1

All solutions were allowed before the first SNO data.
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vV
e . .
VuV Solutions of Solar Neutrino Problem
(&4
Vr ® The sterile solution is ruled out from SNO CC/NC data
U, v,
Vi
Ve ° oz oa X-SN os 1
VT 1.4%— —él.4
V 12%— —%1.2
e
i i % e
Ve
§ 0.8 — o8
rii R &S
0.6 g— é’é\?‘if// —g 0.6
0.45— Q:%\?/// _50_4
- Forbidden -

» Now Increased to 7.80 with latest SNO data
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Yy Solutions of Solar Neutrino Problem

Vr #» SMA is ruled out from SNO CC and SK spectrum

Ve 1/“ AM’ ~10° eV’ (SMA)
1 L L L L L T T T T T T [ T T T T T T T
VH || —— Best—Fit Rates only (sié [0.001)
Ve "|| —— Best—Fit Rate+SKspec (S8 [D.0004)
0.8 -
V- i
U H 0.6
H
Ve a8
0.4 |
Vr
0.2 -
NS G
0 4 8 12 16

#sin” 0 ~ 1073 soln cannot explain the SK spectrum
#sin” f ~ 10~ soln cannot explain the SK and CC rates
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Ve

v
H : .
Vuy Solutions of Solar Neutrino Problem
€
57 » L.OW, and Vacuum Oscillation solutions and Maximal
€ VYV, Mixing are ruled out by the SNO salt phase NC data
v
v}
Ve
Vr
17
Ve Vi A 1 e
'UJV o8 E_ Ly _E 0.3 \ Val, ;
(&4 — Z . — 7 —
1% ;o8 4 T°F 303
T Fop v N— A Y | AP
0.2 f— = 0.2 b =
q:.: Lisailiy i 0 :...|.......|...:
LI R e 185 =24 (] o 10 -oO 24

SANDHYA CHOUBEY NEUTRINO OSCILLATION PHENOMENOLOGY -1 JIGSAW 2007, 12.02.07



Y,
1 . :
VuV Solutions of Solar Neutrino Problem
€
Vs # LMA explains all features of the data:
Ve VN' 0.7 ‘ ‘ ‘ ‘
Y,
H Y, ’ Ai=8x10° e/
= 06 .2 sin'9=0.31
VT | ~ 1-0.5sin20

03

02 | | | | | |
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v
7 . :
VuV Solutions of Solar Neutrino Problem
(&4
Vs # LMA explains all features of the data:
Ve v, u—— ‘
vV inos:
HVe | ot . ® Low energy pp nleutrlnos.
¥ 0.6~1_0.58"2]26 sin9=0.31 P, ~ 1— 5 Sin2 20
~ 0.57

03

02 | | | | | |
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v
© . -
VuV Solutions of Solar Neutrino Problem
(&
Vs # LMA explains all features of the data:
Ve v, u—— ‘
vV inos:
uVe | s el . ® Low energy pp neutrinos:

06 sin'9=0.31 ] L . 9
- 1-0.55if28 P. ~ 1-— 55111 26

~ 0.57

# High energy ®B neutrinos:

P.. =~ sin’#
0.31

03

Q

02 | | | | | |
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v
© . -
VuV Solutions of Solar Neutrino Problem
(&
Vs # LMA explains all features of the data:
Ve v, u—— ‘
vV inos:
uVe | s el . ® Low energy pp neutrinos:

06 sin'9=0.31 ] L . 9
- 1-0.55if28 P. ~ 1-— 55111 26

~ 0.57

# High energy ®B neutrinos:

P.. =~ sin’#
0.31

03

Q

R S i Energy spectrum is almost
E (MeV) flat above 5 MeV.
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Ve

v
© . -
VuV Solutions of Solar Neutrino Problem
(&
Vs # LMA explains all features of the data:
Ve I/“ 0.7 ‘ | ‘ | ‘
vV inos:
uVe | s el . ® Low energy pp neutrinos:

06 sin'9=0.31 ] L . 9
- 1-0.55if28 P. ~ 1-— §Sm 26

~ 0.57

# High energy ®B neutrinos:

P.. =~ sin’#

0.31

03

Q

o | & Energyspectrum is almost
E (MeV) flat above 5 MeV.

#» \Very small D/N effect
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I 74
H : :
Yy LMA 1s The Solution
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