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Essentials of Neutrino Oscillations

! 

|"
e

>=|#"
e

(0) >= cos$ |"1 > + sin$ |" 2 >

  

! 

|"#
e

(t) >= cos$e
%
im1c

2
t

h |#1 > + sin$e
%
im2c

2
t

h |# 2 >

  

! 

P
ee
(t) = <"#

e

(0) |"#
e

(t) >
2

= cos
2$e

%
im1c

2
t

h + sin
2$e

%
im2c

2
t

h

2

  

! 

P
ee
(t) =1" sin

2
2# sin2(

(m2"m1 )c
2

2h
t)

! 

t =
t
lab

"
#
L

"c

! 

" =
E

mc
2

! 

m =
m
1

+ m
2

2

  

! 

P
ee
(L) =1" sin

2
2# sin2(

(m2
2
"m1

2
)c
4

4hc

L

E
)

! 

P
ee
(L) =1" sin

2
2# sin2(1.27$m2 L

E
)

m2C2

m1C2



Neutrino States

Time Evolution
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Neutrino Oscillations
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Neutrino Oscillation Experiments
Appearance Experiments : 

decay pipehorn absorbertargetp detector

π+

π+ µ+

Produce one Flavor -- Look for another
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Disappearance Experiments :

Produce and detect the same flavor -
-Look a discrepancy from 1/R2
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Solar Neutrinos

Atmospheric Neutrinos

Accelerator Neutrinos

Reactors Neutrinos

37Cl               Kamiokande
GALLEX        SuperKamiokande
SAGE            SNO 

IMB               Kamiokande
Soudan           SuperKamiokande
MACRO           •••

K2K                Chorus
Opera             LSND?
•••

Bugey            Goesgen
ILL                Chooz
Palo Verde     KamLAND 
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Where do the neutrinos come from?





Nuclear Burning
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For Neutrino Detectors:



The pp Chain









Ray Davis

Pioneering venture
in Neutrino Physics
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Plan of Davis Experiment



Results



Gallex
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SAGE - Soviet American Gallium Experiment
Russian





Ring-imaging water Cherenkov Detectors

KamiokaNDE
+

IMB
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Vacuum Oscillations
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Matter Oscillations
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MSW Effect

Rosen



Josh Klein, Lepton Photon 2001
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Recent results from SNO

+



The “Solar Neutrino Problem”:
no longer a problem



! " µ + #µ

µ" e +#
e
+# µ

! 

N(" µ ) = 2N("
e
)

Atmospheric Neutrino Anomaly



SuperKamiokaNDE detector

50,000 ton water Cherenkov detector





The SuperKamiokande Light-
Water Cherenkov Detector



Goesgen

Neutrino Spectrum

Positron Spectrum
Reactor Neutrino Experiments



M. Appollonio, hep-ex/0301017







3.2 ton water veto



Prompt E ~ 3.2 MeV

Δt~110 µsec

Delayed E ~ 2.22 MeV

ΔR~0.35 m

ν

Candidate Neutrino Event

µ



Reactor Neutrino Physics 1956-2003









χ2 
/ 11 d.o.f = 13

2004 Data Set

Is the Neutrino Spectrum Distorted?



8He/9Li Background
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Looking for the oscillation effect
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Observing the oscillations in the neutrino rest frame
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LSND at Los Alamos

Do ‘sterile’ neutrinos exist?



MiniBooNE



 Experiment capable of confirming LSND

MiniBooNE

- 1 GeV neutrinos
   (Booster)

- 800 ton oil cerenkov

- Operating since 2003

- νµ −> νe appearance















250km250km

Eν(GeV)

Neutrino oscillation
probability for

Δm2=0.003eV2 and at
250km.

pπ+νµ

µ+

SK Near detector

Pion monitorMuon monitor

Target & horns

Decay tunnel



Study of  Study of  ννµ µ →→  ννττ  oscillation in K2Koscillation in K2K
Based on Number of events  +  Spectrum shape

Best fit (in physical region)
 sin22θ = 1.0
  Δm2    = 2.75 x10-3eV2

No oscillation

Best fit

reconstructed Eν
(GeV)

MC normalization:
number of events

(58)

Deficit of events

Consistent with the SK
atmospheric neutrino result.

Hep-ex/0606032



735km

Unoscillated

Oscillated

Monte Carlo

5.4 kton MINOS far detector 1 kton near detector

NuMI
beam line

MINOS experiment at Fermilab



MINOS detector



MINOS Best-Fit Spectrum

• Best-fit spectrum for 1.27x1020 POTMINOS MINOS

Measurement errors are 1σ, 1 DOF
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The near future



! 

U =

U
e1

U
e2

U
e3

Uµ1 Uµ2 U µ3

U"1 U" 2 U" 3

# 

$ 

% 
% 
% 

& 

' 

( 
( 
( 

=

1 0 0

0 cos)
23

sin)
23

0 *sin)
23

cos)
23

# 

$ 

% 
% 
% 

& 

' 

( 
( 
( 
+

cos)
13

0 e
* i,

CP sin)
13

0 1 0

*ei,CP sin)
13

0 cos)
13

# 

$ 

% 
% 
% 

& 

' 

( 
( 
( 
+

cos)
12

sin)
12

0

*sin)
12

cos)
12

0

0 0 1

# 

$ 

% 
% 
% 

& 

' 

( 
( 
( 
+

1 0 0

0 e
i- / 2

0

0 0 e
i- / 2+ i.

# 

$ 

% 
% 
% 

& 

' 

( 
( 
( 

 

Neutrino mixing matrix
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Leptons

Q = 2/3

~0.004 GeV
~1.4 GeV

~175 GeV

u
c

t

d
s

b ~4.5 GeV

~.150GeV

~0.014 GeV

Q = -1/3

Quarks

Neutrinos

e
µ

τ

~0.0005 GeV

~0.105 GeV

~1.780 GeV

Q = -1 Q = 0Normal Inverted

OR

Hierarchy Problem:



Measuring θ13
Method 1: Accelerator Experiments

Method 2: Reactor Neutrino Oscillation Experiment
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• appearance experiment νµ → νe 
• measurement of νµ → νe and νµ → νe yields θ13,δCP
• baseline O(100 -1000 km), matter effects present

• disappearance experiment νe → νe 
• look for rate deviations from 1/r2 and spectral distortions
• observation of oscillation signature with 2 or multiple detectors
• baseline O(1 km), no matter effects 



Measuring θ13 with Reactor Antineutrinos

Diablo Canyon

nuclear reactor

underground  scintillator ν detectors, ~40-120t

0.5-2 km

θ13

Precision Oscillation Measurement as a Function of Distance from Source

Projected sensitivity: sin22θ13 ≈ 0.01

Relative νe flux measurement
at different distances.

νe νe νe
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Event rate:  
~1 event/GW/ton/day at 1km
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Experimental Strategy in the Simplest Case

Reactor

Detectors

San Luis Obispo
or Hong Kong
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Diablo Canyon, CA Braidwood, Il

Kashiwazaki, Japan Chooz, France Daya Bay, China

Krasnoyarsk, RussiaProposals to Measure θ13 with Reactor Neutrinos

vertical shafts horizontal tunnels



Daya Bay

Ling Ao

Daya Bay NEAR SITE
overburden  ~330 mwe
distance to Daya Bay 500 m
distance to Ling Ao 807 m

Ling Ao NEAR SITE
overburden ~330 mwe
distance to Ling Ao 500 m
distance to Daya Bay 1368 m

FAR SITE
overburden ~1143 mwe
distance to Daya Bay 2227 m
distance to Ling Ao 1801 m

Ling Ao ll
(under construction)MID SITE

overburden ~560 mwe
distance to Daya Bay 1111 m
distance to Ling Ao 796 m

Tunnel Layout at Daya Bay

Site Reactor νe Signal (/day)
near 1160
mid 464
far 116

Not a rare event experiment!



Ash River

Minneapolis

Duluth

International 
Falls

Fermilab

Ash River

Minneapolis

Duluth

International 
Falls

Fermilab

Super-Kamiokande

• Similar sensitivity
• Similar time scale

Near future LBLNear future LBL  θθ1313  experimentsexperiments
J-PARCNoNoννaa T2K

Acc/beamline ready
Detector need to be

constructed

Acc/beamline under
construction

Far detector ready
810km





        P(νµ→νe) = P1 + P2 + P3 + P4

P1 = sin2(θ23) sin2(2θ13) sin2(1.27 Δm13
2 L/E)

P2 = cos2(θ23) sin2(2θ12) sin2(1.27 Δm12
2 L/E)

P3 =    J sin(δ) sin(1.27 Δm13
2 L/E)

P4 = J cos(δ) cos(1.27 Δm13
2 L/E)

where J = cos(θ13) sin (2θ12) sin (2θ13) sin (2θ23) x

 sin (1.27 Δm13
2 L/E) sin (1.27 Δm12

2 L/E) 

Three-neutrino oscillations



                                              The cells are made from
                                           32-cell extrusions.

                                       12 extrusion modules make
                                   up a plane.  The planes
                                   alternate horizontal and vertical.

                          For structural reasons, the planes are
                       arranged in 31-plane blocks, beginning
                       and ending in a vertical plane.

               There are 43 blocks = 1333 planes.  The
            detector can start taking data as soon as
            blocks are filled and the electronics
            connected.

Admirer

Noνa

Ash River

Minneapolis

Duluth

International 
Falls

Fermilab

Ash River

Minneapolis

Duluth

International 
Falls

Fermilab



Mass2

Neutrino Mass

ν3

ν2

ν1

Inverted



Mass2

Neutrino Mass

ν3

ν2

ν1

Normal



Status of J-PARC constructionStatus of J-PARC construction

Mar 2005

Neutrino beam line

Buildings for LINAC
and 3GeV PS finished.
50GeV PS under
construction
 Acceleration of
protons  at LINAC
successful (Nov.2006)
First beam on 50GeV
PS in 2008
(First neutrino beam in
2009.)



Neutrino
Landscape



Slide B. Kayser
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