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Standard Theory of Neutrino Osillations in Vauum

[Bilenky & Ponteorvo, Phys. Rep. 41 (1978) 225℄
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MAIN ASSUMPTIONS OF STANDARD THEORY

(A1) Neutrinos are extremely relativisti partiles

(A2)

Neutrinos produed in CC weak interation pro-

esses together with harged leptons �
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are de-
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Massive neutrinos time evolution given by

Shr�odinger equation
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! detetable neutrinos are extremely relativisti !

Only �'s with E & 0:2MeV are detetable!

 CC and NC Weak Proesses: Threshold
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ABSOLUTE SCALE OF NEUTRINO MASSES
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POSSIBLE: very small mixing of �

e

, �
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with heavy �

k
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IN THIS CASE:

� heavy neutrino masses must be taken into aount in

alulation of prodution and detetion rates

� osillations due to large squared-mass di�erenes are not

observable =) onstant avor-hanging transition

probability due to mixing =) no oherene problem

� almost degenerate very heavy massive neutrinos (suh

that the orresponding squared-mass di�erenes generate

observable osillations) seem very unlikely

IN THE FOLLOWING: we study osillations due to light

extremely relativisti massive neutrinos
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Easy Example of Neutrino Prodution
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FLAVOR STATES
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MIXING ) Flavor States are only approximations !

Cruial: EXTREMELY RELATIVISTIC NEUTRINOS!

States j�

�

i are not quanta of Field �

�

!

[Giunti & Kim & Lee, Phys. Rev. D 45 (1992) 2414℄
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EQUAL MOMENTUM?

(standard assumption)
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Equal Momentum Assumption gives

orret osillation phase
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DIFFERENT MOMENTUM CONTRIBUTIONS
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LORENTZ INVARIANT

OSCILLATION PROBABILITY
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[Dolgov & Morozov & Okun & Shepkin, Nul. Phys. B 502 (1997) 3, hep-ph/9703241℄

[Dolgov, hep-ph/0004032℄

[Giunti & Kim, Found. Phys. Lett. 14 (2001) 213, hep-ph/0011074℄

[Bilenky & Giunti, Int. J. Mod. Phys. A 16 (2001) 3931, hep-ph/0102320℄

DIFFERENT OBSERVERS MEASURE

THE SAME TRANSITION PROBABILITY !

FLAVOR IS LORENTZ INVARIANT !
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EQUAL ENERGY?

[Grossman & Lipkin, Phys. Rev. D 55 (1997) 2760, hep-ph/9607201℄

[Lipkin, Phys. Lett. B 477 (2000) 195, hep-ph/9907551℄
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Equal Energy Assumption AND Equal Momentum Assumption

ARE INCOMPATIBLE WITH LORENTZ INVARIANCE !

[Giunti, Mod. Phys. Lett. A 16 (2001) 2363, hep-ph/0104148℄
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COMMON IN PRACTICE!
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EXAMPLE : �
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LORENTZ INVARIANCE

+

EQUAL ENERGY OR MOMENTUM ASSUMPTION

CANNOT BE VALID IN ALL

NEUTRINO OSCILLATION EXPERIMENTS

ACTUALLY, IT CANNOT BE VALID EVEN IN ONE

EXPERIMENT IF � HAVE A SPECTRUM OF ENERGY (IN

PRACTICE ALWAYS)

CONCLUSION:

FORGET

EQUAL ENERGY OR MOMENTUM ASSUMPTION
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Lorentz invariant probability of �
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OSCILLATIONS IN SPACE AND TIME!
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Real Experiments:

8

<

:

T not measured

L (� approximately) known

+

OSCILLATIONS IN SPACE!

+

T must be expressed in terms of L

+

WAVE PACKETS

[Kayser, Phys. Rev. D 24 (1981) 110℄
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MASSIVE NEUTRINO WAVE PACKETS

Size of neutrino wave pakets is determined by oherene size

of the Prodution Proess:
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9
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=
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)

osillations observable

only if

�
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2
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��m
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NEUTRINO WAVE PACKETS

+

T = L is orret approximation

+

Phase : �

kj

' �

�m

2

kj

2E

L

VERY IMPORTANT: � has magially disappeared ) �

osillations are independent from the spei� details of the

prodution proess (ruial: relativisti neutrinos)
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�
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�j
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�j
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COHERENCE LENGTH

[Nussinov, Phys. Lett. B 63 (1976) 201℄

[Kiers & Nussinov & Weiss, Phys. Rev. D 53 (1996) 537, hep-ph/9506271℄

Wave Pakets have di�erent veloity and separate

Di�erent massive neutrinos an interfere

if

wave pakets arrive with Æt

kj

< Æt

D

This happens for L . L

oh

kj

Separation : jÆt

kj

j ' jÆx

kj

j = jv

k

� v

j

jT '

j�m

2

kj

j

2E

2

L

Size of wave pakets : �

x

� Æt

P

Maximal separation for interferene:

jÆxj

2

max

' jÆtj

2

max

� �

2

x

+ Æt

2

D

� Æt

2

P

+ Æt

2

D

jÆx

kj

j � jÆxj

max

) L

oh

kj

�

2E

2

j�m

2

kj

j

jÆxj

max
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Transition from L� L

oh

kj

to L� L

oh

kj

?

m

WAVE PACKET TREATMENT

E�ets of Prodution and Detetion Proesses ?

m

QUANTUM FIELD THEORY

Quantum Field Theory of Neutrino Osillations with ex-

ternal partiles in Prodution and Detetion proesses

desribed by wave pakets and intermediate virtual neu-

trino

[Giunti & Kim & Lee & Lee, Phys. Rev. D 48 (1993) 4310, hep-ph/9305276℄

[Giunti & Kim & Lee, Phys. Lett. B 421 (1998) 237, hep-ph/9709494℄

on�rm standard osillation length and existene of o-

herene length

problem: neutrino has no properties !

in osillation experiments neutrinos propagate as free partiles

over marosopially large distane, sometimes astronomial

distanes

it must be possible to desribe neutrinos in osillation

experiments with appropriate state
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Neutrino Wave Pakets in Quantum Field Theory

[Giunti, hep-ph/0205014℄

In Quantum Field Theory

jfi / (S� 1)jii ' �i

Z

d

4
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(x) jii
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E�etive Interation Hamiltonian:
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�
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�
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Prodution Proess Loalization:

j�i =

Z

d

3

p 

�

(~p;~p

�

; �

p�

)j�(~p)i (� = P

I

; P
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; `

+
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Gaussian momentum distribution:
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Wave funtion:
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�
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�
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�
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From Gaussian integration over d

3

p:

 

�

(~x; t;~p
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; �

p�
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2��
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�3=4
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�iE
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2
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2
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#

Spae and Momentum unertainties:

�
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�
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=

1

2

Squared Energy unertainty:

h(ÆE)
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b
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Neutrino state:
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From integrations over d
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p
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replaes energy-momentum Æ-funtion
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j�

�

i is a superposition of massive neutrino wave pakets
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Detetion Proess at (
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only one massive neutrino ontribution

+

! no osillations !
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Integration over d
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p with saddle-point approximation around

minimum of S
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But alulation of oeÆients of massive neutrino omponents
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i needs Quantum Field Theory!
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Transition Probability in Spae:
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CONCLUSIONS

 Standard expression for osillation length is robust.

 Relativisti approximation is ruial.

 

In general Equal Momentum or Energy Assump-

tions do not orrespond to reality (inompatible

with Lorentz invariane).

Osillation probability must be Lorentz invariant

beause di�erent observers measure the same a-

vor transition probability ) osillations in spae

and time.

 

Wave Paket treatment is neessary for approxi-

mation T ' L ) osillations in spae.

 

Quantum Field Theory allows to alulate the ef-

fets of Prodution and Detetion proesses.

Free propagating neutrino an be desribed by ap-

propriate state.

E�et of Detetion proess: energies and momenta

of massive neutrino omponents relevant for os-

illations are di�erent from those of propagating

neutrino state.
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