
Wave Pa
ket Treatment

of Neutrino Os
illations

Carlo Giunti

INFN, Sezione di Torino, and

Dipartimento di Fisi
a Teori
a, Universit�a di Torino

giunti�to.infn.it

 Standard Theory of Neutrino Os
illations

 Criti
al Dis
ussion of Standard Assumptions

 The Ne
essity of a Wave Pa
ket Approa
h

 Neutrino Wave Pa
kets in Quantum Field Theory

 Derivation of Neutrino Os
illations in QFT

New Dimensions in Astroparti
le Physi
s

8

th

Summer Institute at Gran Sasso National Laboratory

7{19 July 2002, Assergi, Italy

Neutrino Unbound

http://www.to.infn.it/~giunti/NU

C. Giunti, Wave Pa
ket Treatment of Neutrino Os
illations, 8 July 2002, Gran Sasso, 1



Standard Theory of Neutrino Os
illations in Va
uum

[Bilenky & Ponte
orvo, Phys. Rep. 41 (1978) 225℄
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The transition probability depends only on the energy
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MAIN ASSUMPTIONS OF STANDARD THEORY

(A1) Neutrinos are extremely relativisti
 parti
les

(A2)

Neutrinos produ
ed in CC weak intera
tion pro-


esses together with 
harged leptons �
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ribed by the 
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! dete
table neutrinos are extremely relativisti
 !

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

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

e

, �

�
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k
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IN THIS CASE:

� heavy neutrino masses must be taken into a

ount in


al
ulation of produ
tion and dete
tion rates

� os
illations due to large squared-mass di�eren
es are not

observable =) 
onstant 
avor-
hanging transition

probability due to mixing =) no 
oheren
e problem

� almost degenerate very heavy massive neutrinos (su
h

that the 
orresponding squared-mass di�eren
es generate

observable os
illations) seem very unlikely

IN THE FOLLOWING: we study os
illations due to light

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

Cru
ial: 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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phase of P

�

�

!�

�

is independent from �

+

Equal Momentum Assumption gives
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illation phase
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DIFFERENT MOMENTUM CONTRIBUTIONS
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[Dolgov & Morozov & Okun & S
hepkin, Nu
l. 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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illations of �'s produ
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 � experiments)
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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 pa
kets is determined by 
oheren
e size

of the Produ
tion Pro
ess:
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Range of T ' [t
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+
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ertainty
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=
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illations observable
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�
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NEUTRINO WAVE PACKETS

+

T = L is 
orre
t approximation

+

Phase : �

kj

' �

�m

2

kj

2E

L

VERY IMPORTANT: � has magi
ally disappeared ) �

os
illations are independent from the spe
i�
 details of the

produ
tion pro
ess (
ru
ial: relativisti
 neutrinos)
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�
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�
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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 Pa
kets have di�erent velo
ity and separate

Di�erent massive neutrinos 
an interfere

if

wave pa
kets 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 pa
kets : �

x

� Æt

P

Maximal separation for interferen
e:

jÆxj

2

max

' jÆtj

2

max

� �

2

x

+ Æt

2

D

� Æt

2
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+ Æt

2

D
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kj

j � jÆxj
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) L
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kj

�

2E

2

j�m

2

kj
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Transition from L� L


oh

kj

to L� L


oh

kj

?

m

WAVE PACKET TREATMENT

E�e
ts of Produ
tion and Dete
tion Pro
esses ?

m

QUANTUM FIELD THEORY

Quantum Field Theory of Neutrino Os
illations with ex-

ternal parti
les in Produ
tion and Dete
tion pro
esses

des
ribed by wave pa
kets 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 os
illation length and existen
e of 
o-

heren
e length

problem: neutrino has no properties !

in os
illation experiments neutrinos propagate as free parti
les

over ma
ros
opi
ally large distan
e, sometimes astronomi
al

distan
es

it must be possible to des
ribe neutrinos in os
illation

experiments with appropriate state
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Neutrino Wave Pa
kets in Quantum Field Theory

[Giunti, hep-ph/0205014℄

In Quantum Field Theory
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d

4
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+
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E�e
tive Intera
tion Hamiltonian:
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Produ
tion Pro
ess Lo
alization:

j�i =

Z

d

3

p 

�

(~p;~p
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; �

p�

)j�(~p)i (� = P
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Gaussian momentum distribution:
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; �

p�

) =

�

2��

2

p�

�

�3=4

exp

"

�

(~p�~p

�

)

2

4�

2

p�

#

Wave fun
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�
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From Gaussian integration over d

3

p:
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Spa
e and Momentum un
ertainties:
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Neutrino state:
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From integrations over d
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j�

�

i is a superposition of massive neutrino wave pa
kets
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Dete
tion Pro
ess at (
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only one massive neutrino 
ontribution

+

! no os
illations !
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Integration over d
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p with saddle-point approximation around
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But 
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ulation of 
oeÆ
ients of massive neutrino 
omponents
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i needs Quantum Field Theory!
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Transition Probability in Spa
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CONCLUSIONS

 Standard expression for os
illation length is robust.

 Relativisti
 approximation is 
ru
ial.

 

In general Equal Momentum or Energy Assump-

tions do not 
orrespond to reality (in
ompatible

with Lorentz invarian
e).

Os
illation probability must be Lorentz invariant

be
ause di�erent observers measure the same 
a-

vor transition probability ) os
illations in spa
e

and time.

 

Wave Pa
ket treatment is ne
essary for approxi-

mation T ' L ) os
illations in spa
e.

 

Quantum Field Theory allows to 
al
ulate the ef-

fe
ts of Produ
tion and Dete
tion pro
esses.

Free propagating neutrino 
an be des
ribed by ap-

propriate state.

E�e
t of Dete
tion pro
ess: energies and momenta

of massive neutrino 
omponents relevant for os-


illations are di�erent from those of propagating

neutrino state.
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