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2015 Nobel Prize in Physics to T. Kajita (Super-Kamiokande) and A. McDonald
(Sudbury Neutrino Observatory)
”for the discovery of neutrino oscillations, which shows that neutrinos have
mass.”
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Massive neutrino states: |νiλ (p)i = A†iλ (p)|Φ0 i,
|Φ0 i – physical vacuum

†
|ν̄iλ (p)i = Biλ
(p)|Φ0 i
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Then oscillations can take place:
Pνe →νµ

∆m2

= |hνµ (p)|e −iHt |νe (p)i|2


2
2
2 ∆m
= sin (2θ) sin
L ,
4E
mi
= m22 − m12 ,
 1.
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Coherent flavour neutrino states cannot be derived in conventional QFT!

Oscillations of states and coherence in Quantum Mechanics
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t = t0 + ∆t
Remove suddenly the interaction and determine the state of the system (can be
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P|0i→|1i = h1|e −iH∆t |0i ∼ sin2 ∆E
2 ∆t
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Can this simple quantum mechanical picture be extended straightforwardly to
particle oscillations?
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- the coherence of flavour neutrino states is not triggered by external factors, it is
intrinsic;
- the quantum mechanical principle of superposition of states fails: the two massive
neutrino states which are superposed are not states of the same system, but states of
two distinct systems!
The quantum mechanical interpretation of neutrino oscillation as two-level
system oscillation is conceptually untenable!
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i.e. the coherent state is a superposition of an infinite number of particle states
(or Fock states), all belonging to the same Fock space.
In QFT, the notion of coherent state appears as vacuum condensate.

How to define coherent oscillating states in quantum field theory, as
superposition of finite number of particle states belonging to
different Fock spaces?
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Connect massless to massive neutrino fields
Procedure reminiscent of the Nambu–Jona-Lasinio model for dynamical
generation of nucleon masses
Nambu and Jona-Lasinio (1961),
see also Umezawa, Takahashi and Kamefuchi (1964)

inspired by Bardeen–Cooper–Schrieffer theory of superconductivity in
Bogoliubov’s formulation
Bogoliubov (1958)
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- Treat Hmass as an interaction term for massless SM flavour fields.
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- Nondiagonal Hamiltonian in terms of massless (bare) particles’ operators :
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†
†
†
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(p)bµλ (p)
λ

h




†
†
†
†
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(p)bµλ
(−p) + bµλ (p)aµλ (−
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- Diagonal form:
Z
h
i
X
†
(p)Biλ (p) ,
H = d 3p
Eip A†iλ (p)Aiλ (p) + Biλ

Eip =

q
p2 + mi2

λ,i=1,2

- The eigenstates of the diagonal Hamiltonian are the physical particle states
(Bogoliubov quasiparticles).
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- Bogoliubov transformations between the ”massless” and ”massive” operators:
†
Aiλ (p) = αip aiλ (p) + βip biλ
(−p),

i = 1,s2,
s 



1
p
1
p
†
1+
, βip = sgn λ
1−
Biλ (p) = αip biλ (p) − βip aiλ (−p), αip =
2
Eip
2
Eip
16

- Physical vacuum is a condensate of ”Cooper-like pairs” of massless
neutrino-antineutrino – coherent state!


†
†
|Φ0 i = Πi,p,λ αip − βip aiλ
(p)biλ
(−p) |0i,

17

- Physical vacuum is a condensate of ”Cooper-like pairs” of massless
neutrino-antineutrino – coherent state!


†
†
|Φ0 i = Πi,p,λ αip − βip aiλ
(p)biλ
(−p) |0i,
such that
h0|Φ0 i = Πi,p,λ αip = Πi,p,λ





Z
p 1/2
→ exp −(m12 + m22 ) dp = 0,
1+
Eip

in the infinite volume and momentum limit.

17

- Physical vacuum is a condensate of ”Cooper-like pairs” of massless
neutrino-antineutrino – coherent state!


†
†
|Φ0 i = Πi,p,λ αip − βip aiλ
(p)biλ
(−p) |0i,
such that
h0|Φ0 i = Πi,p,λ αip = Πi,p,λ





Z
p 1/2
→ exp −(m12 + m22 ) dp = 0,
1+
Eip

in the infinite volume and momentum limit.
- Fock spaces built on the vacua |0i and |Φ0 i do not contain any common states —
connection to Haag’s theorem!

17

- Physical vacuum is a condensate of ”Cooper-like pairs” of massless
neutrino-antineutrino – coherent state!


†
†
|Φ0 i = Πi,p,λ αip − βip aiλ
(p)biλ
(−p) |0i,
such that
h0|Φ0 i = Πi,p,λ αip = Πi,p,λ





Z
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in the infinite volume and momentum limit.
- Fock spaces built on the vacua |0i and |Φ0 i do not contain any common states —
connection to Haag’s theorem!
- Massive neutrino states interpreted as Bogoliubov quasiparticles.
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- There is always a portion of muon neutrino in the electron neutrino and vice-versa.
- In the ultrarelativistic limit, one recover’s Pontecorvo’s oscillation probability:


2
2
2 ∆m
Pνe →νµ = sin 2θ sin
t , ∆m2 = m22 − m12 .
4p
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Conclusions and outlook
Coherence of flavour states is the key element for oscillations, which cannot be
implemented by usual QFT prescriptions.
Proposed prescription for constructing intrinsically coherent neutrino states, by
establishing a one-to-one correspondence with the Standard Model massless
neutrino states.
Procedure of defining oscillating particle states can be implemented for any type
of oscillating systems (K0 − K̄0 , n − n̄, Majorana neutrinos, seesaw mechanism).
Quantitatively significant differences for nonrelativistic neutrinos (see KATRIN
and PTOLEMY experiments) and possibly for MSW effect (especially neutrinos in
extreme conditions).
First step towards elucidating
the mechanism of interaction (production and absorbtion) of oscillating
particle states.
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