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The Unruh effect

“. . . the behavior of particle detectors under acceleration a is
investigated where it is shown that an accelerated detector even in
flat spacetime will detect particles in the vacuum. . .

. . . This result is exactly what one would expect of a detector
immersed in a thermal bath of temperature [Unruh (1976)]

TU = a/2π ”
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The “magic” of neutrinos

Quantum Mechanics [Pontecorvo et al. (1978)]

|νe〉 = |ν1〉 cos θ + |ν2〉 sin θ

|νµ〉 = −|ν1〉 sin θ + |ν2〉 cos θ

Flavor and mass representations are unitarily equivalent.
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The “magic” of neutrinos

Quantum Field Theory [Blasone and Vitiello (1995)]

νe(x) = ν1(x) cos θ + ν2(x) sin θ

νµ(x) = −ν1(x) sin θ + ν2(x) cos θ

Mass and flavor field expansions

νi (x) =
∑
k,σ

[
ασk,i u

σ
k,i e
−ik·x + βσ†k,i v

σ
k,i e

+ik·x
]
, i = 1, 2

νχ(x) =
∑
k,σ

[
ασk,χ(t)uσk,j e

−ik·x + βσ†k,χ(t) vσk,j e
+ik·x

]
, (χ, j) = (e, 1), (µ, 2)
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QM vs QFT

Flavor vacuum annihilator

ασk,e(t) = cos θ ασk,1 + sin θ︸ ︷︷ ︸
Pontecorvo rotation

(
ρk ∗

12 (t) ασk,2 + εσ λk
12(t) βσ†−k,2

)
︸ ︷︷ ︸

Bogoliubov transformation

Bogoliubov coefficients

ρk
12(t) ≡ uσ†k,2(t) uσk,1(t) = vσ†−k,1(t) vσ−k,2(t)

λk
12(t) ≡ εσ uσ†k,1(t) vσ−k,2(t) = −εσ uσ†k,2(t) vσ−k,1(t)

Inequivalent Fock spaces =⇒ Inequivalent representations

lim
V→∞

1,2〈0|0(θ, t)〉e,µ = 0
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QM vs QFT

The Standard Model is based on QFT. . .

. . . so the QFT viewpoint is more fundamental than the QM one.
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Flavor or mass states?

Under the magnifying glass
Asymptotic neutrino states: flavor or mass?

A ' out〈¯̀, ν , . . . | ŜI | . . . 〉in

−→

|νe,µ〉 or |ν1,2〉 ?
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Flavor or mass states?

Flavor states

M.Blasone, G.Vitiello (1995)

C. Ji et al. (2002)

C. Lee (2017)

...

Mass states

R. E. Shrock (1980)

C. Giunti (2005)

C. Kim et al. (2007)

...

Neutrinos as virtual states? =⇒ Divergent decay rates [Cardall (1999)]
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A mathematical curiosity? NO

Fig.: Intensity of Tritium β-decay spectrum versus the electron kinetic energy near
the end point energy (from arXiv:1709.06306 [hep-ph])
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Decay of accelerated particles

Decay properties are not universal [Ginzburg (1965), Muller (1997)]

τproton � τuniverse ∼ 1010 yr =⇒ protons are stable!

However, if we “kick” the proton. . .

p→ n + e+ + νe

acceleration lifetime
a
LHC

τp ∼ 103×108
yr

apulsar τp ∼ 10−1 s
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Inverse β-decay

Laboratory frame

p → n + e+ + νe

p

ne +νe

(i)
Fig.: The accelerating field provides the proton with the missing energy to decay
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Comoving frame

p + e → n + νe p + ν̄e → n + e+ p + e + ν̄e → n

Fig.: The decay is allowed to occur due to the Unruh effect
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Setting the stage

Basic assumptions [Matsas et al. (1999)]:

Massless neutrino

|ke | ∼ |kνe | � Mp,n (no-recoil approximation)

Current-current Fermi theory (semiclassical description)

ŜI =

∫
d4x
√
−g ĵµ

(
Ψ̂νγ

µΨ̂e + Ψ̂eγ
µΨ̂ν

)
ĵµ = q̂(τ) uµ δ

(
u − a−1

)
, q̂(τ) = e i Ĥτ q̂0 e

−i Ĥτ

Ĥ |n〉 = mn |n〉 , Ĥ |p〉 = mp |p〉 , GF = |〈p| q̂0 |n〉|

18 of 41



Laboratory frame

Tree-level transition amplitude

Ap→n = 〈n| ⊗ 〈e+
ke σe

, νkν σν |ŜI |0〉 ⊗ |p〉

Differential transition rate

d2Pp→n
in

dkedkν
=

1
2

∑
σe=±

∑
σν=±

|Ap→n|2

Scalar decay rate

Γp→n
in ≡

Pp→n
in

T
=

4G 2
Fa

π2eπ∆m/a

∫ ∞
0

dk̃e

∫ ∞
0

dk̃νK2i∆m/a [2 (ω̃e + ω̃ν)]
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Comoving frame

Γp→n
com =

G 2
F me

a π2 eπ∆m/a

∫ +∞

−∞
dω

Kiω/a+1/2(me/a)Kiω/a−1/2(me/a)

cosh [π (ω −∆m)/a]

Result
Γp→n
in = Γp→n

com

Remark
The Unruh effect is mandatory for the General Covariance of QFT
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Fig.: The mean proper lifetime τ of the proton versus its proper acceleration a.
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Inverse β-decay and neutrino mixing

Neutrino mixing in the inverse β-decay [Ahluwalia et al. (2016)]

“ In the laboratory frame, the interaction is the electroweak vertex,
hence neutrinos are flavor eigenstates.
In the comoving frame, the proton interacts with neutrinos in Rindler
states, which display a thermal weight and are mass eigenstates”.

“...if flavor eigenstates were the asymptotic states also in the accelerating
frame, the thermality of the Unruh effect would be violated”.

“...we conclude that the rates in the two frames disagree when taking
into account neutrino mixings ”.
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Inverse β-decay and neutrino mixing

The “paladins” of General Covariance of QFT
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Non-thermal Unruh effect

Unruh spectrum for mixed neutrinos [G.L. (2017)]

M〈0|N (θ, ω)|0〉M =
1

eaω/TU + 1︸ ︷︷ ︸
Thermal spectrum

+ sin2 θ

{
O
(
δm

m

)2}
︸ ︷︷ ︸
Non−thermal corrections

Remark
The Unruh effect for mixed fields is non-thermal
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Inverse β-decay and neutrino mixing

Neutrino mixing in the inverse β-decay [Ahluwalia et al. (2016)]

“ In the laboratory frame, the interaction is the electroweak vertex, hence
neutrinos are in flavor eigenstates.
In the comoving frame, the proton interacts with neutrinos in Rindler
states, which display an effective thermal weight and are mass
eigenstates ’’.
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Inverse β-decay and neutrino mixing

Ap→n = 〈n| ⊗ 〈e+
ke σe

, νkν σν
|ŜI |0〉 ⊗ |p〉

|νe〉 = |ν1〉 cos θ + |ν2〉 sin θ

|νµ〉 = −|ν1〉 sin θ + |ν2〉 cos θ

Using asymptotic flavor neutrinos, we get in the laboratory frame

Γp→n
in = cos4 θ Γp→n

1 + sin4 θ Γp→n
2 + cos2 θ sin2 θ Γp→n

12

Γp→n
i ≡ 1

T

∑
σν ,σe

GF
2
∫

d3kν

∫
d3ke

∣∣Iσνσe (ωνi , ωe)
∣∣2, i = 1, 2,

Γp→n
12 ≡ 1

T

∑
σν ,σe

GF
2
∫

d3kν

∫
d3ke

[
Iσνσe (ων1 , ωe) I ∗σνσe

(ων2 , ωe) + c.c.
]
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. . . and in the comoving frame

Γp→n
com = cos4 θ Γ̃p→n

1 + sin4 θ Γ̃p→n
2 + cos2 θ sin2 θ Γ̃p→n

12

Γ̃p→n
12 =

2G 2
F

a2 π7
√

lν1 lν2 e
π∆m/a

∫ +∞

−∞
dω

{∫
d2ke le

∣∣∣Kiω/a+1/2

(
le
a

)∣∣∣2
×
∫

d2kν
(
κ2
ν + mν1mν2 + lν1 lν2

)
×Re

{
Ki(ω−∆m)/a+1/2

(
lν1
a

)
Ki(ω−∆m)/a−1/2

(
lν2
a

)}
+me

∫
d2ke

∫
d2kν

(
lν1mν2 + lν2mν1

)
×Re

{
K 2

iω/a+1/2

(
le
a

)
Ki(ω−∆m)/a−1/2

(
lν1
a

)

× Ki(ω−∆m)/a−1/2

(
lν2
a

)}}
, κν ≡ (kx

ν , k
y
ν )
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Comparing the decay rates

Laboratory vs comoving decay rates

Γp→n
in = cos4 θ Γp→n

1 + sin4 θ Γp→n
2 + cos2 θ sin2 θ Γp→n

12 ,

Γp→n
com = cos4 θ Γ̃p→n

1 + sin4 θ Γ̃p→n
2 + cos2 θ sin2 θ Γ̃p→n

12

Γp→n
i = Γ̃p→n

i , i = 1, 2

What about the “off-diagonal” terms?

Γp→n
12

?
= Γ̃p→n

12
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Comparing the decay rates

Non-trivial analytic calculations. . .

. . . but, for δm
m � 1

Γp→n
12 = Γ̃p→n

12 up to O
(
δm

m

)
Result

Γp→n
in = Γp→n

com up to O
(
δm

m

)
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General Covariance and mass states?

Solving the controversy with mass eigenstates [Matsas et al. (2018)] ?

“ [. . . ] a physical Fock space for flavor neutrinos cannot be constructed.
Flavor states are only phenomenological since their definition depends
on the specific process.”

“ We should view the neutrino states with well defined mass as the
fundamental ones. [. . . ] The decay rates calculated in this way are
perfectly in agreement”.
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Why not mass states?

A physical Fock space for flavor neutrinos can be rigorously defined
[Blasone and Vitiello (1995)]

Mass eigenstates wipe mixing out of calculations

Γp→n+¯̀
α+νi = |Uα,i |2Γi , i = 1, 2

They are inconsistent with the description of neutrino oscillations
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Neutrino oscillations (inertial frame)

a) Without oscillations

Γ
(νe )
in = c4

θ Γp→n
1 + s4θ Γp→n

2 + c2
θ s

2
θ Γp→n

12

b) With oscillations

Γ
(νµ)
in = c2

θ s
2
θ

(
Γp→n
1 + Γp→n

2 − Γp→n
12

)

Total decay rate
Γtot
in ≡ Γ

(νe)
in + Γ

(νµ)
in = cos2 θ Γp→n

1 + sin2 θ Γp→n
2
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Neutrino oscillations (comovingframe)
a) Without oscillations

Γ
(νe )
acc = c4

θ Γ̃p→n
1 +s4θ Γ̃p→n

2 +c2
θ s

2
θ Γ̃p→n

12

b) With oscillations

Γ
(νµ)
acc = c2

θ s
2
θ

(
Γ̃p→n
1 + Γ̃p→n

2 − Γ̃p→n
12

)

Total decay rate
Γtot
acc = cos2 θ Γ̃p→n

1 + sin2 θ Γ̃p→n
2 = Γtot

in
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Three generations and CP-violation

PMNS matrix

U =

 c12 c13 s12 c13 s13 e
−iδ

−s12 c23 − c12 s23 s13 e
iδ c12 c23 − s12 s23 s13 e

iδ s23 c13

s12 s23 − c12 c23 s13 e
iδ −c12 s23 − s12 c23 s13 e

iδ c23 c13



Jarlskog invariant (phase-independent parameter)

Im
[
UδiU

∗
γiU
∗
δjUγj

]
≡ J

∑
λ,k

εδγλ εijk

δ, γ, λ = {e, µ, τ}, i , j , k = {1, 2, 3}

Physics cannot depend on the PMNS matrix parameterization
=⇒CP-violation observables must depend on J solely
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Three generations and CP-violation

Mass states are inconsistent with CP-violation in neutrino
oscillations

A
(e,j)
CP = Γνe ,νj − Γν̄e ,ν̄j = |Uej |2 |Aj |2 − |U∗ej |

2 |Aj |2 = 0 , j = 1, 2, 3

By contrast, flavor states correctly predict CP-violation effects

A(e,µ)
CP ≡ Γνe ,νµ − Γν̄e ,ν̄µ = 4J

{
−Im [A1A∗2] + Im [A1A∗3]− Im [A2A∗3]

}
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Take-home message

Ahluwalia’s Matsas’s Our
approach approach approach

Asympt. neutrinos Flavor Mass Flavor
in the laboratory frame
Asympt. neutrinos Mass Mass Flavor
in the comoving frame
Agreement between 7 3 3
the decay rates
Consistency with 7 7 3
neutrino oscillations
Consistency with 7 7 3
CP-violation
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Outlook

Beyond the l.o. approximation

Γp→n
in = Γp→n

com Γp→n
in 6= Γp→n

com

↓ ↓
The paradox would be
definitively solved

Unruh effect for mixed fields is to
be revised

Pontecorvo treatment of mixing is
not consistent with QFT

Extension to curved background (gravity effects)

Application to condensed matter systems (BdG equation for
superconductors)
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