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Mössbauer neutrinos
Proposed experiment:

Production: 3H → 3He+ + ν̄e + e−(bound)

Detection: 3He+ + e−(bound) + ν̄e → 3H

3H and 3He are embedded in metal crystals. Visscher 1959, Kells/Schiffer 1983, Raghavan 2005

Experimental challenges: W. Potzel

Is the Lamb-Mössbauer factor (fraction of recoil-free
emissions/absorptions) large enough?
Can a linewidth γ & 10−11 eV be achieved?
Can the resonance condition be fulfilled?

Theoretical questions:
Can Mössbauer neutrinos oscillate? S. M. Bilenky, F. v. Feilitzsch, W. Potzel

What is the effect of line broadening on oscilltions?
I Inhomogeneous line broadening −→ E. Akhmedov’s talk
I Homogeneous line broadening −→ this talk
I Special case: Natural line broadening −→ this talk

Comparison of different formalisms (QM↔ QFT)
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Mössbauer neutrinos in QFT
Aim: Properties of the neutrino should be automatically determined from
properties of the source and the detector.

Idea: Treat neutrino as an internal line in a tree level Feynman diagram:

External particles reside in harmonic oscillator potentials.
E.g. for 3H atoms in the source:

ψH,S(~x , t) =

[
mHωH,S

π

] 3
4

exp
[
− 1

2
mHωH,S|~x − ~xS|2

]
· e−iEH,S t
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Homogeneous line broadening by solid state effects

Fluctuating electromagnetic fields in solid state crystal
I Fluctuating energy levels of 3H and 3He.

Classical Mössbauer effect: Homogeneous and inhomogeneous
broadening both lead to Lorentzian line shapes

I Experimentally indistinguishable
I We expect a result similar to that for the case of inhomogeneous broadening

Ansatz: Introduce modulation factors of the form

fA,B(t) = exp
[
− i
∫ t

0
dt ′
[
EA,B(t ′)− EA,B,0

]]
in the 3H and 3He wave functions (A = H,He, B = S,D).

J. Odeurs, Phys. Rev. B52 (1995) 6166
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Transition amplitude for homogeneous line broadening

iA =

Z
d3x1 dt1

Z
d3x2 dt2

„
mHωH,S

π

« 3
4

exp
»
− 1

2
mHωH,S |~x1 − ~xS |2

–
e−iEH,S t1

·
„

mHeωHe,S

π

« 3
4

exp
»
− 1

2
mHeωHe,S |~x1 − ~xS |2

–
e+iEHe,S t1

·
„

mHeωHe,D

π

« 3
4

exp
»
− 1

2
mHeωHe,D|~x2 − ~xD|2

–
e−iEHe,D t2

·
„

mHωH,D

π

« 3
4

exp
»
− 1

2
mHωH,D|~x2 − ~xD|2

–
e+iEH,D t2

·
X

j

Mµ
SM

ν∗
D |Uej |2

Z
d4p

(2π)4 exp
ˆ
− ip0(t2 − t1) + i~p(~x2 − ~x1)

˜
· ūe,Sγµ(1− γ5)

i(/p + mj )

p2
0 − ~p2 −m2

j + iε
(1 + γ5)γνue,D

Evaluation:
d3x1 d3x2-integrals are Gaussian
d3p-integral: Use Grimus-Stockinger theorem (limit of propagator for
large L = |~xD − ~xS|).

W. Grimus, P. Stockinger, Phys. Rev. D54 (1996) 3414, hep-ph/9603430
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Transition rate for homogeneous line broadening
Transition rate Γ ∝ 〈AA∗〉
(statistical average of AA∗ over all possible 3H and 3He states).

⇒We encounter the quantity

BS(t1, t̃1) ≡
〈

fH,S(t1) f ∗He,S(t1) f ∗H,S (̃t1) fHe,S (̃t1)
〉

=

〈
exp

[
− i
∫ t1

t̃1
dt ′∆ES(t ′)

]〉
,

where ∆ES(t ′) ≡ [EH,S(t ′)− EHe,S(t ′)]− [EH,S,0(t ′)− EHe,S,0(t ′)].

By definition, 〈∆ES(t ′)〉 = 0
Markov approximation:

〈
∆ES(t ′)∆ES(t ′′)

〉
= γS δ(t ′ − t ′′)

⇒ BS(t1, t̃1) = exp
[
− 1

2γS|t1 − t̃1|
]
.
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Transition rate for homogeneous line broadening (2)

Result:

Γ ∝ exp
[
−

E2
S,0 −m2

2

σ2
p

]
︸ ︷︷ ︸

Lamb-Mössbauer factor

exp
[
− |∆m2|

2σ2
p

]
︸ ︷︷ ︸

Localization

(γS + γD)/2π

(ES,0 − ED,0)2 + (γS+γD)2

4︸ ︷︷ ︸
Resonance

·
{

1− 2s2c2
[
1− 1

2
(e−L/Lcoh

S + e−L/Lcoh
D ) cos

(
π

L
Losc

)]}
︸ ︷︷ ︸

Oscillation/Coherence

Lcoh
S,D = 4Ē2/∆m2γS,D , Losc

jk =
4πE
∆m2

jk

. . . identical to the result for inhomogeneous line broadening.

Reason: It is impossible to distinguish an ensemble of neutrino wave packets
with identical momentum distributions (but different spacetime positions) from
an ensemble of plane waves whose individual momenta follow the same
distribution. Kiers Nussinov Weiss
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Interpretation in the wave packet picture

Decoherence in production and detection processes
If an experiment can distinguish different
mass eigenstates, oscillations will vanish.
⇒ Localization condition ∆m2 � σp.
Decoherence during propagation
Decoherence caused by wave packet separation due to different group
velocities if L & Lcoh.
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Amplitude for broadening by natural line width
Take into account the instability of 3H in the source and the detector.

iA =

Z
d3x1

Z T

0
dt1
Z

d3x2

Z T

0
dt2
„

mHωH,S

π

« 3
4

exp
h
− 1

2 mHωH,S |~x1 − ~xS |2
i

e−iEH,S t1

·
„

mHeωHe,S

π

« 3
4

exp
h
− 1

2 mHeωHe,S |~x1 − ~xS |2
i

e+iEHe,S t1

·
„

mHeωHe,D

π

« 3
4

exp
h
− 1

2 mHeωHe,D|~x2 − ~xD|2
i

e−iEHe,D t2

·
„

mHωH,D

π

« 3
4

exp
h
− 1

2 mHωH,D|~x2 − ~xD|2
i

e+iEH,D t2

·
X

j

MµMν∗|Uej |2
Z

d4p
(2π)4 e−ip0(t2−t1)+i~p(~x2−~x1)

· ūe,Sγµ
1−γ5

2

i(/p + mj )

p2
0 − ~p2 −m2

j + iε
1+γ5

2 γνue,D

(correctness of this formula can be verified in the Wigner-Weisskopf approach)

E. Akhmedov, J. Kopp, M. Lindner, JHEP 0805 (2008) 005 (arXiv:0802.2513)
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π
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4
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i
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·
„
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π
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4

exp
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Probability for broadening by natural line width

P ∝
∑
j,k

θ(Tjk ) |Uej |2|Uek |2

· exp
[
−

(pmin
jk )2

σ2
p

]
exp

[
−
|∆m2

jk |
2σ2

p

]
ei
(q

Ē2−m2
j −
√

Ē2−m2
k

)
L

· e−γTjk e−L/Lcoh
jk

sin
[ 1

2 (ES − ED)(T − L
vj

)
]

sin
[ 1

2 (ES − ED)(T − L
vk

)
]

(ES − ED)2

where Tjk = min
„

T − L
vj
, T − L

vk

«
and Lcoh

jk =
4Ē2

γ|∆m2
jk |

Oscillation term: ei
(q

Ē2−m2
j −
√

Ē2−m2
k

)
L

Lamb-Mössbauer factor: exp
[
− (pmin

jk )2/σ2
p
]

Localization term: exp
[
− |∆m2

jk |/2σ2
p
]

Coherence term: e−L/Lcoh
jk
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P ∝
∑
j,k

θ(Tjk ) |Uej |2|Uek |2

· exp
[
−

(pmin
jk )2

σ2
p

]
exp

[
−
|∆m2

jk |
2σ2

p

]
ei
(q

Ē2−m2
j −
√

Ē2−m2
k

)
L

· e−γTjk e−L/Lcoh
jk

sin
[ 1

2 (ES − ED)(T − L
vj

)
]

sin
[ 1

2 (ES − ED)(T − L
vk

)
]

(ES − ED)2

where Tjk = min
„

T − L
vj
, T − L

vk

«
and Lcoh

jk =
4Ē2

γ|∆m2
jk |

Oscillation term: ei
(q

Ē2−m2
j −
√

Ē2−m2
k

)
L
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jk )2/σ2
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Probability for broadening by natural line width (2)
Resonance term

sin
[ 1

2 (ES − ED)(T − L
vj

)
]

sin
[ 1

2 (ES − ED)(T − L
vk

)
]

(ES − ED)2

does not depend on γ, but only on the total measurement time T
(Heisenberg principle).

Analogy: subnatural spectroscopy in quantum optics
I Atom is excited instantaneously to state |b〉.
I Continuous irradition with frequency ν.
I Probability for exiciting state |a〉 is proportional to

[(ν − νres)
2 + (γa − γb)2/4]−1, not [(ν − νres)

2 + (γa + γb)2/4]−1.
P. Meystre, O. Scully, H. Walther, Optics Communications 33 (1980) 153

Here:
I |b〉 ⇔ 3H atom in the source, 3He atom in the detector
I |a〉 ⇔ 3He atom in the source, 3H atom in the detector
I Excitation of |b〉 ⇔ Production of source
I Transition |b〉 → |a〉 ⇔ neutrino production, propagation and absorption
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Probability for broadening by natural line width (3)
Note: If the source is produced at t = 0, but the experiment is started at a
later time t = t0, the width of the resonance term will depend not on T ,
but on T − t0.

Joachim Kopp (MPI Heidelberg) Mössbauer neutrinos in QM and QFT 15



Outline

1 Setting the scene

2 Mössbauer neutrinos in QFT: Aspects of homogeneous line broadening
Electromagnetic effects in solid state crystals
Natural line broadening

3 Mössbauer neutrinos in QM

4 Comparison of QFT and QM
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Lorentzian wave packets
Describe Mössbauer neutrino as a Lorentzian wave packet:

〈p|ν̄eS(t)〉 =
1

NS

∑
j

Uej fjS

√
γS/2π

p − pjS + iγS/2
exp

[
− iEj t

]
|νj〉

Detection process: Projection onto

〈p|ν̄eD〉 =
1

ND

∑
j

Uej fjD

√
γD/2π

p − pjD + iγD/2
exp

[
− ipL

]
|νj〉

Fudge factors

fjS ≡ exp
[Ē2 −m2

j

2σ2
pS

]
, fjD ≡ exp

[Ē2 −m2
j

2σ2
pD

]
describe dependence of production/detection amplitudes on neutrino mass
(cannot be computed in QM, but only in QFT).
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Transition amplitude, probability, and rate in QM
Transition amplitude:

A(t ,L) =

∫
dp 〈ν̄eD|p〉 〈p|ν̄eS(t)〉

Transition probability:

P(L) =
1
T

∫ T/2

−T/2
dt A∗(t ,L)A(t ,L)

Transition rate:

Γ =
1

4πL2 ΓMB
0 P(L)σMB
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Approximations and definitions
Use that momentum space wave packets are very narrow

Ej =
√

p2 + m2
j t ' Ēj t + v̄j t(p − p̄j ) ,

p̄j = (pjS + pjD)/2 , Ēj =
√

p̄2
j + m2

j , v̄j =
p̄j√

p̄2
j + m2

j

Use that neutrinos are ultra-relativistic (mj � Ēj ):

pjS ' ES,0 − (1− ξS)
m2

j

2ES,0
, pjD ' ED,0 − (1− ξD)

m2
j

2ED,0

Ēj ' Ē + ξ̄
m2

j

2Ē
, p̄j ' Ē − (1− ξ̄)

m2
j

Ē
, v̄j ' 1−

m2
j

2Ē2
,

Ē ≡ 1
2

(ES,0 + ED,0) , 1− ξ̄ ≡ Ē
2

(
1− ξS

ES,0
+

1− ξD

ED,0

)
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Transition rate in QM

Γ ∝ exp
[
−

E2
S,0 −m2

2

σ2
p

]
exp

[
− |∆m2|

2σ2
p

]
(γS + γD)/2π

(ES,0 − ED,0)2 + (γS+γD)2

4

·
{

1− 2s2c2
[
1− 1

2
(e−L/Lcoh

S + e−L/Lcoh
D ) cos

(
π

L
Losc

)]}
. . . identical to QFT result.
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Comparison of QFT and QM approaches

QFT QM

Few input parameters:
ωH,He;S,D, EH,He;S,D, γS,D

Many input parameters:
ΓMB

0 , σMB, pjS,D, γS,D, ξS,D fjS,D,

Shape of neutrino wave packets
determined automatically

Shape of neutrino wave packets
put in by hand

Predicts total transition rate (in-
cluding Lamb-Mössbauer factor)

Predicts only oscillation proba-
bility

Correct localization condition No (or incomplete) localization
condition

Realistic implementation of line
broadening

Line broadening parameterized
by γS,D

Abstract formalism More transparent formalism
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Conclusions
Mössbauer neutrinos in the regime of homogeneous line broadening:

I Solid state effects: Effect identical to that of inhomogeneous broadening.
I Natural line width dominance: Unrealistic, but interesting analogy to

subnatural spectroscopy→ Resolution not limited by line width!

Mössbauer neutrinos in QM

I Lorentzian wave packets
I QFT result can be reproduced
I . . . but only if many parameters are adjusted by hand
I QM is the less abstract, but also the less complete formalism
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Thank you!
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