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Beta decay with 2 - body final state:

AN,Z) — AN =1,Z+1) +e5 + e

Inverse process:
Ve + eg + AIN—-1,Z+1) — A(N, Z)

If the neuclei are embedded in solid state lattice, recoilless emission and
absorption in principle possible.

Possibility of MOossbauer effect with neutrinos:

Visscher, 1959; Kells & Schiffer, 1983; Raghavan, 2005, 2006

Relevant processes considered:

Bahcall, 1961 — bound state (3 decay;
Mikaelyan, Tsinoev & Borovoi, 1967 — inverse process
(stimulated K-electron capture)
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Mdossbauer effect with neutrinos on °H — 3He system:
3 3 - — — 3 - 3
H — ("He + eg) + 7e; Ve + ("He + e5z) — °H

Energy release: @ = 18.6 keV. Mean lifetime of °H is 17.8yr =
Nat. linewidth T'syip = 1.17 x 10724 eV — extremely small: AE/E ~ 10728 |

Various (homogeneous and inhomogeneous) broadening effects exist. By
suppressing them probably an effective linewidth I'eg ~ 10711 eV can be
achieved (W. Potzel) = AE/E ~ 10~ — still very small.

Number of *H atoms produced in the target can be counted by detecting their
decay or using mass spectroscopy.

Very serious technical difficulties exist, but apparently realization of a
Maossbauer experiment with neutrinos is not impossible (Raghavan, Potzel).
If realized: for ' ~ 107 eV, 0~ 10733 em? !




If a MOssbauer neutrino experiment is realized =- a unique source of
extremely monochromatic low energy neutrinos. Would open up possibilities
# to detect for the first time keV neutrinos

# to detect neutrinos with g or 100 g scale (rather than t or kt scale)
detectors

# to observe gravitational redshift of neutrinos

# to study neutrino oscillations at distances ~ 10 m rather than km or
hundreds/thousands of km

# to search for the effects of yet unmeasured mixing angle 6,3 and possibly
measure it

# to discriminate between the normal and inverted neutrino mass
hierarchies without using matter effects

# to study possible oscillations into sterile neutrino states
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For Mossbauer effect with neutrinos on 3H — 3He system:
Natural linewidth Tsg = 1.17 x 10724 eV ; even [y ~ 10711 eV

Am?2 2.5 x 1073 eV?
Very small compared with 31 _ ~ 6.7-10"8 eV? I
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¢ Will neutrinos with such small energy uncertainty oscillate ?

— Same momenta approach (evolution in time): no.
The oscillation phase A¢p = AEF -t = 0 because AE = 0.

— Same energies approach (evolution in space):. probably yes.
The oscillation phase A¢p = — Ap-x # 0.

Bilenky, v. Feilitzsch & Potzel: this can be used to check which approach to
neutrino oscillations is correct.

Our point of view: the correct approach is based on the space-time evolution
(supported by QFT calculations). The other approaches are based on incorrect
assumptions and can lead to correct results only in some particular cases.




Same momentum and same energy assumptions: contradict kinematics!

Pion decay atrest (77 — ut +v,, 7= — u~ +v,):
For decay with emission of a massive neutrino of mass m;:

2
L UL I PO L
’ 4 m2 2 m2 4m?2

2
For massless neutrinos: E; =p; = £ = =~ (1 — m—;‘) ~ 30 MeV

To first order in m?:

Ei—E+§2E, pi—E—(l—f)ﬁa §—2<—mQ ~ 0.2




No physical grounds for assuming that neutrinos have same
energy or same momentum |
— Contradicts kinematics

Also: would violate Lorentz invariance of the oscillation
probability

How can wrong assumptions lead to the correct oscillation
formula ?




In general, configuration-state wave packets (w/o dispersion):

U(Z, t) = ePoT—iEWwo)t gz i ¢)
“Shape factors™: ¢(# — v,t) = | (zdj)f?,},Q 1) eiP1(F—Tg?)

/d3x|g(f—ﬁgt)|2 =1
The evolved flavour state:

Z mass Z [ piZ—iE(pi)t gz(x o ngt)] |Vzmass>

For m,; < E. i (f — QTQit) = g(f — ﬁgit)
Compared to plane-wave approach: extra factors g¢(z — v,t)




Oscillations are due to phase differences of different mass eigenstates:

Ap =AFE -t — Ap-x (B; = \/pf—l—mf)
Consider the case AFE < FE (relativistic or quasi-degenerate neutrinos) =

OF OF 1
AE = Zap+ T Am? = v, Ap + — Am?
op "L gmz R T Ve BP Tt opam

_ 1 2
Ap = (ngp+2EAm )t — Ap-x

Am?

= — (x — vyt)Ap + ¥

t

In the center of wave packet (z — v,t) = 0.

In general, |z — v,t| S o, (the
spatial size of the w. packet); if o, < losc,

z — vt Ap <1l =




Am?

A =

t, r ~ v,t >t
2F I
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A =

L, ~ vt =1
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— the result of the “same momentum” approach recovered!

Now instead of expressing AE through Ap and Am? express Ap through
AE and Am?:

1 Am? Am?
O Ap = — g(x — vy t)AE + 2 2

— the result of the “same energy” approach recovered!

The reasons why wrong assumptions give the correct result:

# Neutrinos are highly relativistic with AF < F

# The size of the neutrino wave packet is small compared to the oscillation
length: o, < lusc
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1. Emitted flavour eigenstate — a coherent superposition of different mass
eigenstates.

2. The coherence is not lost until the state is detected.

= Localization and no wave packet separation conditions. The latter
satisfied with a very large margin for MGssbauer neutrinos.

1. Coherence at production:

If by accurate £ and p measurements one can tell which mass eigenstate is
emitted, the coherence is lost and oscillations disappear!

How are the oscillations destroyed? Suppose by measuring momenta and
energies of particles at neutrino production (or detection) we can determine its
energy E and momentum p with uncertainties og and o,. From

E; = /pi +mi:

omz = [(2Eog)® + (2p0p)2]1/2




If 0,2 <Am? = |m? —m3%| — one can tell which mass eigenstate is emitted.
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= Oscillations washed out. Similarly for neutrino detection.




If 0,,2 <Am? = |m? —m3| — one can tell which mass eigenstate is emitted.

?:_

omz < Am? implies 2po, < Am?, or o, < Am?/2p ~ I .}
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But: To measure p with the accuracy o, one needs to measure the momenta
of particles at production with (at least) the same accuracy = uncertainty
of their coordinates (and the coordinate of v production point) will be

—1

Ox, prod Z Up

~ losc

= Oscillations washed out. Similarly for neutrino detection.

Natural necessary condition for coherence (observability of oscillations):

Lsource <K loSC) Ldet < losc

No averaging of oscillations in the source and detector (localization condition)

Satisfied very well in all practically interesting cases (conventional neutrinos)
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Very small effective linewidth means small energy uncertainty of the emitted
neutrino state. Can different neutrino mass eigenstates be emitted coherently?

e = [(2Bog)? + (2poy)?]"”

We have: o ~ 0, but o, is not!

The Mdéssbauer effect itself measures the neutrino energy with a very small
or. How about neutrino momentum?

Can in principle be measured by measuring the recoil momentum of the
crystal. Suppose you get some value p with an uncertainty o,. Then one can
tell one neutrino mass eigenstate from the other if

2po, < Am?




But then the uncertainty in the position of the emitter would be

ox Zagl ~ lose =~ 20m !

— not the case. ox Iis certainly smaller than the size of the crystal (a few cm).
In reality it is of the order of interatomic distances (one can destroy the crystal
and find out which tritium atom turned into helium).

~  o,~10keV, ie. 2po,~4x 108 eV > Am

Confirmed by QFT calculations (E.A., Joachim Kopp & Manfred Lindner,
arXiv: 0802.2513)




Consider neutrino production, propagation and detection as a single
inseparable process. The amplitude given by a “large” Feynman diagram:

External particles (tritium and helium) described by localized wave functions.

Neutrino is an internal line described by a propagator rather than a wave
function — no assumptions on its properties (same energy, same momenta,

etc.) necessary.

Model for bound tritium and helium nuclei: ground state of the corresponding
harmonic oscillators (Einstein’s model of crystal) — qood qualitative description
of conventional MGssbauer effect. Consider 7' = 0.




Wave functions:

MAWA B
U

4 1
S o 2 _iEa gt
] exp [— imAwA,B|x—:CB| ] ce tABt

wA,B,O('fv t) — [

A ={H,He}, B =1{S,D} (S=source, D=detector).

|. Separate calculation of the production rate and (no-oscillation) detection
Cross section

I, =y Xs
G2, cos? .. Eso\’
o = SE0 y (RPm (Mu? + AMAP) (50) s
1\ 77 -3 -5
XS:8<775—|——) e °ps = Yge °ps
US
o mpgWwWH,S 2
ns = ; Ops = MHWH,S + MHe WHe,S -




Restructuring of wave function of spectator electron =
* -\ 13 2
is = | [ omas () Uam () dr|

=22 ~ 0.7 in hydrogene-like approx.)

Energy spectrum p(FE) of the emitted Mdssbauer neutrinos in the
approximation of zero linewidth:

p(E) — FO XS 5(E — ES,O) .
Cross section of recoilless detection:

O‘(E) — Bo XD 5(E — ED,O)

By = 4nGF cos® 0. |ve(R)]? (|Mv|® + g4l Mal?) ko

1\ -% .
XD:S(nD—I——> e 0 = Ype °pD
"D




| Mg WHD 9
"D = : Opp = MHWH,D + MHEWHe,D -




MHg WH,D 9
"D = : Opp = MHWH,D + MHEWHe,D -

The overall process rate (for zero linewidths and no oscillations):

1 > I'y By
I' = E)o(E)dE = XsXpo(FEgog—FE
= || BB B = J15 XsXp 6(Eso ~ Epo)




My WH,D 5
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The overall process rate (for zero linewidths and no oscillations):

1 > I'y By
I' = E)o(E)dE = XsXpo(FEgog—FE
= || BB B = J15 XsXp 6(Eso ~ Epo)

For Lorentzian energy distributions for production and detection processes:

Yp /27
(E—FEpp)?+~5/4

Vs/2m
(B — Es0)? +75/4°
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My WH,D 5
Opp = MHWH,D + MHEWHe,D -

The overall process rate (for zero linewidths and no oscillations):

1 > I'y By
I' = E)o(E)dE = XsXpo(FEgog—FE
= || BB B = J15 XsXp 6(Eso ~ Epo)

For Lorentzian energy distributions for production and detection processes:

YD/ 2w
(E—FEpp)?+~5/4

Vs /2T
(B — Es0)? +75/4°

,O(E):F()XS O'(E):B()XD

Combined rate of the neutrino production, propagation and detection process:

_ Ty By (vs +7vp) /27
(Eso— Epo)* + (vs +7p)%/4

The Mossbauer resonance condition: (Esg — Epo)? < (vs +7vp)?/4




If it is satisfied = neutrino detection cross section enhanced by a factor
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compared to cross sections of non-resonance capture reactions
v, +A— A"+ et for neutrinos of same energy (assuming the recoil-free
fraction ~ 1). For vg +vp ~ 107t eV = enhancement factor ~ 102,
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Inhomogeneous line broadening: Calculate the probability of the overall
process for zero linewidths and then average the result over the energy
distribution of *H and *He nuclei in the source and detector.
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ll. Full QFT calculation including neutrino mixing effects

Inhomogeneous line broadening: Calculate the probability of the overall
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Homogeneous line broadening: modify the amplitude of the process and apply
a proper averaging procedure to take into account the stochastic nature of the
processes leading to homog. broadening.




If it is satisfied = neutrino detection cross section enhanced by a factor

~ (aZme)?’/[ eEe(vs + D)

compared to cross sections of non-resonance capture reactions
v, +A— A"+ et for neutrinos of same energy (assuming the recoil-free
fraction ~ 1). For vg +~vp ~ 107t eV = enhancement factor ~ 10'2.

ll. Full QFT calculation including neutrino mixing effects

Inhomogeneous line broadening: Calculate the probability of the overall
process for zero linewidths and then average the result over the energy
distribution of *H and *He nuclei in the source and detector.

Homogeneous line broadening: modify the amplitude of the process and apply
a proper averaging procedure to take into account the stochastic nature of the
processes leading to homog. broadening.

= The results in both cases are formally very similar.
_ EvgenyAkhmedov  MeboumeNeurinoTheoryWorkshop  Melboume Jine4,2008 -p.19




The overall process rate:

I'o By

I' =
A L2

YsYp / dEy sdEpe s dEHe, p dEH, D
0

- 0(Es — Ep)pu.s(Eu.s) paep(Eaep) pre.s(Ere.s) pup(Em D)

2E? — .
Sl |- 2R )

202
g,k p

o, — effective momentum uncertainty of the emission/absorption processes:

1 1 1

E— + :
012, MHWH,.S T MHeWHe,S MHWH,D T+ MHeWHe, D

An analogue of the Debye - Waller (Lamb - Mdssbauer) factor:
O exp[=(2E5 —mi —my)/20,] = exp[—(p] + pi)/20,)]




If mass eigenstates v; and v, do not satisfy [Am?,| < o, = emission
and absorption of the lighter mass eigenstate will be suppressed compared to
those of the heavier state <« a reduced mixing of the two states =

suppression of oscillations.

(pﬁinyl exp [_ |Am?k|]

2 2
o 20p

exp [—
p




If mass eigenstates v; and v, do not satisfy |Am7,| < o, = emission
and absorption of the lighter mass eigenstate will be suppressed compared to
those of the heavier state <« a reduced mixing of the two states =

suppression of oscillations.

(pﬁin)j exp [_ |Am§k|]

2 2
o 20p

exp [—
p

First factor = suppression of emission and absorption, i.e. a generalized
Lamb-Mdssbauer factor, second factor =  suppression of oscillations.

[AmZ,| <20, = localization condition: Spatial localization o, ~ 1/0y,.




If mass eigenstates v; and v, do not satisfy |Am7,| < o, = emission
and absorption of the lighter mass eigenstate will be suppressed compared to
those of the heavier state <« a reduced mixing of the two states =

suppression of oscillations.

(pﬁin)j exp [_ |Am?k|]

2 2
o 20p

exp [—
p

First factor = suppression of emission and absorption, i.e. a generalized
Lamb-Mdssbauer factor, second factor =  suppression of oscillations.

[AmZ,| <20, = localization condition: Spatial localization o, ~ 1/0y,.

Oscillations would be suppressed only if |[Am?,| 2 205, In reality:
[Am2) [max ~ 2.5-1073 eV?; 02 ~ (10keV)? = oscillations will not
be suppressed.




For Lorentzian energy distributions of external particles:

YA,B/2T
Eap—Eap0)?+7ip/4

paB(Fap)= (

(A:{H7H6}1 B:{SaD}1 EA,B,O:mA+%wA,B) =

I’y By 2 5 (P5e™)? [AmZ, |
I ~ T2 YsYp ]zk:|Uej| |Uer | exp | — -2 exp | — 302

2
Am3,

(e—L/LEﬁ?s 4 e—L/L}.‘i?D) exp [ _ (vs +p)/2m

g L] 2
2F (Es,o _ ED,O)2 4+ (’YS‘Z’YD)

N | —

LSy — coherence lengths:

4E2 0J5°¢ 2
Lol = = = oy
Ik B YB |Am?k; | Avy, YB




For realistic values of parameters — just the expected result: the rate of
no-oscillation production-detection process times the standard oscillation
probability (probability of 7, survival). Decoherence and delocalization can
be neglected.

Natural linewidth dominance

Time dependence of the wave functions of unstable *H in the source and
detector have to be modified:

\IJHS(fl)e_iEH’S t1 N lIIHS(f]_)e_iEH’S tl—%fytl

\I;HD(:Z.’Z)e—’iEH,D t2 \PHD(fQ)e_iEH'D to—2v(T—t2)
(v = (17.8yr)~' = 1.17 x 10~** eV — natural linewidth of tritium).

Time integrations in the interval [0, T rather than (—oo, c0).




The result:

'y By 2 i o (P™)? [Am?, |
— YoV = U.:|?|U. _ _
D yo <Yp . ]2,; | 3| |Uer|* exp 01% exp 2022?

- e € 2E
(Eso— Ep,o)?
Coherence length:
L 1 1] [Amgy
T P L o

Allowed detuning of Egy and Ep g Is determined not by ~ but by the overall
observation time T through the relation

Eso— Epol $1/T




Consider a system with two excited states, [¢4) and |¢p), width v4 and 5.
| b>
[ Wo>

| ¥o>

At time t = 0 state |¢p) is instantaneously excited from the ground state by a
short laser pulse. Also: the atom is continuously exposed to electromagn.
radiation of a frequency w. Probability of transition into state | 4)

1

D
> (Eo — By —w)? + (ya —7B)*/4

= dependson (y4 —~yg) ratherthan (y4 +yg). Inourcase v4 =y =17.




Bilenky, v. Feilitzsch & Potzel, arXiv:0803.0527: neutrino oscillations in
Mdossbauer neutrino experiments contradict time-energy uncertainty relation.

Mandelstam - Tamm time-energy uncertainty relation:

1 d—
> | —
AEAO > - dtO(t)‘
O(t) — an arbitrary operator in the Heisenberg representation,
Ot) = (Yr|O®) ). Choose O = |y)y| = O=|{y|¥{H)]? =P,
AE > |dtPll( )|

1
2/ Py(t) — P;(t)

Bilenky et al.: set

xr~t

and integrate the inequality for AE from 0 to tynim = 20E/Am? (“time it
takes the neutrino to reach the first oscillation maximum?”).




= Integration gives

1 Am?
AE > —
7w 2F

Mossbauer neutrinos: AE ~ 107 H eV, AQ—T}; ~ 107" eV = oscillations

contradict time-energy uncertainty relation?




= Integration gives
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1 2K

Mossbauer neutrinos: AE ~ 107 H eV, %—"}f ~ 107" eV = oscillations

contradict time-energy uncertainty relation?

— Incorrect. The condition

xr~1t

satisfied for point-like neutrinos (more generally, when the size of the neutrino
wave packet ox Is small compared to the distance x they have traveled). In
reality: baselines of interest x ~ 10 m, but ox ~ 1/v ~ 10 km !




= Integration gives

1 Am?
AE > —
1 2K

Mossbauer neutrinos: AE ~ 107 H eV, AQ—”; ~ 107" eV = oscillations

contradict time-energy uncertainty relation?

— Incorrect. The condition

xr~1t

satisfied for point-like neutrinos (more generally, when the size of the neutrino
wave packet ox Is small compared to the distance x they have traveled). In
reality: baselines of interest x ~ 10 m, but ox ~ 1/v ~ 10 km !

= Time of arrival is not well defined =- integration over time is pointless.
Without time integration, using Py(z,t) = 1 — sin® 20 sin® ¢(x, 1),

AE > |E, — Ey|

— satisfied for MGssbauer neutrinos: r.h.s. can vanish because o, ~ 10 keV.
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If a MOssbauer neutrino experiment is realized — recolllessly
emitted and absorbed neutrinos will oscillate
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