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It is shown that lepton nonconservation might lead to a decrease in the number of detectable solar neutrinos,
at the earth surface, because of Ve 2 Vi oscillations, similar to KO & K° oscillations. Equations are

presented describing such oscillations for the case when there exist only four neutrino states.
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Neutrino oscillations appear to be a simple QM phenomenon

But: A closer look at them reveals a number of subtle and even
paradoxical issues

A number of basic issues still being debated
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Equal energies or equal momenta?

Evolution in space or in time?

What is the role of QM uncertainty relations in 7 oscillations?

Is wave packet description necessary?

What determines the size of neutrino wave packets?

Under what conditions can oscillations be observed? (coherence issues)
When are the oscillations described by a universal probability?

Is the standard oscillation formula correct?

Lorentz invariance issues

Do charged leptons oscillate?

Do MoOssbauer neutrinos oscillate?




Diagonalization of the mass terms of the charged leptons and
neutrinos gives

AL = —i(éaLfy“UaiuiL) W, + diag. mass terms + h.c.

V2

a =e, U, T, = 1,2, 3

— ZUON; V; — |Va Z ‘Vz
1

The standard formula for the oscillation probability of relativistic
neutrinos in vacuum:

2 2
Amzy

L 77«
P Uozz'

% P(va — vg; L) = ‘Zz Ugi e




Assume at time ¢t = 0 and coordinate = = 0 a flavour eigenstate
lv,) 1S produced:

0,00 = bA) = 3 Ui

After time ¢t at the position z, for plane-wave particles:

E —ip;T

Mass eigenstates pick up the phase factors e=** with

mass>

¢; = piv = Et — p&

P(va —vg) = |[(Wiu(t,2)|




Consider Z||p = pf=px (p = |[p|, x = |7])

Phase differences between different mass eigenstates:
Ap = AFE-t — Ap-x

Shortcuts to the standard formula

1. Assume the emitted neutrino state has a well defined
momentum (same momentum prescription) = Ap = 0.

2

m

For ultra-relativistic neutrinos FE;, = \/p2+m§ ~ p+ 2};‘ =N
m2 — m? Am?
AE ~ —2 L = ; l~ h=c=1
OF 2F v (h=c=1)

= The standard formula is obtained
 ewewadmesw  emo0  Tieseway228210 -ps




2. Assume the emitted neutrino state has a well defined
energy (same energy prescription) = AFEF = 0.

Ap = AE-t — Ap-x = — Ap-x

For ultra-relativistic neutrinos p; = /E?2 —m? ~ F — »

Am? .
2F

—Ap = p1 —p2 &

= The standard formula is obtained

Stand. phase = | (lose)ix = 2ZZ ~ 2.5 g 28V

2 2
Ami e Ami e eV




Very simple and transparent
Allow one to quickly arrive at the desired result

Trouble: they are both wrong




¢ Plane wave approach: plagued with inconsistencies. If applied correctly,
does not lead to neutrino oscillations at all'!

Consistent approaches:

» QM wave packet approach — neutrinos described by wave packets rather
than by plane waves

# QFT approach: neutrino production and detection explicitly taken into
account. Neutrinos are intermediate particles described by propagators

Py (k) Dy (E)

P;(q) D;(q")




The evolved produced state:
Z iy |Vmass Z U* \PP ;nass>

The coordinate-space wave function of the :th mass eigenstate (w. packet):

P/— . d3 P 1PpZ—1E;(p)
VD) = [ hs g e

Momentum distribution function £ (p): sharp maximum at p = P (width of the
peak o,p < P).

3Ez(p) = - 1 82E@ (p) — 5 2
E;(p) = E;(P A _P - — P
(p) (P) + =55 ﬁ(p )+ 3o N (7= P)" +
. OF;(p) I ~ 0°E;(p) m?
’U,L- pr— = pr— —, o —= pr—




P (Z, 1) ~ etEi (P)t+iPF gF (7 — U;t) (« — 0)
3 e S
gf(f f(d27f)13 zpl(x—vgt)

Center of the wave packet: 7 — v;t = 0. Spatial length: o,p ~ 1/0,p
(g7 decreases quickly for |7 — vit| > o.p).

Detected state (centered at ¥ = E):
§@) = Y U WR(@)[™)
k

The coordinate-space wave function of the ith mass eigenstate (w. packet):

vD () — d°p  .p, o g
k (SU) - (27T)3 fk: (ﬁ)e




Transition amplitude:

Aas(T,L) = WipA(T Z 5iUgi Ai(T, L)

d3
(2m)?

fP(m fD*(m e —iE;(p)T+ipL

AT L) = /

Strongly suppressed unless |E —u;T| < o,.. E.Q., for Gaussian wave packets:

—

(L — 0,T)?

2
4oz

—

Ai(T,L) < exp |— 2,

2 2
OrpP + OxD

, o

Oscillation probability:

O Plvg —vg T, L) = |Aasl” Z UsiUnUby Ai(T, L) A5 (T, L)




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 = ““Ap+ ——Am? = vAp + — Am?
op P T ot T VAP T g AT

_ 1 2
Ap = (vAp—|—2EAm )t — Ap-x

Am?

= — (x — vt)Ap + o

t

In the center of wave packet (x — vt) =0. Ingeneral, |x — vt| < 0y,
if o,Ap <1 (e, Ap<koy), |z —vt|Apg1l =




Am?
2F
— the result of the “same momentum” approach recovered!

A =

t, r ~ut ~t

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

2 2
O Ap = —i(w— vaE + A Am
v 2p 2p

— for AFo,. /v <1 (i.e. AE < o) — “same energy” result recovered.

The reasons why wrong assumptions give the correct result:

# Neutrinos are relativistic or quasi-degenerate with AF < E

# Neutrno energy uncertainty oz > AFE (typically this means o, < losc)




Keyword: Coherence

Neutrino flavour eigenstates v, v, and v, are coherent superpositions of
mass eigenstates v, 9 and v3 = oscillations are only observabile if

# neutrino production and detection are coherent

# coherence is not (irreversibly) lost during neutrino propagation.

Possible decoherence at production (detection): If by accurate £ and p
measurements one can tell (through E = /p? + m2) which mass eigenstate
IS emitted, the coherence is lost and oscillations disappear! =  Coherent
production/detection conditions AEF < og, Ap < 0,. Equivalent to loclization
conditions: Lg, Lp < lysc.

Coherent propagation: no wave packet separationdueto Av #0 =

L K lcoh — AL,UO-CIZ




Neutrino emission and detection times are not measured (or not accurately
measured) in most experiments = integration over T

Amzk

Py, — vg; L) = /dTP(Va—>V5;T,L Z UsiUppUspe™ 20 Ly,

d
Fik = /%fﬁ(?‘kq — AEik/QU —+ Pi)fz-D*(qu — AEik/QU -+ Pz)

X fE(rig + AEi /20 + Pe) £ (riq + AEiy, /20 + Py) e 57 F

Here: v=Yt% Ay = — rip = ok
2 Y Y P v

o For (Av/v)o,L <1 (i.e. L < lcon = (v/Av)o,) F'is approximately
independent of L; in the opposite case F' is strongly suppressed

# [is also strongly suppressed unless AE;,/v < gy, 1.6. AE; < og
— coherent production/detection condition




Oscillation probability calculated in QM w. packet approach is not
automatically normalized! Can be normalized “by hand” by imposing the
unitarity condition:

> Pap(L) = 1.
E
This gives
o d_P P N2 ¢#D( V12
Fi= [ 32 lfF P 1£20)F = 1

— Important for proving Lorentz invariance of the oscillation probability.

Depends on the overlap of fF(p) and f?(p) = no independent
normalization of the produced and detected neutrino wave function would do!

In QFT approach the correctly normalized P,3(L) is automatically obtained
and the meaning of the normalization procedure adopted in the w. packet
approach clarified




# Neutrino wave packet postulated rather than derived, widths estimated
# Production and detection processes are not considered

# Inadequate normalization procedure. Normalization “by hand” is
unavoidable.

Advantage: simplicity




Production - propagation - detection treated as a single inseparable process.
External particles are described by wave packets, neutrinos — by propagators

One-particle states of external particles:

d>p
(2m)3\/2E (D)

)= [l sa@ P4, L] =
|A, p) — one-particle momentum eigenstate corresponding to momentum p’
and energy E4(p) (free particles: E4(p) = \/p? + m?).
Fa(7, P) — momentum distribution function with the mean momentum P.
Normalization condition: (A|A) =1 = [d®p|fa(p)|?/(27)° = 1.

Coordinate-space wave packet with maximum at ¥ = z, atthe time t — ¢y:

d’p —iBA(P)(t—to)+ip(Z—F
\PA(m):/ 2my T4 P)e B4 (P){(t=to)+ip(Z~o)




Py (k) Dy (k)

AR

P;(q) D;(q")

P) = /[dq]fpz( O) 1Py, |Py) = [dk]fpf< )Py R,
D) = / 4q) fou(@ @) D), |Dy) = / dk) fo (K R') | Dy, K.

The transition amplitude:

idas = (P; Df|T exp [— i/d‘lxm(x)} _1|P, D),




In the second order in weak interaction:
iAaﬁ Z U,Bg/dq sz( 7@) /[dk] fPf( R)
" / dd] foi(d@. @) / dk) £, (R B i AT (g, ks oK)
Plane-wave amplitude:

Z‘-A?w.(qa kiq' k') = /d41131/d45132 MD(q/,k/) e~ ¢ —K)(z2—2D)

d'p  p+m, p(5a—21) 1 .
. —ip(z2—x1) |1 L —i(q—k)(x1—xp)

~

M;p, M;p — production and detection amplitudes with neutrino spinors
exluded. Full amplitudes:

u;ir(p) u;r(p)

vV 2D0 vV 2po
~ EvgenyAkmedov  Grbw8  Tesle May26:28,2010 -p.24

MjP(Q? k) = MP(Qa k) 9 MjD(qlak/) == MD(qlvk,)




2p0 e—poT—I—iﬁE

d4
@Aaﬁ—zz Uﬁy/—ych’jP(Po,@‘I’j (r°, )

mj + 7€
®,p(p°,p) = / d*ah e / [dq] / (dk] £pi(7, Q) f(k, K) e " R™1 M p(q, k)

B,0(p°, ) = / 0 e /[dq'] /[dk’] Foi@, @) (R By e~ =5 AL (of 1)

For L,T > 1/p — fast oscillating factorin i4,3 = main contribution to
integral over p° from the pole at p® = E;(p) — ie (on-shell neutrinos).

4

' d’p —iE; (P)T+ipL
tAap = © Z Uﬁﬂ/ 27)3 ®;p(E;(9), p)®;p(E;(p), ) e TP




Compare with A, (T, L) obtained in the QM w. packet approach: the two
amplitudes coincide if

fi (0) = ;p(E;(P),B), [ (B) = ®jp(E;(P). D),

Easy to understand: ®,p(E;(p),p) is the probability amplitude of v

—

production process in which v; is emitted with momentum p
= ®;p IS momentum distribution function of the produced neutrino, i.e.
the momentum-state wave packet ff (p). Similarly for neutrino detection.
N.B.: f/(p) and f”(p) are not “canonically” normalized.
Alternative approaches:

s |[Pyy) = (S=DIF),  |v) = (Pr|Prvj)

# Incoord. space: 1,,; = convolution of the v source (prod. amplitude)

and retarded propagator

All three approaches give the same results.




ff(ﬁ)’:M;;p(Q,K)/ g B P /[dq1 /[dk]fpz( 0) f5 (k) B)emitah

—

Integral over & gives ~ 0®)(7—k — 7). Since fpi(7,Q), frs(k,K) are
sharply peaked at @ and K = fF(p) is sharply peaked at

P=qQ - K. Width of the peak: Opp = max{op,, UPf}

For external particles described by plane waves:

P Mip(Q, K) @A
fi p) = \/QEPiv-zEpfvé (@-K=F)

In general: ff(ﬁ) = M;p(Q,K) x (“smeared d-functions”) representing
approx. conservation of mean energies and mean momenta.




Example — Gaussian wave packets for external particles. QFT gives

P « [Mjp(Q,K)l/(0epoip) exp [ — gp(E; (D), P)],

or (B, (), ) = =P [5() — Bp — p(p= DI

2
40pP 4O-eP
Here P=Q—-K, Ep=EFEp(Q)—EpsK),
2 2 2 1
Opp = Oppi T Oppy s TePOpP = 5 ;

— 1
Up =0.,p 5 5 : Yp =0.p 27’—|- 5 :

x Pt O-:BPf 02 pi prf




Compare with Gaussian wave packet in QM approach:

3/4 .
reh=(5) e[ T

2
0P 40p p

To match the QM and QFT expression: expand E;(p) around p = P and
subst. into gp(E; (D), p):

O 1gp(E(D).p) = (p— P)* a* (p = P)' = B"(p — P)" +1;

M = o [P g = ve) (v — o) P @ o)
1 (E; — Ep)?
Bk = —@(Ej — Ep)(v; — vp)¥, Vi = ‘7405]3 :
Try to represent gp(E,;(p), p) in the form
<> gP(Ej(mam:(p_Peﬂ:)kakl (p_Peff)l_F;?j ; _)effzﬁ"’g




(E; — Ep)(vj —vp)" . _ (B - Ep) Ap

oF = — i = :
Ap + (27] — ’17]3)2 7 J 40‘313 Ap + (173 — ’17]3)2

Diagonalization of o*' gives (OZ||(7; — vp)):

1 1 (0; — Tp)?
(0ppet)’ = (04peg)” = 0pp = 5+
pee pleft P (UgPeﬂ”)2 012)13 U?P 7

= QM neutrino wave packets can match those obtained QFT if
» Momentum uncertainties of the neutrino mass eigenstates are replaced
(anisotropic) effective ones:  — (5 — P)?/ (4o2p) —
—[(p" = Pig)?/Aloyp)? + (0¥ — Pog)?/4o,p)* + (p° — Pg)? /407 p)7].
# The mean momentum P is shifted accordingto P — P.g = P + 4.

# The wave packet of each neutrino mass eigenstate gets an extra factor
Nj e exp[—ﬁj].
 EveyAdmedow  Gibowe  TeseMay26282010 -p30




| |EZ—EJ| <L Oep -

factors N, are the same for all v mass eigenstates, can be included in

common normalization factor. In the opposite case — coherence of different
neutrino mass eigenstates is lost.

oep < opp = exceptfor ¥; =~ vp momentum uncertainty along (v; — Up)
Is dominated by o.p.

In the stationary neutrino source limit (o.p,vp — 0), effective longitudinal
mom. uncertainty o;. .. = 0 even though the true mom. uncertainty o,p # 0.

4

Coherence length .., — o0




What is calculated in QFT is the probability of the overall

production-propagation-detection process. How to extract from it the
oscillation probability P,z(L)?

1. Recall the operational definition of P,z(L) . Detection rate for vg:

it = [ dEjs(Byos(E),

If a source at a distance L from the detector emits v, with the energy
spectrum dI'P*4(E)/dE:

1 dI'Pd(E)

8 E) = 4B

Pa,B(Lv E) ’
—  substititute into Fget:




dIios (B 1 dTPd(E
piot E/dE as(F) /dE o )Paﬁ(L,E)aﬁ(E)

dE

dT4(E) /dE
i [dTR°YE) /dE) o5(E)

P.s(L,E) =

An important ingredient: the assumption that the overall rate factorizes into the

production rate, propagation (oscillation) probability and detection cross
section.

If this does not hold, oscillation probability is undefined =

Need to deal instead with the overall rate of neutrino production, propagation
and detection.




Try to cast P;%t In the same form (check if the factorization condition holds!)

poT-l—iﬁE

d*p 2po €~
Aoy =13 UV [ e D0 )

m?—l—ie

Integrate first over p, then over p® = E. Make use of Grimus-Stockinger
theorem: for a large L, A > 0 and a sufficiently smooth function (p),

3 (27) esz 272 N\ VAL _3

— 2 (VALY I3
/d VA= 1ie L v(VAL)e +O0l2) =
iAas(T, L) = = E U U, / dE @ p (B, ;) p(E, p;l) 2B ¢~ ET+irsL

where

. L
_ 2
pj:\/E2—mj, l 7




Introduce

1

T2 47TL2
7,k

X /dE (I)P(Eapjl_)(I)D(Eapjl_j @}(E,pkBQE(E,pkf) (2E)2 ¢iPi—pr)L

P(D) = [ T Pap(T. ) = Uz iUss Uk U

Neutrino production probability:

d®
Pgrod:Z|Uaj|2/( Pj = |®p(E, pj) \ _Z|U“9|28 Q/dE\cpp Ep])‘ 4Ep;
J

Detection probability:

. 1
Pdt ):ZlUﬁk|2|(I)D(Eapk)|2V7
k




Let the number of particles P, entering the production region during time
interval Ty be Np and number of D; entering the detection region be Np.
Probability of neutrino emission during the finite interval of time ¢:

dt / 1
Pgrod NP/ P Pprod NP Pgrod_, rate: Fgrod _ N PgrOd
TO TO

Detection cross section;

Np E
op(E) = To > |Uskl?|®np (B)]P—
P

Pk

Probability of the overall production-propagation-detection process:

_ NpN
PLot(t, L P D/ dtD/ dtp PY5(T,L) =




New integration variables T = (tp +tp)/2 and T =tp —tp =

0

Prot(t, L) = s [ /0 t dT P% (T, L)(t —T) + / dT Py (T, L)(t+T)]

—t

NPND i t t
_NelNp 1, / AT P (T, L) — / AT TP(T, L) + /

0

dT TP (T, L)}

:tll (1) — Io(t) + Ig(t)] |

For large ¢ (much larger than the time scales of the neutrino production and
detection processes) [, = P;%t(L) whereas I, =13=0 =

NpNp

Ptot ( ) TO2

(PRSI, TEA(L) =




>k UaiUsiUarUsi®p(E,pj)Pp (B, p))®p(E, pi) P (E, pr)eP1— PR "
Zj |Uo‘j|2 |(I)P(E7pj)|2pj Zk |U5k|2 |(I)D(E,pk)|2p,;1

44 a/B(L, E)77 —

For |p; —pk| < p;,pr (ultra-relativistic or quasi-degenerate in mass v’s):
In expressions for T'?™4 and o5 can replace

pj — D, ¢p(E,p;) — ®p(E,p) (p — average momentum)

= in the denominator of “P,3(L, E)”:

Y U |1@p(E,pj) 2 pj — [@p(E,p)*p Y |Uajl® = [®r(E,p)[* p,

J J
> Us12 1@p(E pi) P pp " — [@p(E.p)Pp~ " Y |Usel® = [®p(E.p)Pp ",
K K

Cannot in general be done in the numerator of “P,z(L, E)” !




For |p; — pk| < pj, Pk Iered and o5 do not depend on the elements of the
mixing matrix = factorization holds. P,3(E, L) can be defined as a
sensible quantity:

>0 UsiUs;UarUs®p(E,pj )P p(E, pj)Op(E, pr) O (B, pr)e'Pi )b
|(I)P(E,p)|2 |(I)D(E7p)|2

P.3(L, F) =

Automatically satisfies unitarity, i.e. is properly normalized.
For |p; —pk| >0, (& Am?k/(Qp) > o,) — P.g(L, E) strongly suppressed.
In the opposite case
Am?k
2p
(prodution & detection coherence cond. satisfied) — ®p(E,p; k), ®p(E,pik)
can be pulled out of the sums in the numerator = stand. osc. probabilty:

<L 0p,

2
Amjk: I

Pop(L,B) = Y UsUp;UaUspe™ %




# OM and QFT wave packet formalisms provide consistent approaches to
neutrino oscillations.

# QFT approach is superior to the QM one:

» Consistently takes into account neutrino production and detection
mechanisms

s Allows to obtain the neutrino wave packets used in the QM approach
(instead of postulating them)

» Automatically produces correctly normalized oscillation probability and
clarifies the normalization prescription of QM approach

# = the simplistic QM wave packet approach may need QFT-motivated
modifications; however, once they have been done, one can still work
within the QM framework without losing any essential physics content.




Photo: http://alexandermigdal.com/prose/paradisel.shtml

Evgeny Akhmedov Gribov-80 Trieste May 26-28, 2010 —-p. 41







Problems with the plane-wave approach

» Same momentum = oscillation probabilities depend only
on time. Leads to a paradoxical result — no need for a far
detector! “Time-to-space conversion” (xr = vt ~ t)

— assumes neutrinos to be point-like particles (notion
opposite to plane waves).

» Same energy — oscillation probabilities depend only on
coordinate. Does not explain how neutrinos are produced
and detected at certain times. Correspponds to a stationary
situation.

Plane wave approach < exact energy-momentum conservation.
Neutrino energy and momentum are fully determined by those of
external particles = only one mass eigenstate can be emitted!
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Same momentum and same energy assumptions: contradict kinematics!

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

2

m2 m2 m2 m2 m4

ri= 7l —5 |\ttt s
1 m 2 ms 4dmz

2
For massless neutrinos: E; =p; = E' = 5~ (1 — m—’;) ~ 30 MeV

To first order in m?:

Ei—E+§2E, pi—E—(l—f)ﬁa §—2<—mQ ~ 0.2




Same momentum or same energy would require
& =1or & = 0 — notthe case!

Also: would violate Lorentz invariance of the oscillation
probability

How can wrong assumptions lead to the correct oscillation
formula ?




Keyword: Coherence

Neutrino flavour eigenstates v, v, and v, are coherent superpositions of
mass eigenstates v, 9 and v3 = oscillations are only observabile if

# neutrino production and detection are coherent

# coherence is not (irreversibly) lost during neutrino propagation.

Possible decoherence at production (detection): If by accurate £ and p
measurements one can tell (through E = /p? + m2) which mass eigenstate
IS emitted, the coherence is lost and oscillations disappeatr!

Full analogy with electron interference in double slit experiments: if one can
establish which slit the detected electron has passed through, the interference
fringes are washed out.




Another source of decoherence: wave packet separation due to the difference
of group velocities Av of different mass eigenstates.

If coherence is lost: Flavour transition can still occur, but in a non-oscillatory
way. E.g. for # — uv; decay with a subsequent detection of v; with the
emission of e:

P ZPprod(MVi)Pdet(eyi) X Z|Uﬂi|2|Uei|2

— the same result as for averaged oscillations.

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

E; = \/p? +m?:

omz = [(2Bog)® + (2p0p)2]1/2




2

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

omz < Am? implies 2po, < Am?, or o, < Am?/2p ~ I .}

osc*

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

Satisfied with very large margins in most cases of practical interest




Wave packets representing different mass eiegenstate components have
different group velocities v,;, = aftertime .., (coherence time) they
separate = Neutrinos stop oscillating! (Only averaged effect observable).

Coherence time and length:

A’U'tcoh =~ Oz, lcoh =~ Utcoh

b, Ey, 217

~ 2F?
lcoh — Am?2 VO

The standard formula for P,,. completely neglects decoherence effects.
How should it be modified when decoherence is present?




Neutrino oscillations — a QM interference phenomenon, owe their existence
to QM uncertainty relations

Neutrino energy and momentum are characterized by uncertainties o and
o, related to the spatial localization and time scale of the production and
detection processes. These uncertainties

» allow the emiited/absorbed neutrino state to be a coherent superposition
of different mass eigenstates

# determine the size of the neutrino wave packets = govern
decoherence due to wave packet separation

or — the effective energy uncertainty, dominated by the smaller one between
the energy uncertainties at production and detection. Similarly for o,.




QM uncertainty relations: o, Is related to the spatial localization of the
production (detection) process, while og to its time scale =
iIndependent quantities.

On the other hand: Neutrinos propagting macroscopic distances are on the
mass shell. For on-shell mass eigenstates E? = p* + m? means

Eog = poy,
How can this be understood?

The solution: At production, neutrinos are not on the mass shell. They go on
shell only after they propagate = ~ (a few)x De Broglie wavelengths. After
that their energy and momentum get related by E? = p* + m? = the
larger uncertainty shrinks towards the smaller one to satisfy Eor = po,.

On-shell relation between E and p allows to determine the less certain of
the two through the more certain one, reducing the error of the latter.




The length of v w. packets: ¢, ~ 1/0,. For propagating on-shell neutrinos:
op ~ min{oP?, (E/p)ot°?} = min{o?"¢, (1/v,)obrod

Which uncertainty is smaller at production, 2™ or a%md?

Consider neutrino production in decays of an unstable particle localized in a
box of size Lg. Time between two collisions with the walls of the box: Ts.

o If Ts < 7 (r — lifetime of the parent unstable particle) =
op ~ TS‘1 (collisional broadening). Mom. uncertainty: o, =~ Lgl.

But: Lg=v5Ts = o < o0p (a consequence of vg < 1)

o If T > 7 (quasi-free parent particle) = o5 ~ 77 !=T.

op = [(p/E)T|™' =~ [(p/E)og|™t, ie. o ~ (p/E)o, < op.




In both cases |org < 0,| <« alsowhen v's are produced in collisions.
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