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A grumble about the one finally appearing on PRD--

Better have scientist editor

[Here and hereafter, all pictures from web unless otherwise stated]

Referee A: All remarks of previous reports have been fully addressed and the
revised manuscript has been tremendously improved by streamlining the discus-
sion. In this way the manuscript is accessible to the larger community. As the
overlooked eftect has a vast impact on various branches of physics such as neu-
trino physics, astrophysics and biophysics 1 can fully recommend this article for
publication in Physical Review Letters.

Referee C: In my understanding, this result sheds new light on several problems
of quantum field theory and the related topics. In particular, the interpretation
in terms of Lefschetz thimble decomposition is what the physicists should have
done in old days. The paper is well written and organized so as to be readable for
the readers from other fields. I recommend the editor to publish the paper in this
journal.

Referees B says, I find it hard to conclude whether this result has the relevance and depth
that would make me say it { “should be” as opposed to “could be”) published in PRL, and
finishes the letter by the following sentence: But of course I leave to the Editor the final
decision based also on the other referees’ observations. Referee D did not recommend, the
whole report being as follows:

Referee D: I would agree with the assessment of Referee B. This is a very old
subject and its not clear to me that the intricacies the authors are concerned with
are of sufficient interest to a wide enough audience. Nor do I think will it have
any overwhelming impact in a sub-field that would overcome the aforementioned

shortcoming.
T ——_———————




Introduction




What is spacetime in quantum mechanics?

» We all learn in QFT kindergarten:
» Failure of relativistic quantum mechanics

» You still remember why/how?



Plan

1. Position space is mass-dependent
2. What is flavor/interaction eigenstate?

3. Decoherence in neutrino oscillation



Plan

1. Position space is mass-dependent



Spacetime is mass-dependent in QM

. Wave function in QM:w(x> — <Qj | ¢> L — (t, ZB)

» Position eigenbasis extended from

Extended mass dependently
, Say, at ¢t = 0:

(x| = (x| e T

« Extension is mass dependent:

—ivm?2—V?2t <

(x| = e x|



Position operator non-Hermitian

» Covariant position operator becomes L — (t, I )

non-Hermitian in one-particle subspace

Extended mass dependently

A

P
2
23

AN

X =T —1 X

[Oda, Wada (2021)]+


https://doi.org/10.1140/epjc/s10052-021-09482-1

So we need QFT for
full Lorentz covariance



Plane-wave basis

* Free 1-particle “state” |p) : | p> — &T (p) |O>

» 1-particle position basis |x) defined by

(x| p) ox P

» “States” |p? , |x) are NOT an element of Hilbert space: <plp> = 6(0) = ©



4D notation

» Throughout this talk, interchangeably,
» spacetime coordinates:
- x = (X0, x) = (t, x),
 spacetime center of wave packet:

» X = (X0, X) = (T, X).



Backup

» Interaction-picture eigenbasis:

(] =

(z|p) = (x| e

 Scalar field expanded as

- B dgp
ple) = / J2E(p) (21)*?

(x| e

_inreet

p) x e

_Z.Hfreet

1D T

p’=E(p)

Q>

(z|p) a(p) + h.c.




How about wave-packet basis?



(Gaussian basis

» Gaussian basis state | 0,X,P> defined (roughly) by

B (alc—)()2

(x| o, X, P) x eP(@=X)e="55




Characteristics

» Non-orthogonal:

(0,X,P|o", X', P")

» Form a(n over-)complete basis:

I°X d°P A
o, X,P) (0, X,P|=1
(27)°

« Normalizable! Namely, itself an element of Hilbert space: (o,X,P |0,X,P) = 1.



(Gaussian expansion

» Expansion by free Gaussian wave functions:
A °X d°P
o) = |
@) (27)°

» In plane-wave limit g—oo,

e f5,xpP(x) = Gaussian wave packet,
q p
» centered around X+(t—T)V. A

_fg,X7P($) A(O’, X, P) —+ h.C._




Lorentz in(/co)variant generalization?
 Lorentz invariant scalar wave packet [KO, Wada, EPJC (2021)]

» Forms complete set

» Uncertainty relation modified

» Lorentz covariant spinor wave packet [KO, Wada, arXiv:2307.05932]
» Irreducibility under Lorentz-transformation maintained

» Forms complete set: Fully covariant completeness relation


https://doi.org/10.1140/epjc/s10052-021-09482-1
https://arxiv.org/abs/2307.05932

Plan

2. What is flavor/interaction eigenstate?



P(KMTY)MNS Matrix

* In QFT, what are mixed are not states but fields

» Not really true:

Vo) = Z Uar [V

e True:

AN

Ve

X

— ZUaI’//\I
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Possible Unified Modeb of Elenentary Particles
with Twe Neutrinos®'
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Possible mifisd medes of elementary particles are discussed sssuming the existencs of
twe kinds of neutrino acconpmying with electron and muin respectively. The discus
sions are focused on the Nagoyas model which is based or the Sakata mcde of baryons and
mesors and the Gamba-Marshak-Okubo symmetry. In its connection the fo lowing assump-
tioas are taken: i) Fundamenal particles among barycns and mesons have onetoons:
correspoadence with leptens or their lirear combinations. The correspendence is real zed
through 2 lanc of “malter . 1) Basc leptons do pot transmute eack oter by the strong
interaction between ‘he fundamental tarrons,

Taewe sse twe oocatially diffees Gpoe o model, Oue dogpends vn the existaice
two peutrinos which are Dirac ynli\.]c’. and the othes is related with two .\luj Jtauna weulssaoa,
With regard to the medds, the differense between elestron and muon and the asymmetrs
of A-gionic (io(ay are also dmcused.



More precise mixing

/V\a(x) — Z Ua[/l/\[(.flj)
1

- d%p . - . . :
vr(z) = ) / 2 lur(p, s) e FPT+PE G (1 5) 4 vp(p, 5) e EHPP—PE G (p 5)

ur(p, s) e E1P)Z tipa

0| Va(z) [P, s;I) = ) U ;
p EI: I (27r)§

iE1(p)x° —ip-x
(p, 831 Dp(z) 0) = zUaIw(p, s) e .




Mass-dependence issue

» This is partly covered in |[KO, Wada, arXiv:2307.05932]

» More on neutrino mixing will be presented [Nishiwaki, KO, Wada].

» Stay tuned!


https://arxiv.org/abs/2307.05932

Ultra-relativistic limit

» At least in the ultra-relativistic limit, mass-dependence in energy,

etc. will drop out

e In [Mitani, KO, 2023], we work in this limit:

X,P;o0,v,) Z X, P;o,1)

(Pity that easy-going papers are accepted far faster than more fundamental ones--)



Plan

3. Decoherence in neutrino oscillation
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Neutrino decoherence under hot debate

. : o ' LllIllllllllllllll 'ﬁ:ﬁ:ﬁﬁﬁﬁ:ﬂﬁf”
« Akhmedov, Smirnov (2022): “Damping of neutrino .

|
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oscillations, decoherence and the lengths of neutrino

wave packets”

» Jones (2022): “Comment on “Damping of neutrino SR N —

oscillations, decoherence and the lengths of neutrino .
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wave packets

» Akhmedov, Smirnov (2022): “Reply to “Comment on -y o4

“Damping of neutrino oscillations, decoherence and

. e \‘ _\|'I
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the lengths of neutrino wave packets

(

Akhmedov, Smirnov (2022)





https://www2.yukawa.kyoto-u.ac.jp/~soken.editorial/sokendenshi/vol41/sokendenshi_2023_41_1.html

What we do

(x| X, P, o)

» So far, only neutrino wave function:

» We, for the first time, treated both production and detection:

(X', P',o"| X,P,o)




What we obtained: general result

d

el v P—Pzz e i(E;—E;)T
P(Of—>,6) — ( ) € red( . S) UaIUﬂIUaJUﬂJe( I J)
Osum 77
2 (L 4 +61T)2 2
Osum Osum 40'surn
X
C:C* ’
oS0  Larger (smaller) spatial width counts for positions (momenta)
Ogum -— 08 agp, Ored -— o O'D’
o L./ ~ T

: 2 (1-29)T
C = (1 e ‘ -—) g \/ L %( ; ) » Exponential suppression for T > Leohs ~ ¥ Osum/ |[Vi—VJ]|



Two-flavor example in ultra-relativistic limit

» Decoherence (trivially) disappears at the leading ultra-relativistic limit:




Summary Discussion

 Decoherence (trivially) disappears at leading order

in ultra-relativistic limit (vi — vJ):
1. Position space is mass-dependent
* Lcoh,IJ ~ "/_O'sum/ ‘VI_VJ‘ — ©O

2. What is flavor/interaction eigenstate?
- What if we take into account mass dependence in

3. Decoherence in neutrino oscillation energy and Dirac wave function?

» How is interaction eigenstate defined? mishiwaxi ko,

Wada]

» Need Lorentz-covariant packet xo wada 20237

» Where to test experimentally? (DUNE, etc. appear
challenging)


https://arxiv.org/abs/2307.05932
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