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Decoherence
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Coherent (Quantum) Decoherent Classical

Damping + Phase shift (if ¢, has an imaginary part)
+ Open quantum system: lose information

+  Wavepacket seperation: lose mixing
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Decoherence - what has been done?

2

Am’ Lo
+ QM Wavepackets ¢, E) = exp —( ] 2) (WP seperation)

2\/§E (Gitunti 1991]
+ S-Matrix formalism (QFT) & Consider Wavepackets

L,
Am]kLO-eff .
¢i(LE) =exp |- —¢ (WP seperation)
\ 2\/§Ee2ff } [Beuthe 2001], [Akhmedov, Kopp 2010]

+ Density Matrix formalism (QM) — Open Quantum System

0
Lindblad Equation: a—'? =—IilH,p] =D[p]  9x9 entries

am2L\ n = — 2 : matter effect fluctuation
$i(L, E) = exp —( ] ) e.g. n=0,2:quantum gravit
o g, 2:q g y
. . n = 1 : neutrino absorption

[2112.14450 as a review]
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QFT + Open Quantum System

+ Intrinsic uncertainties: unavoidable, can only be squeezed
+ 0, (off-shell) neutrino interactions (related to the form factor)

* 0, (on-shell) external particle’s WP size (mean free path, life time, ...)

(Just a parameterisation not the total position/ momentum uncertainty !)
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Classical Uncertainties

+ Statistical averaging — sum over the probability (amplitude”2)
+ Reflects our ignorance — avoidable
+ What do we get in the end? Expectation value of the FTP

(L) = L

(gravitation) fluctuation ...

e + 0 : production profile, space time

+ Op: energy reconstruction model,
energy resolution ...
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The (Phase Space) Layer Structure

Measurement layer ( layer 3)

o Kinematic variables : { Ty, Ly, Py } or {Ty, L, By, Q} _Consistentemission (g O},

o Uncertainties : Those from lower layers

o0t Py06?

Physical layer ( layer 2)

© Kinematic variables : {T', L., P}
o Uncertainties : Macroscopic + Those from layer 1

o 1 1

% 1 Lo Y 26" % O
Microscopic layer ( layer 1) — Fock space Microscopic layer ( layer 1) — Wigner space

o Kinematic variables : {x, p}-2ushel,fx 'pl || o Kinematic variables : {7, X, p} (on shell)

o Uncertainties : Microscopic o Uncertainties : Microscopic

The layer moving operators (£ M O) contain the uncertainty parameters
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The Layer Moving Operator

+ The layer moving operator:

B, (X 1> Pip1) = LM @iBi(xiaPi) = [d4xi[d3pi Wix;, pis X 15 Pig1)Bi(X P

Layeri+ 1 Layer i Weighting function
+ width as uncertainties
+ Spread through (x;, p;)

+ Flavor transition probability: +# Centered at (X, 1, P 1)
Py(Ty, Lo, Py) = LMO°PT,L,P) Layer2 — 3
Py(T,L,P) = AJ(T,L,P)Ay(T, L, P), AyT,L,P)= gﬂﬁlAl(X, p)

I ) Layer1l — 2
P2(T,L,P)=°CZ%@ PI(Xap) Layerl — 2
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General Neutrino Decoherence

Normalised automatically

+ Operation definition of FTP: /

L MO, GdXZ H(X5; X3ﬁ2, jk(X2§ X3D unnormalised P, j

VX0 HOG: X3) T (X: Xs)y | [ dXa H(Xa: X3) o (Xos Xo)

P 3,jk(X3) —

- JdX,H|T, ;| y JdX,HT, ;
V JdXaH Dy o [ [dXo H Ty JdX,H T

o Y,

‘ i ‘
dzT'(x; L) . _ |
effec [dz|D(@; L)) e ®(L) for TI'(xz;L) = |T(z;L)le
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Classification of Decoherence

State Decoherence Phase Decoherence

Quantum effects o Dominated by classical etfects o; ,01

p
18
L=5E=15 L=10E=15 L0_15 E0—15
b : X 0.8
X 16
0.6
14
0.4
=
g 12 0.2
1. Lo=5 Ey=15 18[LO=10,EO=15 1g. Lo=15, By =15 g
R P } - 10 i 0
; . / 3 hy =t - /" \ / \ /
16 1/ \\ 16 I[N\ 16 \ g 2 /
gp i\ () = \ / . / W - 05
oL | 5 i@v’ = 8 === ~
u A\ ZIE Sl 14\
H \'\_\_,." \'\_‘_/," \'\“/./ Eq -0.4
U 12 — p— = 7 P : X
(o 2 0 2 2 0 2 2 0 2 6 p N
50 Té\ Ly=5.Ey=10 Ly=10, E,= 10 Ly=15, E,= 10 ] i -0.6
oy 5 = A ; \
= 12 i 12 12 pa—F 4 \ / ; i
> ! v ! \ pT # ; -0.8
— i i
> © 10 i 10| 10|
.4;‘? \ /' 2 1 1 1 1
V) 2 o N\ o . 2 4 6 8 10 12 14
> = — L (arbitrary unit)
o ~ 2 0 2 2 0 2 2 0 2
b-J. g Lo=5E=>5 8TL0=1Q:E0=5 g Lo=15.E=>5
O o o o + Phase wash-out effect
&) | ! i
dara 4 /'i 4‘ l‘ l' 4 . . . ° . .
> : | + Non-symmetric uncertainty distribution:
2 — 2

2 0 2 2 0o 2 "2 o o2 Imaginary part in ¢jk (phase shift Signatures)

Z (arbitrary unit)

Ting Cheng (MPIK) PASCOS, 27/07 /2022 9



Sensitivity

Where to look? How far are we?
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Summary

+ Neutrino oscillation experiments are going into a precision era —
able to see decoherence by damping and/or phase shift signatures

+ Formulate a structure to parameterise neutrino decoherence by its
quantum or classical origins — theory input

+ Find that decoherence can be describe by a phase averaging effects
(PWO effects) of the oscillation phase or the phase in the Wigner
phase space — allows simple numerical calculation

+ Observe decoherence by measuring the oscillation phase, spectrum
and traveling distance — experimental & analysis design
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Outlook
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Neutrino oscillation
going to the precision era

Experimental design, e.g.
phase measuring method,
squeezed states, interferometry

Ground based Neutrinos

ThlS WOI'k @ Low energy

Fundamental
Mapping to open
quantum system theories
(e.g. Lindbla

Generic !
Useful *
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XX decoherence

Non-“vacuum” scenario,
(e.g. matter, space-time
fluctuations, neutrino decay)

Astro. Neutrinos
@ Heigh energy

Theoretic investigation on
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Backup Sildes

14



The Microscopic Layer

+ Representation of a layer: how particle states are described

Layer 1: QFT Transition Amplitude, A(x, p)

+ Fock phase space — Fock states (second quantisation)

Layer 1: Wigner Transition Probability, Pi(X, p)

+ Wigner phase space — Wigner quasi probability distribution function

+ A bridge of QM to statistical phase space,,

0 -

p— g.%@lA;k(xl,p/) g.%@lAl(X, p) N
0, Oy 0, Oy i )

25
2 - 10

Z (arbitrary unit)
p (arbitrary unit)

Ting Cheng (MPIK) PASCOS, 27/07 /2022 15



The Physical Layer

+ Relativistic representation — phase space for massless neutrinos
+ Different neutrino masses are “allowed” by the uncertainties

A

N, 7711 P ( : )
|P;| = E—JFE; n, ]2E
|P|=E P> = |p|* Lj=® 7@
Energy budget o g Relativistic rep.

from 0, & o,

+ Additional classical uncertainty — In energy (o) and distance (o;)

FTP on its ith layer: P;, ., = Z UsiUsiUakUg P ji

Ik X3 — {L()a EO}a
P; 4(X3) = dez P, (X)) HX, — X;) = Convolution X, = {L,E}
0, & o, op & 0}
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Quantum Uncertainty Decomposition

g1(x1) Je @M, (q) Je(K)M, (K) [fpi(q' M, j(q’)J [ JoK)M(K) j

FT Type - Product Type Convolution Type I - — — -Convolution Type II
Type (notation for 0;,) | Function relation | Width relation | Gaussian case
FT type (6¢) h=FT(f) NC op = %
Product type (o) h=fxg PC, o, < {oy,04} U% = a% + 0,1—2
h i g
Convolution type I (0f4) h=fxg PC, o, > {0y,04} of = JJ% + ag

Function (width notation), Type Width relation Gaussian case
H(y) (om), Convolution type I | PC, og > {0f,04} | 01 = 0fsg
I(p) (o1), Convolution type II NC or=1/oy,
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Damping and Phase Shift — o; & o;
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Damping and Phase Shift — o

Weighting function:

Damping term:

Phase shift term:

Ting Cheng (MPIK)
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