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+ Quantum Decoherence and Neutrino Oscillation
+ The Layer Structure
+ Neutrino Decoherence

+ Experimental Potentials
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Neutrino Oscillation (Quantum Coherence)

+ Quantum coherence: Superposition of quantum states

+ Neutrino oscillation:
superposition of mass eigenstates in the measurement (flavor) basis

| Density Matrix formalism (QM)

|Va> — Z Uaj | Vj> U: PMNS matrix
J
p(t) = eMp(0)e™M = Y UjsUpk e = ), |
Jk

Pog=1Tr ( |Va><Vﬁ|,0(f)>
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Coherent

S-Matrix formalism (QFT)
vy = D Uyily)
J

1A, 5 = O Y U*U,, e ~'Px
W ; aj H J Q) p? —m? + ie

Paﬂ — |Aaﬂ|2

| Density Matrix formalism (QM)
|ya> — Z Ua]|1/]>
J

p(0) = eMip(0)e™™ =}y UsUsk e M0t |
ik

Pog=1Tr ( |Va><Vﬁ|,0(f))
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Decoherent

Consider Wavepackets

— Not completely coherent to start with

+ Some possible causes:

+ Wavepacket seperation ( v; # Vv,)  [1001.4815], [2104.05806], ..

<+ Mass state identification  [0905.1903]

Consider an Open Quantum System

— Lose information to the environment

*+ Some possible causes:

+ Interactions (matter effect, neutrino decay, ...) [1803.04438], ...

+ Quantum gravity [hep-ph/0002053], [2007.00068], ...

+ Cosmological [1704.06139]
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Decoherent

S-Matrix formalism (QFT) — Consider Wavepackets
2) = [1dalf(a.014) D) = 141t 1)

\ & ””7
1A = Jd4x1gp(x1) ‘D Jd4x28D(x2)
ap — / \

1P) = j[dk]j;fm, 01k) D)) = J[dk']fdﬂk: 0IK)

| Density Matrix formalism (QM) — Open Quantum System

0
Lindblad Equation: a—'i = —1i[H, p] =D[p]

1 N?—1 |
@[IO] = — 5 2 <[Vk,pV]j] + [Vkﬂ, V;]) = <V) A¥ }Gell-Mann matrices
k

0 X 9 entries
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Decoherent from the Laxer Structure

Consider Wavepackets + QFT description

L 1
— Not completely coherent to start with e

State Decoherence

| Consider an Open (Quantum) System

) . ) Layer 1 + Laye]_‘ 2
— Lose information to the environment

Phase Decoherence
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The Layer Structure

Measurement layer ( layer 3)

o Kinematic variables : { Ty, Ly, Py } or {Ty), L, E;, Q } _consstentemisson (1, FE,, Q};

o Uncertainties : Those from lower layers

t @ 6°

Physical layer ( layer 2)

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

1
! 20" A
Phase space layer ( layer 1) — Fock space Phase space layer ( layer 1) — Wigner space
o Kinematic variables : {x, p}-2ashel,fx 'pl |[ o Kinematic variables : {7, X, p} (on shell)
o Uncertainties : Microscopic o Uncertainties : Microscopic
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The Layer Structure

+ The layer moving operator:
g%@l — Jdnxljdm j VVi(xiapi; xi+19pi+1)9
such that B, (x.,{,pir1) = LAMO'BLx;, p,)

+ Flavor transition probability:
Py(To, Lo, Py) = LM O*Py(T,L,P) = LM O*{AX(T,L,P)Ay(T,L,P)}
= LMO (L MO'A¥(x', p) L MO A(X, D))
= PMO{ L MO PR, D))} .
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Layer 1: QF'I" Transiion Amplitude -,

|P;) = J[dq]ﬁ,,-(q, H1q) |D;) = J[dq’]fd,-(q’, Nlq’)

¥ %
iAyp = Jd4x1gp(x1) ; Jd4x2gp(xz)
/i P

1P = [[dkh;fm, 01k)

D)) = [[dk']fdf<k', 01K)

<xl> =0 <X2> =L
c
p .
PMO" = |d*x |d*pF(p; P)G(x; L), Ai(X,p)= U*Uy; s " o~ ipx
- — ~ 'pr—m?+ic

AyT.L,P)~ ) U;Uﬁje—@“ivjl’ﬂ[fpJd3x ePF(p; PGix; Ly) = ) UkUge 5T DL, P)

J J
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Layer I:Wigg er Iransition Probability o o

Bridge of QM to statistical phase space
LMO'A¥ (X', p)) LMO A\, p) = L MO P1(X, D).

(x,x) = (x = E(x +x),Ax =x—Xx')

S0 _Jd3 Jd3', Pij = WG HWEE, )

- [ . 1 |
Wﬁ{(;@p) = | dP(Ax) e GJ.*(X — EAx; L) G.(x+ EAX; L,)

2

" o 1 1
WiE.p) = | d*(Ap) V" FH(p = —Ap; P) Fi(p + —Ap; Py

Wigner quasi-probability distribution function

Ting Cheng (MPIK) IMPRS Seminar , May 2021

11



Layer 2: Physical Transition Probability o o

Py(T,L,P) = A¥(T, L, P)Ay(T, L, P) = LM O"Pi(X, ).
+ Recall the fist layer weighting function: W{ x,p; T, L, P) = F{(p; P)G(x; L)

+ Relation between {T,L,P} and (P, L;}: |P;| £E } 65 and L= L —v,T
Energy budget from the external particles, i.e. relativistic neutrinos

3 5Ej %+ 0 and V; # 1 results from neutrinos caring mass:

—>m — —>mj2 P] — mj2
5—E=§pE—ij,ande= ﬁép | ———

IZ

E; 22
+ Physical transition probability : P,(T,L,P) ~ Z UEUU% Uy € TR
Jjk
Amyo, Amyo,L L
With (state) decoherence terms: S, = and §, = =, A? =1+ 6207
24/2AE 20/2AE? Ly

Oy, Op
v LPAMO* = [dLJdEJdT[dQ H,(L; Ly) H(E; Ey) Hi(T; Ty) Ho(€2; )
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Layer 35: Measurement Transition Probability

(50,0,0.4)

(0,0.1,0.4)
s (0), 0, 0.4)
s (50, 0.1, 0.4)
(0,0,0)

Pi(Ty, Ly, Py) = L MO P,(T, L, P)

wy 170 =07

O

wy 1 =%
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Uncertainties

<+ Possible contributions to each uncertainties:

+ 0, external particle WP size
+ 0, : non central collisions

+ op: energy resolution, reconstruction model

+ oy : production profile, reactor core size, decay length, space fluctuation (e.g.

quantum gravity)

Uncertainty of incoming particle

. l/o
Uncertainty @ vertex: p

Uncertainty of outgoing particle
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Neutrmo Decoherence

+ QOperation definition of transition probability:

s s S

Neutrino oscillation experiment @Xz H(X,; X3) ]"zjk(Xz, j

P3(X3) = ,
\/ | dXy H(X5; X3) T(Xs;3 X3)\/ | dXy H(X5; X3) To(X; X3)
Neutrino mass measuring experiment
(‘ S S
[dX,TPT(X,) Pyy_ (X3 X) a;}et (X,) HX; X5)
TO.
o axrP et (X Xy
FoX; X3) = TP ()0 888 (X)) Py (X3 X;) Automatic 2 P 5=1

a
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Neutrmo Decoherence

<+ State Decoherence and Phase Decoherence

State decoherence term (S, ) X . Phase decoherence term (
|dX,H | Ty | JdX, HTy,

X
\/ [dx, H rzjj\/ [dX, H Ty 4%H Dol
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State Decoherence and Phase Decoherence

JdX,Y
+ SD term:  S3(X3) = =~ 15,1(X5)
\/ J dXijj\/ JdXa Yy X=X,
pt oy < < X3, 0y
LO
> X
Szjk(Xz) Washout effect at the Wigner layer (1)
Jdx|[dpT (X, p; X;)

Yy = H| oy | = He " |dx [dp |T (% p; X) |

Jdx [dp |T|1(% p; Xy) |

[ dX,Y (X X,)e'oX2)
| dX, Y (X X3)

+ PD term: @,(X;) =

Washout effect at the physical layer (2)
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State Decoherence and Phase Decoherence

% Phase structure on the Wigner phase space layer P;(%, p) = | Pi(%, p) | "l

“ Pulse neutrino emission : njk()'c, p;T,E)

<+ Continuous neutrino emission: njk()'c, p;L,E)

10y

+ Phase structure on the Physical phase space layer P,(x,p) = | P,(X,p) | e

< Pulse neutrino emission : ij(T, L.E)
iAm]%{L

2F

<+ Continuous neutrino emission: @J.k(L, E)~—
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State DGCOhGI’GDCG — Pulse neutrio emission

P (arbitrary unit)

.5 0 5 10 15 20 25 30 35 40 45 50
X (arbitrary unit)
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State DGCOhGI‘GHCG — Continuous neutrino emission

p (arbitrary unit)

X (arbitrary unit)
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Phase DGCOhGI‘QHCG — Continuous neutrino emission

Ting Cheng (MPIK)

E (arbitrary unit)
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Experimental Potential

<+ Phase shift:

+ Asymmetry of the PDF w.r.t. the phase structure

(If all PDFs are Gaussian, only 6y is not symmetric)

+ Independent of other (smearing) decoherence effect

+ Long distance: Effects of

and oy grows with distance

Op
\/ 1 + 0,0,

+ Short distance: ¢, isn’t affected by distance

With the these differences, one can better identify the uncertainties
through combined analysis of different experiments
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Sensitivity on the measurement layer

Micro/MiniBooNE

v, = U,

10°¢
o, = 0.4 MeV
Contour: /
| Py(c #0) — Py(c =0)| = 107* 102+ g
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An example: RENO experiment
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Future prospects

+ Estimation of the sensitivity for each uncertainty for
future experiments

+ Develop (analysis, experimental) schemes to identify
the uncertainties

+ Consider specific mechanisms to contribute to the
classified uncertainties
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Conclusion

+ Developed the layer structures which classifies uncertainties
from microscopic to macroscopic, building on QFT calculation

+ Classify decoherence into state decoherence and phase
decoherence based on their causes and investigate their
phenomenological properties

+ State decoherence and phase decoherence and wash-out effects
on the Wigner phase space and physical phase space respectively

+ Showed sensitivity of decoherence effect for reactor neutrino

experiments (not yet complete)
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State Decoherence and Phase Decoherence

« Phase structure on the Wigner phase space layer P;(%, p) = | P;(%, p) | "l
+ Pulse neutrino emission : (X, p; T, E) = — ipT(v; — V) — ix(P; — P}) |T=TO E=E,

iAm?> 5
Jk P _
E ((L _ X)E + X) |L=LO,E=E0

+ Continuous neutrino emission: njk()_c, p,LLE) ~ —
+ Phase structure on the Physical phase space layer P,(X, p) = | Po(X, p) | e'%

+ Pulse neutrino emission : 0,(T, L, E) = — iT(E, — E}) + iL(P; — P})
iAm]%{L

2F

<+ Continuous neutrino emission: (9jk(L, E)~—
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Uncertainties

+ Convolution property:

o NS — g, o— T e i i |
f : § § : ‘ ©, G(L) = |dxf(x)g(x— L)
, ' | | . | 6 2 Oy and o,

‘ 1.5 1 0.5 1] 0.5 1 1.5 2 25 3

+ Fourier Transformation property: f p) = J dx eP* f(x) o, T <0,

+ Product of two PDF: G'(x) = f(x) g(x) or, 1 <07, 0,1

62 2 62

: 2 f Og /

e.g. for two Gaussians: o;, = =
8 of +o; o7log+ 1
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Uncertainties

<+ Possible contributions to each uncertainties:

+ 0, external particle WP size
+ 0, : non central collisions

+ op: energy resolution, reconstruction model

+ oy : production profile, reactor core size, decay length, space fluctuation (e.g.

quantum gravity)
Uncertainty of incoming particle

| l/o
Uncertainty @ vertex: p

o Properties of PDF Uncertainty of outgoing particle
<+ Convolution: Ormg = Of and O,

+ Fourier Transtormation: o 1 <o, |

7

<+ Product of two PDEF: Of, T < r, O
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Uncertainties

+ Layer 1 — 2 structure:

Jdp de eipij(p; Pj)Gj(X§ Lj) = Jdp eipLij(p; Pj)éj(p; 0; Lj) = einLj(i)(Lja Pj)
o, o1 G,Sff |<0,,0,1 0152) 0
F0:P) = (£A0M,@) @ £, (M0 ) X (£l M, (a) @ fyKIMK)

Production of convolution of incoming & outgoing particles @ production/detection site

Gi(x; Ly = g,(x)) ® g,(x,)

Convolution of production and detection vertex uncertainties

+ Layer 2 — 3 structure:

 Amjy Lo

LAmg L _ ~
[dL e 7 H;(L; Ly) H(L)D(L,,P) = e 2 Dy(Ly)

e 2
ULff < o, 0, 00 oLy 1
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