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Environmentally-induced neutrino decoherence

08/10/2019

« What if a neutrino experiences perturbations from the environment

as 1t propagates?
« e.g. fluctuating space-time (quantum gravity)

« If perturbations are stochastic:
- wavefunction phase shift
- neutrino population loses coherence

- damping of oscillation probability

P(a - a)

Credit: Chandra
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https://www.youtube.com/watch?v=rLbLy9lhRoQ
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m2L
. . v;(L)) = expg —1— vi(L=0
Perturbing neutrinos as they propagate e p{ 2B +¢}' o

« Want to test how neutrino responds to various types of perturbation

 Randomly inject desired perturbation into neutrino propagation model
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m2L
. . v;(L)) = expg —1— vi(L=0
Perturbing neutrinos as they propagate e p{ 2B +¢}' o

« Want to test how neutrino responds to various types of perturbation

 Randomly inject desired perturbation into neutrino propagation model

= 1 Y, unperturbed

m— ), perturbed
=« Vg unperturbed

= Vg perturbed

|Vriavor) (real)

Perturbation

v unperturbed
v, perturbed

= = ), unperturbed
= ), perturbed

=« P(a-a) unperturbed
= P(a - a) perturbed
=+ P(a—B) unperturbed
= P(q - ) perturbed

2 flavor
0=45°
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Propagation distance [arb. units]
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m2L
. . v;(L)) = expg —1— vi(L=0
Perturbing neutrinos as they propagate e p{ 2B +¢}' o

« Want to test how neutrino responds to various types of perturbation

 Randomly inject desired perturbation into neutrino propagation model

1.0 (\ (\ = Vunperturbed N
Vperturbed
0.8 s Vperturbed, average
/) 1 I | | | Perturbation (2 out of phase)
’?‘ 0.6 i ,\* increasingly likely with distance
‘—\n._' L [ R
S 0.4 1S NT - Damping of oscillation
' I probability on average
0.2

2 flavor 0 10 20 30 40 50
0=45° Propagation distance [arb. units]
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What perturbation?

Space-time foam Credit: Chandra

* Quantum gravity 2 fluctuating space-time
> Travel distance (light cone) fluctuates

> Virtual back holes
« Decoherence from neutrino-black hole interactions
« Flavor not expected to be conserved

Wavefunction collapse

« Neutrino assumes definite state 2 discontinuity in wavefunction evolution
* Occurs when neutrino is “measured”, e.qg. interacts (with Dark Matter? Graviton?)

Baseline variation
* Source-detector distance not constant (e.g. atmospheric neutrino production height)


https://www.youtube.com/watch?v=rLbLy9lhRoQ
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Comparing perturbations

« Compare decoherence effect of various perturbation types

[ Survival probability w/ perturbations ]
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08/10/2019

Baseline/light cone fluctuation
Source position fluctuation
v-BH interaction (phase randomized)

v-BH interaction (flavor randomized)
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Comparing perturbations

« Compare decoherence effect of various perturbation types
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1) All cases produce decoherence

2) Two distinct categories observed...

]- L — o = Oscillation average
(mass basis decoherence)

]- L — o = Equally populated flavors

(flavor basis decoherence)

50
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¢ CO A (1eeconerenc O O - a -. () & I-.l () &

Take away

Decoherence results from stochastic perturbations to
propagating neutrino

Two distinct categories: mass vs flavor basis
(differ as L — o)

0 10 20 30 40 50
Propagation distance [arb. units]
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Neutrino decoherence as an open quantum system p:;p" il {

* (Can treat neutrino + environment as open quantum system

 Decoherence = pure 2 mixed state
« Evolution of system given by Lindblad master equation

p = —i[H, p| —Dlp]
\_'_H_'_l

Standard oscillations Decoherence
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p= Zpi ;) (2]
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Neutrino decoherence as an open quantum system
* (Can treat neutrino + environment as open quantum system

 Decoherence = pure 2 mixed state
« Evolution of system given by Lindblad master equation

. ) O ,012F21 /013F31 Perturbation-like
p=—ilH,p| —| p21lo1 0  p23l'32 | 4ecoherence
p31l's1 p32liso 0

Standard oscillations |
' \
Decoherence Damping strength
parameters

Coherence length = %
(damped to el)
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Neutrino decoherence as an open quantum system p:;p" il {

* (Can treat neutrino + environment as open quantum system

 Decoherence = pure 2 mixed state
« Evolution of system given by Lindblad master equation

| 0  p12l'a1 p13l's;
p=—ilH,p] = p21l'21 0  pa3lss
p311'31 p32ls2 0

E n
« Phenomenological energy-dependence: I';;(E) =1';,;(E = Ep) (E_)
/ 0

n = 2 predicted for quantum gravity
Ellis et al, arXiv:gr-qc/9602011, arXiv:hep-th/9704169
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Neutrino decoherence as an open quantum system p:;p" il {

* (Can treat neutrino + environment as open quantum system
 Decoherence = pure 2 mixed state
« Evolution of system given by Lindblad master equation

| 0  p12l'a1 p13l's;
p=—ilH,p|—| po1il'ax 0  pasl'so
p31l'31 p32l'sa O

E n
« Phenomenological energy-dependence: I';;(E) =1';,;(E = Ep) (E_)
0

» Define D|p| in mass or flavour basis depending on perturbation
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Neutrino decoherence as an open quantum system

08/10/2019

p= sz' i) (il

16

* (Can treat neutrino + environment as open quantum system

 Decoherence = pure 2 mixed state

« Evolution of system given by Lindblad master equation

/

(5 free parameters h

Decoherence strength x 3 (between pairs of states)

Basis
Energy-dependence

\9 Implemented in nuSQuIDS/

,01 P1
0 P2
p321'32

/

- Define D|p] inl mass or flavour basis|depending on perturbation
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* (Can treat neutrino + environment as open quantum system
Decoherence = pure 2> mixed state

Take away

Neutrino decoherence from stochastic perturbations
can be treated as open quantum system

Model implemented in nuSQuIDS

 Define D|p| in mass or flavour basis depending on perturbation
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Decoherence in atmospheric neutrinos

« Atmospheric neutrinos = long baselines, high energies

« Better understood than high energy astrophysical neutrinos

1.0

0.8 1

—

T 0.4
0.2

0.0
0

3 0.6

O\

Standard oscillations
== Decoherence (mass basis)
== Decoherence (flavor basis)
Averaged oscillations
Equally populated flavors

\/\/\/

L/Lg

10

Mass basis - averaged oscillations at L = o
Flavor basis = 1:1:1 flavor ratio at L = «
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Decoherence in atmospheric neutrinos

« Atmospheric neutrinos = long baselines, high energies

« Better understood than high energy astrophysical neutrinos

1.0
Standard oscillations
- Decoherence (mass basis)
0. - [Decoherence (flavor basis)
Averaged oscillations
Equally populated flavors
3o0.
T
3
=N
0.2
[ Signal in atmospheric v, ]
0.0%

0 2 4 6 8 10
L/Le
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Atmospheric decoherence signal
 Calculate decoherence signal in dominant atmospheric v, survival channel

* Includes matter effects + Earth absorption

1 1 1 ' 1.0
Iyy T3 Iy
Mass basis ' 0.51 Strongest signal at 0O(100s GeV) 0.2
— n=0 . .
d & 0.0 0.0
m w
o S
§\ \ \

10 10° 10' 102 103 104 10°
E [GeV]

AP(v, = vy)
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Atmospheric decoherence signal
 Calculate decoherence signal in dominant atmospheric v, survival channel

* Includes matter effects + Earth absorption

1.0 ” ] ” ] ” ] 1.0 1.0
I;1(1TeV) Ty (1TeV) TIy(1TeV) Lo
0.5 IWaﬁigfﬂs 05
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10° 104

102
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Planck scale decoherence

* Experimental quantum gravity signature is most compelling
decoherence motivation

* Quantum gravity expected to be:
« Strong at Planck scale (~10%° GeV)
« Suppressed at lower energies

« Re-express I' damping parameters w.r.t. Planck scale:

[i;(E) = iy (E = Eo) ( Jfo ) ['(E) = Aplanck

En
MP

lanck
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Planck scale decoherence

Easier to understand in this form...

I'(E)

Coherence length

~ Lpianck

APlanck

Suppression at lower energy scales

-

A~1 = coherence length @ E,=Mpjnck

£

Mpianck

E

)7?
J

(in units of Lpjanck)

08/10/2019

23
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Coherence length from Planck scale physics
 “Naturalness” > A ~ 1

 What is “natural” coherence length?

n=1 —— ] = 2 ——— ) = 3
=== Earth diameter === Earth-Sun distance Milky Way diameter

10%

=
16

B 10
5
- — 108-
g -
c = 0 Quanturn .
g < 10 gravity Predictiop,
£ -8
o 10
O

10—16_

101 10° 10' 102 10°  10*  10°
E [GeV]
Neutrino energy

_ I Mplanck \
F(E) Planck E
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Coherence length from Planck scale physics

e “Naturalness” > A~ 1

 What is “natural” coherence length?

— =1 — ] = 2 — =3
=== Earth diameter === Earth-Sun distance Milky Way diameter
102
. n=3 - need
= 1016 / astrophysical distances
S . for strong signal
2 — 108
o £
g l_l 0 Quantu
¢ 5 1071 M gravity, Predicti n=1,2 - large
9 s " decoherence effect at
S 107 atmospheric distances
10716 G
Sensitive to decoherence

101 10° 10! 102  10° 10  10° many orders of

Neut,ﬁn[f Z\,/,]er magnitude weaker than
% natural Planck scale!!!

L I Mplanck \
F(E) Planck E
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« “Naturalness” > A ~ 1
e Wha

Take away

Can express decoherence relative to Planck scale
physics

Sensitivity to decoherence from Planck scale
physics well below the natural scale can be
achieved with atmospheric neutrinos

10~ 10 10 10 10° 10

n E [G@\/}
1 j\"[l’lz—m(rk .
— = Lplanck | —17—=1— Neutrino energy

10

26
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Measuring neutrino decoherence in DeepCore

* Measuring neutrino decoherence using 3 years of DeepCore data
« Data sample, systematics, ... as per 2019 v, appearance PRD

e« 5-100 GeV neutrinos
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https://arxiv.org/abs/1901.05366
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Measuring neutrino decoherence in DeepCore
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* Measuring neutrino decoherence using 3 years of DeepCore data

« Data sample, systematics, ... as per 2019 v, appearance PRD
« 5-100 GeV neutrinos

n=2
(quantum gravity)
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Measuring neutrino decoherence in DeepCore

08/10/2019 29

* Measuring neutrino decoherence using 3 years of DeepCore data
« Data sample, systematics, ... as per 2019 v, appearance PRD

e« 5-100 GeV neutri

n=2
(quantum gravity)
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Sensitive to decoherence
8 orders of magnitude
weaker than the natural
Planck scale expectation!!

= Planck scale neutrino
coherence length of ~107

I-PIanck
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Take away

Measurement of atmospheric neutrino decoherence
underway using 3 years of DeepCore data

Sensitive to decoherence from quantum gravity 8 orders
of magnitude weaker than natural Planck scale!

Even more sensitive 8 yr DeepCore (low energy) and
[ceCube (high energy) measurements to follow
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Look out for:

Phenomenology paper (this month)

DeepCore 3yr decoherence measurement (soon)

Decoherence nuSQuIDS model = open source (soon)

If you have ideas for perturbations to test, come find
me!



https://arxiv.org/abs/1901.05366
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Neutrino oscillations @
The IceCube Upgrade
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The IceCube Upgrade

* NSF have funded a $30M extension
to IceCube
« Deployment in 2022/3
e 700 multi-PMT sensors
« Improved ice calibration

* Primary physics goal is precision v,
appearance measurement

D-Egg mMDOM

36 cm
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A low energy neutrino detector

« Dense instrumentation in 2 Mton core

« Large increase in photocathode density & sensitive to 1 GeV neutrinos

Type/Status: NuMu.NotSet

Zenith/Azimuth: (4.3, 11.1) deg . '
Vertex:463.2, -92.7, -394:3)m .
Time: 9952.890 ns |
Energy: 30 GeV
Speed: 1.000 ¢

.

mee IceCube/DeepCore [ e IceCube Upgrade

Time: 9952.890 ns
Energy: 30 GeV
Speed: 1.000 ¢

.

DY Y

RRIT
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A low energy neutrino detector

 Dense instrumentation in 2 Mton core
« Large increase in photocathode density & sensitive to 1 GeV neutrinos

MCinlicePrimary: . |
« Type/Status: NuMu.NotSet

MCinlcePrimary: . \
: NuMu.NotSet

Zenith/Azimuth: (65.5, 290.3) deg  *

Vertex: (18.1, -71.1, -274.2) m.

Time: 9925.778 ns. 1

Energy: 3.8 GeV |

Speed: 1.000c

uth:
Ve 1,-71.1,-274.2) m:
Time: 9925.778 ns.

Energy: 3.8 GeV

Speed: 1.000c

IceCube/DeepCore
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Upgrade performance

* Major improvement in detection rate and energy/direction resolution

v cC IceCube
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Upgrade performance

* Major improvement in detection rate and energy/direction resolution

lceCub f
v, CC Workn Progress 1001 DeepCore ] 1-00-{ Upgrade ]
. " )  =mmas 1 o | ®AnAnoe 00000 L 7= ) sssass 1 o 0040
. . . IceCube ===-- 0.008

2 Mton fiducial U q -~ 0.75 - 0.751
0.3 ot £ 0.007 2 0.035

N 10 Mton fiducial < -"°¢ £ 0.501 £ 0.504
I Upgrade =— g &0Q6 _ & 0.030

= S 0.25] T = 0.75
— 0.2 S 0.005T O 0.025

Q T 0.00/ E 7V o000l
+2 ~ 10,0048 3 0.020

ad ? 025 & = =075
0.1 g =1 0003 g 0.015

@ —0.501 < 0501 _
) L0.002 & 0.010
H 8 v, CC g
0 i R B—— © —0.751 e 10.001  ° —0.751 0.005
0 1 2 . .
10 10 10 1 ~1.00 IceCube Work in Progress 16,000 ~1.00 IceCube Work in Progrcless ) L1 0.000
Etrue [GeV] 10° 10! 10° 10° 10 10
Etrue [GEV] Etrue [GeV]

Huge increase in <10 GeV v rate 3x improvement @ v, appearance energies

Enhanced rate for all oscillation energies
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v, disappearance
* 3 year Upgrade v, disappearance sensitivity estimated

« Comparable to current long baseline precision

=== NOVA 2019 (90%)

0.003271 ___ 15¢ 2018 (90%)
SuperK 2018 (90%)
1.00 0.00301 —-- MINOS 2016 (90%)
DeepCore 3 yr 2018 (90%)
0.75 mmmm |ceCube Upgrade 3 yr sensitivity (90%)
__0.0028
0.50 o~
>
.2, lf——\
0.25 ~ 0.0026 1 Y ERT P T —— S —— |
’E NEm \ \J\s\ L e " \,\'" ,—-—~\
S 0.00 3 h SO ~~a -7 v /
S 0.0024- . S 2 VP
0,50 0.00221 N T
-0.75
0.0020 1
IceCube Work in|Progress

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
Sin2(923)
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U, appearance

* Poor precision in v_ sector is major barrier to testing PMNS unitarity
« Difficult measurement (CC cross section suppression, poor PID)

 Need new v, measurements

» IceCube Upgrade will provide world leading v, appearance sensitivity

DeepCore 3 yr (10o)

IceCube Upgrade
IceCube Work in Progress N 1 yr sensitivity (10)
OPERA (10)

SuperK (10o)

| £ |
0.0 0.5 / 1.0 1.5 —
Ny, [ 10% precision after just 1 year]

Standard 3v oscillation expectation >3x improvement on current world best
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Take away

IceCube Upgrade will provide huge leap in low energy
neutrino statistics and resolutions

10% v, appearance precision after only 1 year

v, disappearance competitive with long baseline
beam experiments

Also: neutrino mass ordering, BSM oscillations, Dark
Matter, ...
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Backup
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Decoherence parameter interdependence  _p. _ 3 (Dl(:-,z-) _D,gj’”)?
k=1

« T parameters not independent
« Conical bound Ty = VTu £ /Tj
Allowed values depend on number of operators

[ ]
e Random models

= w [57=0,l31=[3; 1Ty =03=03

[k = 1,...,8} ¥

= [3=0,l1=03

m=w [3,=0,l1="03

500
;%0 400
60 ™ 300 N
a0 = 200 L~
100

20
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Planck scale constraining power with atmospheric neutrinos

« Ignore naturalness - test atmospheric neutrino sensitivity to Apj,

[1/I‘ = Earth diameter]

1013 i
~ 107
8 .\
('_U Quantu’n .
-—% 10—9 ] gravity prediction ol
| Sensitive to Planck
1020 - scale decoherence

many orders of
— magnitude weaker
1071 10° 10! 102 103 104 10° than natural scale!!!
E [GeV]
1 Lplanck (MPlanck>n Neutrino energy

['(E) (MPlanck E
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PMNS unitarity

* v, sector poorly constrained
» Parke, Ross-Lonergan, arXiv:1508.05095
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