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QG and Decoherence

« At Planck scales spacetime may be
permeated with short-lived horizons

» Could such horizons act as a quantum bath,
generating non-unitary quantum evolution?

Unitary Non-Unitary
Owp = —i[H, p| + §H (p)

Dimensional Analysis

JH ~ 1i*/Mp
e~ E7 e~ AE?
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QG and Decoherence

« At Planck scales spacetime may be
permeated with short-lived horizons

» Could such horizons act as a quantum bath,
generating non-unitary quantum evolution?

Unitary Non- Unltary

Oip = —i[H, p] + = ZQAM'—{A Aj, p}
J

Lindblad Equation:

Most general Markovian
evolution that preserves
probabilities even in the
environment system
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Neutrino Oscillations

Neutrinos are created in a superposition of mass states
« Time evolution generates flavour oscillations

1
_ P,s = = sin”20[1 — cos Al]
Unitary QM 2

‘Va>:ZUai‘Vi> A
i et .

2

P(Va — vﬂ): ‘<vﬁ ‘e_th‘va>

Am?L
2 E V2

<H>t~AE.L ~
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Neutrino Decoherence

* |nteraction with some environment — Mixed states
« Time evolution given by Lindblad equation

1
P,s = =sin®20[1 — ¢ "'cos At]
Open QM 2

| 8f)0: _.?[ij}.—{—
52 24jpA7 — {AJ4). )

J = Complete Positivity
» Trace Preserving

= |ncreasing Entropy

= Energy Conservation

P11 P12 €
t = —3 o
p( ) {021 e 1At P22 V

1At—1't
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Energy Dependence

« Little is known about how I" depends on energy
« I has dimension of energy

« Dimensional analysis guesses:
— T(E) ~ E2/Mp ~ 101 GeV * E2 ?
— T(E) ~ Am2/M, ~ 100 GeV ?
— T(E) ~ AE2IMp = (Am2)2/ (E Mp) ~ 1061 GeV * E1 ?

« Take a phenomenological approach: I'(E) =T’y (E/E,)"

---
-y
-

n=0 Mo = 4x107% GeV

—— = =1
5 10 50
15 Jul 2022 Energy [GeV]




Energy Dependence

« _Little is known about how I" depends on energy

From the previous equation, the decoherence time can be

inferred

6
Luciano o = 1 _ h |
Petruzziello o (AE?2)2 16 m? fjg t, (AE?2)2

['(E) ~ m?(Am?)?/Mp° ~ 10-156 GeV

---
il"".l
-
-
*

— Std. Osc.

— N = 2
n=0 Mo = 4x107% GeV
mes 1 = —‘1

5 10 50
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3X3 Systems

Neutrinos come in 3 flavours

Hilbert space can be described by SU(3)
Expand all operators in generators of SU(3) (Gell-Mann Matrices)

A4

ot

8tﬁ — H'Uacﬁ I

Operators as sum
SU(3) of generators

0= tr|OF]F
J

Fj, Fy| = iijsz
[

Simple block-diagonal form

0353
0

!

vae —
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3X3 Systems

* Neutrinos come in 3 flavours
» Hilbert space can be described by SU(3)
« Expand all operators in generators of SU(3) (Gell-Mann Matrices)

. l ’ 1 1
Op = —ilH, p| + 5 ) 24;pA} = {AJA;, p}

A4

0,7 — (ﬁ—

System of 9

J
Operators as sum
SU(3) of generators

6= tr[OF]F,

J

Z)ﬁ

1
|

coupled equations
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\F, | = ’iijsz
I

In general* 36 parameters!

1

2

Z ((?l ' (?m) flkn-fn-mj

Imn

Diagonal w/ energy conserv.

*But already assuming increasing entropy (A" = A;)

O3x3
0
0

0

0
I9T9
0
0

0

0
[51s;

0

0

0

0
15135
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Cauchy-Schwarz

I are not independent
 Related by Cauchy-Schwarz inequalities

ij B 5 Z (55 ' (Tm) fiknfn-:rnj

Imn

— 1 — o= | j' — 0y — .
1’9 = |ﬂ-3|2; I'g) = Z|G-3 + \/gﬂ-8|2; ['g9 = —|f1‘-3 — \/gﬂ-8|2

.

o> (Vi=V7)

{I; Y, Z} = Any permutation of {th th Fgg}

eg: I, =0=>15 =15,
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Solar Neutrino Constraints

Solar scale oscillations strongly constrain decoherence
« Sensitive to lower frequency Am?2,,
« Decoherence coupling is dominated by I',,

o
‘-;F 06 L = 500 km
o e Atm. Osc. (500 km/GeV)
a 04 Solar Osc. (15 km/MeV)
0.2l “ “ —— CoOmbined
0.0===401 ~0.10 110
Ener GeV
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Yo (107% GeV)

Solar + KamLAND constraints on 7,

Excluded

X

“T,, < 5.5x1025 GeV

at 90% C.L.
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Atmospheric Neutrinos

Very long baselines available
Strong matter effects give interesting patterns

Great source for characterizing energy
dependence of possible decoherence effects

10
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Normal hierarchy
cos(067)

Inverted hierarchy
cos(67)

Atmospheric Neutrinos

[,; =0 — Atm. Limit
I';, =0 — Solar Limit 1
I';; =0 — Solar Limit 2

» For completeness,
consider 3 limiting cases

Atmospheric limit Solar limit 1 Solar Limit 2
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KM3NeT Collaboration

Cities and Sites of KM3NeT
~250 scientists ==
56 Instit! : '



https://twitter.com/km3net
https://www.facebook.com/KM3NeT
http://www.km3net.org/

The ORCA Detector
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Two Detector Scales

36m vert. x 90m horiz. spacing TeV - PeV

ARCA BB1

ARCA BB?2

9m vert. x 20m horiz. spacing

GeV - TeV



Preliminary Sensitivities

e Strong constraints on a wide range of power laws
« ORCA dominates negative powers, ARCA takes over positive ones

Normal hierarchy
Atmospheric limit

10—17
KM3NeT preliminary
107490 =
L
< _ o i
3 10773
(D [ |
— o
£10-26] =
> ®
29 e ORCAll5, 21Mton-yrs.
10771 & ORCA6, 600kton-yrs.
ARCA115, 545Mton-yrs.
10—32
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World Leading

Normal hierarchy

 F—2 « E-1 .
1079 y<E e * Potential to probe untested
- = ORCAG, 600Kton-yrs. | values of decoherence
-20 | X | x DeepCore, 2018
1o x i parameter
>
8 1o | X e Current ORCA data may already
£ 5 : x be stronger than IceCube for
10722 | negative powers
KM3NeT/ORCA preliminary
10731 — . . - : -
Atm. LiSr?r[l.iilzs Sol. 2 Atm. L?:Tliiis Sol. 2 Normal hierarchy
10-26 y<E! 10-30 y x E?
ARCA115, ARCA115,
e At h|gh energies, ARCA is ®  545Mton-yrs. ®  545Mton-yrs.
. . x lceCube, 2018 x lceCube, 2018
competitive with current 1077y 10-31 Ix
lceCube boundaries g ) *
« Caveat: no systematics yet ¢ 3 X
> 10728 1032 %
KM3NeT/ARCA preliminary KM3NeT/ARCA preliminary
g Stat. only 33 Stat. only
107 . Sol. 1 sol. 220 Atm. Sol. 1 Sol. 2
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Epilogue



Energy Conservation

« Simple constraint equation: @tt.r[Hp] — (]
« But which H is conserved?
— Vacuum? Decoherence is due to neutrino mass measurement (QG-like?)

— Matter? Decoherence is due to effective neutrino energy (EW-like?)

* Most analyses assume the latter

« Carpio et al, argue this violates the Born-Markov assumptions of the
Lindblad master equation [PRD 97, 115017 (2018); PRD 100, 015035 (2019)]

« Effectis small at low energies, but becomes relevant at the resonance

« Also important role from neutrino mass ordering

1.0F

/" NH, 810km
=102 GeV
— Std. Osc.

QG Decoh.
--=EW Decoh. |
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Matter Effects w/ Deco.

St Vo
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]"ﬂ’f "'! ¢
Ho = Ho + V ol
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Summary

« Decoherence in neutrino oscillations may be a strong probe
of quantum gravity effects

« With increasing precision, more sophisticated
phenomenological treatments are now required

« KM3NeT will be able to probe never tested regions of
parameter space

 Relationship with matter effects needs to be better
understood, especially for atmospheric neutrinos

* For more details:
« Master’s Thesis [1]
 Poster at Neutrino 2022 [2]

[1] https://ecap.nat.fau.de/wp-content/uploads/2022/03/KM3NeT_THES_2022_Sensitivity_Decoherence_Nadja_Lessing.pdf
[2] https://zenodo.org/record/6781033


https://ecap.nat.fau.de/wp-content/uploads/2022/03/KM3NeT_THES_2022_Sensitivity_Decoherence_Nadja_Lessing.pdf
https://zenodo.org/record/6781033
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Systematics Impact

Parameter Central value (IH) Prior Parameter Prior
5 g —3 —3 Energy slope 0.3
Amaml [ev } 2.515 ¢ 10 (_2.4:98 * 10 ) fl'ee Energy scale 0.06
Am? | [eVZ] 742 .107° fixed Zenith angle slope | 0.02
SO - _ Ve[, 0.07
O12[°] 33-44 fixed e 0.05
@13 [O] 8.57 0.13 Vet Tu) / (ve+1.) 0.02
o Mshowers free
®23[ ] 49'2 free Nmiddles free
5CP [0] 14‘9 (287) free Miracks free
Lo y « E-2 Normal hierarchy  y « f-1
ORCA6 | ORCA115 KM3NeT/ORCA preliminary
— 0.8 I Atm.
' | | | Sol. 1
=061 T <ol 2
£
>0.4
~
£
>~0.2
0.0 Mum =  mn Bl e - Ll_u
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Current Limits

‘ ‘ n=-2 n=-—1 n=0 n=1 n=2

IceCube (this work)

20 | Atmospheric (751 = ¥32) [2.8-10718 42.1072! 40-10*# 1.0-10°%7 1.0-10 3

é SolarI (51 =91) | 6.8-107" 1.2.1072" 1.3.10%* 35.10 2% 1.9.10 *

§ Solar Il (130 = 1) |5.2-107" 92.10°2 97-107% 2.4-107% 9.0-10%

g DeepCore (this work)

Z | Atmospheric (151 = 752) | 43-1002 2.0-102' 82.10 2 3.0-102* 1.1.10 5
Solar I (131 = 751) 12-102 54.102 2.1.10% 66-10% 20-10°%
Solar Il (Y30 = 1) | 7.5-107%' 35.1002 14.10°% 42.10% 1.1-10°%
IceCube (this work)

Atmospheric (731 = 132) [6.8-107"7 1.2.1072" 1.3.107* 35.10 2 1.9.10 %
fE_ﬂ SolarI (31 =91)  |5.2-107"? 92.10722 98.10°% 24-1072% 9.0.10°%
= Solar Il (130 = 1) |2.8-107"8 42.107%" 41-107* 1.0-10°% 1.0-10%
% DeepCore (this work)
§ Atmospheric (751 = ¥32) | 1.4-10°% 58.107%2 22.10% 7.5.107% 23.107%
E Solar I (131 = 751) 83-10°2" 36-102 14-102 47-10% 13-10°%

Solar Il (30 =751) | 5.0-10°2° 23-10°2! 94.10°2 33-107% 12:10°5

‘ Previous Bounds

SK (two families) [7] 24.10°2 42.10°2% 1.1.10%

MINOS (11, 132) [32] 25102 11102 2.10%

KamLAND (75) [15] 37-100 % 68102 1.5-10°1

Coloma et al: EPJC 78, 614 (2018)
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Production ongoing around Europe

« ORCA: 10 lines operational since July 2022
« ARCA: 19 lines operational since June 2022

Amstedam
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Measuring Neutrinos

EM cascade 7 decay products
=< = =
r [ - vy ' {7
hadronic shower hadronic shower hadronic shower
L/

Shower-like _
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Reco Performance

* Energy resolution: ~25% (Close to limit arXiv:1612.05621)
« Angular resolution: Better than 15 degrees at relevant energies

= 35¢ Fr : : :
% C P shower class, selected v, CC :
g (1] o S S A I shower class, selected V, CC}--
g L\ : : track class, selected vy cC
w. E 251 _____ track class, selected ?“ CcC |..
m H : H . . H H H
D > 2
c
X ¢
S 15
D 3
o
g 10
5 ............
0 i i i
20 30 40 50
3 neutrino eneragy [GeV]
S‘ 50r S! 50F 1
8 40t KM3NeT 8 40 KM3NeT
= 30} =
> 30+
. & | v-CC : 3 | v -CC
0w ¢ K 10" ) o2 Ve X
L 2o Q 6 10
X ¢ X @
- Q
S 101 § 10
- Iz E -
W 3 W 5 |
c 6 -2 6F -2
5 10 = {10
o ° o o E
2 4 o 4
3 3 Ve + Ve cC
shower sample shower sample
2 L S| I I 3 _J -3 2 ] ! ! TR B -3
15 Jul 2022 2 3 4567810 20 30 40 2 3 4567810 20 30 40 29

neutrino energy [GeV] neutrino energy [GeV]

Iogm N, [sr ']


http://arxiv.org/abs/arXiv:1612.05621

3v Formulas

P =1=2> {|U,;2|U,42(1 — e cos A, L)},
j>k

. _
PO x1 - 5 Sin’6ysin260[1 — e % cos 24|

1 ~ . ~
— 50052913311122923 [1 —e 1%l cos2¢, ]
PP S —T'5,L y
— 5sin 2058in"03[1 — e 317 cos 2¢hy |,
100 107 | 104 107 1.0-2 107
where 2E.V, (eV?)

bo = ¢\/(cos 20,3 — A)? + sin?26, 5,

i~

P4 [(1+A)p =+ ¢y,
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Matter Effects

V, /| Hy c0s206

3 ) 1 0 1 2 3

31



Matter Effects

HO
A
|
-0 0 0
Hop=U| 0 Ama g
eff oL ,
00 =g
v; I
Am%2
T
2 Am3,

v T
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Resonances

L

1 OF==T

sin22.9
o
0
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Heff = U
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Resonances
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~ 06| ]
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Am?2
_ 51 T
Hyp=U| 0 =% 0 (U +Ve |0
Am:
31
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Resonances

1 OF==T

sin22.9

1079 1072 1074 1073 1072 107"
2E.V, (eV?)
A

i 0 0 0 i B 1 0
2
Hepp=U|0 =2t | 0 |[U+V. [0 0
0 0 Amél i 0O O
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Matter Effects w/o Deco.
Her = Ho +V

Hj

Jn

Hst
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Resonance Formulas

. . Am3, \°
sin?207, = sin®26;3 (ﬁm:';g)

Depends on
sign of Am?;, (NMO)

A"m? = ?Eﬁmgl cos 2013 — 2 E, A)2 + (Am3, sin 2613)2,

Am?3 26 [(45¢/cm’® Am?3
Eres = M1 T05 “H13 ~ 7 GeV 5/ ( 31 72) C0s 20,3 .
2v2Gg N, p 2.4 x 1036V
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