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Our current understandmg
of gravity breaks downat
the Planck se¢ale


https://physics.aps.org/articles/v12/105

How does spacetime
behave at the Planck scale? -



https://physics.aps.org/articles/v12/105

Gravitational wave L
Interferometry to . Neutrino interferometry to
interferometry to

understand structure of . measure small-scale
understand contraction of

vacuum (search for ether): . spacetime structure
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mirror

K

source / 1 mirror
r— L —p|
\

beamsplitter

detector
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" Decoherence Theory,

e Neutrinos can maintain quantum =
coherence over large distances

e May be absorbed and re-
radiated by Virtual Black Holes
(VBHs)

e Two interaction modes: Y
e State selection

e Phase perturbation

T. Stuttard and M. Jensen. Phys. Rev. D 102 (2020) 115003. 5
[ceCube Collaboration. Nature Physics 20, 913-920 (2024)
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 Neutrinos can maintain quantum
coherence over large distances

e May be absorbed and re-
radiated by Virtual Black Holes
(VBHs)

e T'wo interaction modes:
e State selection
e Phase perturbation

e Flavor distribution differs from
expectation?

T. Stuttard and M. Jensen. Phys. Rev. D 102 (2020) 115003.

[ceCube Collaboration. Nature Physics 20, 913-920 (2024)

1.0

Unperturbed == Averaged oscillations ==+ 1:1flavours

vVBH: flavour state selected
Individual v
== = Average
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Lindblad Master Equation:

p=—1lH, p] —D|p]
/ \

Standard unitary Non-unitary contributions
time evolution from quantum gravity

T. Stuttard and M. Jensen. Phys. Rev. D 102 (2020) 115003. 7
[ceCube Collaboration. Nature Physics 20, 913-920 (2024)
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Decoherence Superoperator:
D(p) = (D,,p")b"
/

= diag(0,T,T,I,T, T, T, T, T)
= diag(0,0,T,0,T,T, T, T, 0)

/ E n n = Energy dependance

1%
F(ED) — F() — I’y = Inverse of coherence

T. Stuttard and M. Jensen. Phys. Rev. D 102 (2020) 115003. 8 I ',O length At EO

[ceCube Collaboration. Nature Physics 20, 913-920 (2024)
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 We use 10.7 years of atmospheric neutrino events in IceCube

e Data + MC events are binned into 20 zenith, 22 energy and 2 morphology bins for the fit

e We use GollumFit, an open-source framework for binned-likelihood neutrino telescope analyses
Number of events
10° 10* 10° 10° 10*
Starting . . _ Through-going

10°

—-1.0 -08 -0.6 -04 —-0.2 0.0-1.0 —-0.8 —-0.6 —-04 —-0.2 0.0
cos(65°) cos(0°°)
11
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 Fit over 36 nuisance parameters in 6 categories

2. Hadronic production parameters

4. Neutrino attenuation parameters
5. Overall normalization

6. Detector response
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-~ Significant Gainin Sensitivity

Stronger constraint

e Most significant improvement for models
with strong energy dependance

Phase Perturbation

95% CL

State Selection [ceCube Preliminary
10 107* 107 1079 107 1077 1071 107
F() (E() =1 T@V) [e\/]

13 n=>_0 ® n=2 = == [ceCube (2024) Sensitivity = This Work
[ceCube Collaboration. Nature Physics 20, 013-920 (2024) ® n=1 ® n=3 «sss JeeCube (2024) Upper Limit
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- Significant GaininSensitivity

Stronger constraint

e Most significant improvement for models
with strong energy dependance

Phase Perturbation

95% CL

e Factor of improvement of my sensitivities
compared to previous analysis:

n Phase State selection

0 1.18X 1.20X

1 1.70X 1.70X
State Selection [ceCube Preliminary
2 2.08X 2.98X § e

02 100 1009 100 10° 107 1000 1005
3 8.20X 8.20X Iy (E() — 1 Te\/) [e\/]

14 n=>_0 ® n=2 == == [ceCube (2024) Sensitivity mm This Work
[ceCube Collaboration. Nature Physics 20, 013-920 (2024) ® n=1 ® n=3 «sss JeeCube (2024) Upper Limit
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e Naturalness: Expect O(Lp) coherence length
for neutrinos with energies O(Ep)

e Our analysis is sensitive to Planck-scale
physics below natural expectation for

n=20,1,2

e n = 2 motivated by probing quantum
decoherence effects in string theory
models

[0 (Eo = 1GeV) [eV]

o Approach Planck-scale natural
expectation forn = 3

[ceCube Collaboration. Nature Physics 20, 913-920 (2024)
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e This analysis searches for neutrino decoherence due to quantum gravity using 10.7
years of atmospheric muon neutrino events from IceCube

e We obtain a significant sensitivity boost from previous IceCube world-leading
constraints

e Unblinded results coming soon!

Speaker acknowledges support from the U.S. Department of Energy, Office of Science, Office of Advanced
Scientific Computing Research, Department of Energy Computational Science Graduate Fellowship
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MEOWS: Matter-Enhanced Oscillations with Steriles

e Dataset originally developed for sterile neutrino analyses
e Very pure, well-understood dataset of atmospheric neutrino tracks

e Also used for other analyses, including an eV-scale sterile neutrino search (PRL 2024)
e Multiple iterations of dataset:

e Previous IceCube Decoherence search (Nature Physics, 2024): 7.6 years

e This work: 10.7 years

[ceCube Collaboration. Nature Physics 20, 913-020 (2024)

IceCube Collaboration. Phys. Rev. Lett. 133, 201804 (2024) 19
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Previously: This work:
Events: 305, 735 events 308, 071 events
Years: 7.034 years 10.6069 years

Reco Energies: 500 GeV to 10 TeV 500 GeV to 100 TeV

Also:

 New energy estimator

o Thru/starting track separation — larger, higher purity sample

e New BDT selection for final-level cuts

[ceCube Collaboration. Phys. Rev. Lett. 133, 201804 (2024) 20
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36 nuisance params used in this analysis

Updated to better match
recent measurements
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1

Systematic Central | Prior (10) Range Implementation
Detector Parameters

Normalization 1.0 +0.2 [0.1,3]

DOM efficiency 1.27 +10% [1.234, 1.346] | 6 support points
Ice Amplitude 0 0.0 +1.0 -3,3| Correlation (see Fig. 19)
Ice Amplitude 1 0.0 +1.0 -3,3| "

Ice Amplitude 2 0.0 +1.0 -3,3| "

Ice Amplitude 3 0.0 +1.0 -3,3) "

Ice Phase 1 0.0 +1.0 -3,3 "

Ice Phase 2 0.0 +1.0 -3,3 "

Ice Phase 3 0.0 +1.0 -3,3| "

Ice Phase 4 0.0 +1.0 -3,3| "

Forward Hole Ice -1.0 +10 -5.35, 1.85] 5 support points
Conventional Flux Parameters

Atm. Density 0 +1.0 -3,3] Spline

Kaon energy loss 0.0 +1.0 -3,3] Spline

K sc 0.0 +1.0 -2, 2| Correlation (see Fig. 24)
Koo 0.0 £1.0 2,2 "

Tor 0.0 +1.0 -2, 2 I

- 0.0 £1.0 -2, 2] "

Ko 0.0 +1.0 -1, 2| "

K, 0.0 +1.0 1.5, 2] "

b 0.0 +1.0 -2, 2 a

Ty 0.0 £1.0 2, 2] "

p2p 0.0 +1.0 2,2 "

nop 0.0 +1.0 2,2 "

GSF, 0.0 +1.0 4, 4 "

GSF, 0.0 +1.0 4, 4 "

GSF3 0.0 +1.0 4, 4 "

GSF4 0.0 +1.0 4, 4 "

GSF 0.0 +1.0 4, 4 "

GSFs 0.0 +1.0 4, 4 "

High-energy Flux Parameters

Normalization 0.787 +0.36 0,3]

A1, tilt from -2.5 0.0 +0.36 [-2,2]

Ay, tilt from -2.5 0.0 +0.36 [-2,2]

Pivot energy in logl0 - - 4,6] Uniform prior
Cross-section Parameters

v cross section 1.0 +0.1 [0.824, 1.176] | 30 support points
U cross section 1.0 +0.1 [0.824, 1.176] | "
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 PreviouslceCube Constraints

e World's strongest limits on neutrino
decoherence from quantum gravity

e 30-50 times more sensitive for n=0

e 6-8 orders of magnitude more

sensitive for n=2

[ceCube Collaboration. Nature Physics 20, 913-920 (2024)
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