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Summary

This is the preliminary results of Lorentz violation search from the High Energy Starting
Event sample in IceCube (HESE-7.5yr, to be published 2020).

Currently, our search of Lorentz violation is very limited cases, and unfortunately, so far,
we don’t find Lorentz violation. However, our approach is very promising for future
searches in IceCube (for example, dim-6 LV limit reaches down to ~1042-46 GeV-2)
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Kostelecky and Mewes, PRD69(2004)016005
Arguelles, INVISIBLE2015

1. Lorentz violation with neutrino oscillation

Neutrino oscillation is natural interferometer
- Longer baseline and higher-energy is more sensitive to smaller parameters
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Arguelles et al (ICRC2019), ArXiv:1907.08690

1. Lorentz violation with neutrino oscillation

Neutrino oscillation is natural interferometer
- Longer baseline and higher-energy is more sensitive to smaller parameters
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TK et al (CPT2019), ArXiv:1906.09240
1. Astrophysical neutrino flavour sensitivity of new physics

Combination of longer baseline and higher energy makes extra-terrestrial neutrino to

be the most sensitive source of fundamental physics.
IceCube atmospheric
neutrino LV sensitivity

Lorentz violation sensitivity (normalized with Mp ;o) Nature Physics 14(2018)961
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1. Neutrino interferometry — Astrophysical high-energy neutrinos

Neutrinos propagate over ~Gpc

Although neutrinos lose
coherence, any extra interaction
modify neutrino mixings.

Information of small Lorentz
violation is encoded on neutrino
mixing probability, so by measuring

you can explore Lorentz violation

high energy
neutrino source

Detection _
by IceCubty
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lceCube,Science.342(2013)1242856,PRL113(2014)101101:115(2015)081102

2. Astrophysical Very-High-Energy Neutrinos

First observation (2013) by IceCube Neutrino Observatory
- 60-2000 TeV neutrinos
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lceCube,Science.342(2013)1242856,PRL113(2014)101101:115(2015)081102

2. Astrophysical Very-High-Energy Neutrinos

First observation (2013) by IceCube Neutrino Observatory
- 60-2000 TeV neutrinos
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resonant production of a weak
intermediate boson by an anti-

- Unlikely from Glashow resonance or GZK neutrinos NN P

an atomic electron

pt+ty->A->mT>V

—@®— data s sum of atmospheric background

E*%= 3.6x10° GeV sr!l cm? ! seumsnnn atmospheric 1
e cOSMogenic V Yoshida swmmns - atmospheric v copventional

["] cosmogenic v Ahlers =i atmospheric v prompt

a [m”]

£
s
o
-
L
S
=
©
o
o
2
=
[
=
o
Z

neutrino effective are
—
(—}

ING’S
College Teppei Katori
LONDON




lceCube,Science.342(2013)1242856,PRL113(2014)101101:115(2015)081102

2. Astrophysical Very-High-Energy Neutrinos

First observation (2013) by IceCube Neutrino Observatory
- 60-2000 TeV neutrinos
- Unlikely from Glashow resonance or GZK neutrinos
- Unlikely from atmospheric neutrinos
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lceCube,Science.342(2013)1242856,PRL113(2014)101101:115(2015)081102

2. Astrophysical Very-High-Energy Neutrinos

First observation (2013) by IceCube Neutrino Observatory
- 60-2000 TeV neutrinos

- Unlikely from Glashow resonance or GZK neutrinos

- Unlikely from atmospheric neutrinos

- Sources are mostly unknown (diffuse)
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lceCube,Science.342(2013)1242856,PRL113(2014)101101:115(2015)081102

2. Astrophysical Very-High-Energy Neutrinos
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First observation (2013) by IceCube Neutrino Observatory
- 60-2000 TeV neutrinos
- Unlikely from Glashow resonance or GZK neutrinos
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lceCube,Science.342(2013)1242856,PRL113(2014)101101:115(2015)081102
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2. Astrophysical Very-High-Energy Neutrinos

First observation (2013) by IceCube Neutrino Observatory
- 60-2000 TeV neutrinos
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Kostelecky and Mewes, PRD85(2012)096005
3. Astrophysical neutrino flavour with Lorentz violation

We start from isotropic model of nonminimal SME

1
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Kostelecky and Mewes, PRD85(2012)096005

3. Astrophysical neutrino flavour with Lorentz violation

We start from isotropic model of nonminimal SME

1
2 (3) @) | p2,0) _ (3,06 (7) _ 5.8 ..
heff~ﬁUTM U+ag, —Ecyp +E*agp — E3cup + E*ays — ESchp -

Neutrino oscillation formula is written with mixing matrix elements and eigenvalues

y—
Pyop(E,L) =1— 42 Re(VyiViVaiVp;) sin? ( i _ J L> + 2 Z Im(VyiVgiVaVp;) sin ((Ai - Aj)L)

i>j 1>j

However, astrophysical neutrinos propagate O(100Mpc) - lost coherence

a—>ﬁ(E oo) ~1 _ZzRe(VmVﬁLVa]VB]) Zlvml |Vﬁl|

i>j

-> Information of small Lorentz violation is encoded on neutrino mixing probability, so by
measuring astrophysical neutrino flavours, you can explore Lorentz violation

The experimental observable is the flavor ratio, where flux spectrum is integrated, and overall
normalization is removed
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Arguelles, TK, Salvado, PRL115(2015)161303
3. Flavour ratio

There are 3 astrophysical neutrino production models
i. pion decay dominant model, 1:2:0 0.

ii. electron neutrino dominant model, 1:0:0 (1:2:0) n-decay
lii. muon neutrino dominant model, 0:1:0 .(1 -0 0) B-decay
iv. tau neutrino dominant model, 0:0:1 ®(0:1:0) 4 cooling
.0 -1) exotic v,
Initial flavour ratio is modified on the Earth due to .(O :0 ‘1)
neutrino mixing
@ 04 0.6
&* @
The main focus is the ratio of
astrophysical neutrino flavour
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Arguelles, TK, Salvado, PRL115(2015)161303

3. Flavour ratio

There are 3 astrophysical neutrino production models
i. pion decay dominant model, 1:2:0 0.
ii. electron neutrino dominant model, 1:0:0

O(1—z:x:0)

ili. muon neutrino dominant model, 0:1:0

iv. tau neutrino dominant model, 0:0:1 0.2 all possible

0.8 astrophysical models

Initial flavour ratio is modified on the Earth due to
neutrino mixing
® 04

0)(\

All possible flavour ratio is
confined in a small space.

If you measure flavour ratio 43
outside of this, you win!

0.2
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Arglelles, TK, Salvado, PRL115(2015)161303

3. Flavour ratio

There are 3 astrophysical neutrino production models
i. pion decay dominant model, 1:2:0 0.01.0
ii. electron neutrino dominant model, 1:0:0
lii. muon neutrino dominant model, 0:1:0
iv. tau neutrino dominant model, 0:0:1

n-decay
B-decay
u-cooling
exotic v,

Initial flavour ratio is modified on the Earth due to [
neutrino mixing :

All possible flavour ratio is
confined in a small space.

If you measure flavour ratio ‘9
outside of this, you win! T

E.g.) dim-4 new physics operator
~ 1028 (just below IceCube
atmospheric neutrino limit)

O 0. 2 O 4
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Arguelles, TK, Salvado, PRL115(2015)161303

3. Neutrino flavour ratio with new physics
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Taboada (IceCube), Neutrino 2018

lceCube, PRL114(2015)171102, Astro.J.809:98(2015), PRD99(2019)032004 IceCube preliminary

4. HESE 7.5-yr data (2018)
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Taboada (IceCube), Neutrino 2018

lceCube, PRL114(2015)171102, Astro.J.809:98(2015), PRD99(2019)032004

4. HESE 7.5-yr data (2018)

| lceCube preliminary
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TK (IceCube), CPT2019 | IceCube preliminary

4. Astrophysical Neutrino Flavour Lorentz Violation search

We start to exclude possible new physics in Planck scale signal region
- This moment, we focus to search max e<t mixing or max p<t mixing by LV

8 B . . N
- dim-3 LV limit ~ 1026 GeV ] \% Excluded regions \
— . cOlimi
- dim-4 LV limit ~ 1032 & 01 —
- dim-5 LV limit ~1040 GeV-' é ] B Planck Scale Expectation
-dim-6 LV limit ~10-46 GeV-Z 2 4 __\ (3 IceCube, Nature.Phy.14,961(2018) \
-dim-7 LV limit ~10% GeV* ¢ NN \\\\\\\\\\\\\\\\\\
- dim-8 LV limit ~10%8 GeV4 = “]
ED 0- 10-38 GeV-2
We start to explore quantum % ] o —
gravity-motivated region, but = —27 = 2
c oy ve g O
so far, we didn’t discover LV 2 1 = Quantum Gravity Frontier =
& -471 & %
1. No Lorentz violation = 1 H =
2. Improve flavour ratio LV 2 —6 1 = =
search analysis N - o <
. 5 —875 v v
2 is the answer! < Joe 2 IceCube preliminary 2019 «.
-10 = — T T =
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Conclusion

Neutrino interferometry is a powerful technique to look for new physics if new physics couple
with neutrinos and they cause neutrino mixings.

Astrophysical neutrino mixing sensitivity reaches to naive expectation of Planck scale physics.
However, at this moment, the sensitivity is limited and we didn’t discover Lorentz violation.

We need more statistics, better systematics constraint, and better particle identification
algorithm to find Lorentz violation.

Thank you for your attention!>
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