Test of Fundamental physics with Astrophysical Neutrinos
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1. Violation of fundamental physics

All fundamental physics phenomena must be experimentally tested including
Lorentz symmetry, isotropy of the space-time

Fundamental physics laws are basis of all science, so the violation, if it exists, must
be very small

Einstein and Lorentz
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1. Violation of fundamental physics

All fundamental physics phenomena must be experimentally tested including
Lorentz symmetry, isotropy of the space-time

Fundamental physics laws are basis of all science, so the violation, if it exists, must
be very small

Einstein and Lorentz

However, quantum gravity theories show it is possible
to violate fundamental physics laws

- string theory

- noncommutative field theory

etc.

Discovery of a new space-time structure is
the breakthrough to understand quantum gravity theories!
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1. Violation of fundamental physics

Coupling of ordinary particles (photons, neutrinos, etc) and new space-time structure
might modify behaviour of particles in vacuum

- Energy spectrum
- Neutrino flavour

etc. L= il/j]/“a”lp - ml/jl,b '!' lljy“au Y+ lﬁy'ucuvavlp

Expected effect is small. We need high-precision measurements to find such new
physics

Standard Model New physics

quantum foam Lorentz violating field
- quantum fluctuation of space-time - new field saturating the universe (aether)

e e e = —
o= e—— e e
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Nagel et al, Nature Comm., 6(2015)8174

1. History of Michelson-Morley experiment
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Nagel et al, Nature Comm., 6(2015)8174

1. History of Michelson-Morley experiment (1887)
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Nagel et al, Nature Comm., 6(2015)8174

1. History of Michelson-Morley experiment (2015)
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2. Astrophysical High-Energy Neutrinos
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2. High-energy astrophysical neutrinos

High-energy particles (>60 TeV) propagating a long distance (>100 Mpc) in vacuum
- Astrophysical neutrino flavour is sensitive to tiny space-time effect

.
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Snowmass21 white paper, “Beyond the Standard Model effect with Neutrino Flavour”, EPJC83(2023)15
2. High-energy astrophysical neutrinos

High-energy particles (>60 TeV) propagating a long distance (>100 Mpc) in vacuum
- Astrophysical neutrino flavour is sensitive to tiny space-time effect
Quantum foam

new long-range force

Cosmological electrons (10”e)

Lorentz violating field

Moon (10"'¢)
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Earth (10™'e)

Milky Way (107¢)
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lceCube, PRD104(2021)022002

2. High-energy astrophysical neutrinos

60TeV- 2PeV astrophysical neutrinos are observed by lceCube Neutrino Observatory

high-energy starting event (HESE) sample

Northern Sky (up-going)
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lceCube-Gen2, J.Phys.G48(2021)060501

2. lceCube event morphology

Track Cascade Double cascade

Nele veCC, v.CC, NC v.CC (L~50m<E/PeV)

v, +N->pu+X Vet N—oe+X v+ N-o>1+X
v+N->1+X T-X

Vy +tN-ov, +X
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3. Search for Lorentz violation with astrophysical neutrinos

High-energy particles (>100 TeV) propagating a long distance (>100 Mpc)
- Neutrinos can probe new physics in the universe

New physics search
- Spectrum distortion (vacuum Cherenkov radiation)
- Time of Flight (modified dispersion)

- New flavour structure (new vacuum effect)
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Diaz et al, PRD89(2014)043005, Borriello et al, PRD87(2013)116009, Stecker et al, PRD91(2015)045009

3. Search for Lorentz violation with astrophysical neutrinos

High-energy particles (>60 TeV) propagating a long distance (>100 Mpc)
- Neutrinos can probe new physics in the universe

New physics search

- Time of Flight (modified dispersion)
- New flavour structure (new vacuum effect)
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Lorentz violating field cause
Cherenkov radiation in vacuum
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Neutrino spectrum with new physics
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Ellis et al, PLB789(2019)352, Laha PRD100(2019)103002, Wei et al, JHEA22(2019)1

3. Search for Lorentz violation with astrophysical neutrinos

High-energy particles (>60 TeV) propagating a long distance (>100 Mpc)
- Neutrinos can probe new physics in the universe

New physics search
- Spectrum distortion (vacuum Cherenkov radiation)

- New flavour structure (new vacuum effect)

Modified dispersion due to

quantum foam cause unexpected — L
delay/advance for neutrinos delay photon” TXS0506+056
E n
E2=p2+m2+< ) v —C At
- ‘ A9 -12
MQG;TL c <4210 <7 days
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Arguelles, TK, Salvado, PRL115(2015)161303

3. Search for Lorentz violation with astrophysical neutrinos

High-energy particles (>60 TeV) propagating a long distance (>100 Mpc)
- Neutrinos can probe new physics in the universe

New physics search

- Spectrum distortion (vacuum Cherenkov radiation)
- Time of Flight (modified dispersion)

Flavour effect
- Macroscopic quantum effect and sensitive to small effects

mixing

~
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IceCube, Nature Physics 18(2022)1287

: HH  Data
. ol g S e
HESE 7.5-yr Flavor new physics search - ,
Data IceCube, PRD104(2021)022002 % 10°4
- 2635 days high-energy starting event (HESE) sample =
10*1—4 . - )
Simulation Bhattacharya et al.,JHEP06(2015)110 v o - Y

Deposited Energy [GeV]

- Foregrounds (conventional (Honda flux), prompt (BERSS model), muon (CORSIKA)
- Astrophysical neutrinos, simple power law

0.0

: OF? — O Standard Scenari

- Interaction, NLO PDF DIS (CSMS model) D A [ i f‘g;““;j’;_?]
Cooper-Sarkar et al., JHEP08(2011)042 e

=== 68% C.L.
== 95% C.L.

Systematics
- 15 nuisance parameters (oscillations, flux, detector)

Limits
- Bayesian analysis (BF>10)
- Production model dependent

00 01 02 03 04 05 06 07 08 09 10

— 0 (1:0:0), wmm & (1:0:0), w—mg’(1:0:0)
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IceCube, Nature Physics 18(2022)1287
3. HESE 7.5-yr flavor new physics search

60 HESE events in 60 TeV — 2 PeV

dim-6 new physics operator limit

lceCube data start to explore I e ]
quantum gravity-motivated signal 152 \\\
regiOn for some parameterS \‘\\ \
10736 PN
1 o .
c® < ———~10738%GeV ™% =z 107%]
@ ] Quantum Gravity >
Planck 13“\}10—40. Motivated R(‘giui g0
10 42 __,_-—7—-""’—/__-‘\\\
10—4—1:_“ )
—46 .
L0 0.0 0.2 0.4 0.6
x, source flavour ratio (z : 1 —z : 0)g
New Physics (N.P.) )
o(6) (6) I
s Re(Cee) — R‘G(Cu%) I (6) i
” # : Rc(cm) atm. limit (90%)
S— Re(é((,;l) Re(é;:j) | (6) _ 2
_ ’ mmm log, (C\5 xE,) =0
s Re(E ) — Re(ly)) |
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IceCube, Nature Physics 18(2022)1287

3. HESE 7.5-yr flavor new physics search

60 HESE events in 60 TeV — 2 PeV

dim-6 new physics operator limit

lceCube data start to explore —y R > 0 — br > 310 :G
quantum gravity-motivated signal gli ' 4
region for some parameters \ -
10_;5()_\ ] 9 =
(6) -38 2 ! | " P S
c < — ~107°°GeV 3 1038 : — -~ Vol ot
Planck - 1(\211(1)(“1.\ llltl(“(l r;<l;\,ll(t>:1 __a [ i
251074 _ i -2 2
) s ,_—_’_/_/_ _ @ &
Results depend on astrophysical 10 o N 4
neutrino production models. We 104} S j 6
need to improve this; 10~ ‘ -
] 0.0 0.2 0.4 0.6 0.8 1.0
1. Multl-messenger aStrOnomy x, source flavour ratio (z : 1 — z : 0)g
2. More data New Physics (N.P.) )
. Y . . (6) (6) I
3. Flavour identification algorithm —Rw“) Re(cl:’T) (S Ree) . i 50%
= Re(c ((ll) R,e(?f;l)/)j) — - (L”)XE ) =0
o Re(c(c(:) mmm Re(c 7:) :
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IceCube, Nature Physics 18(2022)1287

3. HESE 7.5-yr flavor new physics search

60 HESE events in 60 TeV — 2 PeV

Results have significant implications on

lceCube data start to explore many new physics models

quantum gravity-motivated signal

_ - Ultralight dark matter, PRD99(2019)051702
region for some parameters - Dark energy (quintessence), rros7(2018)063006

c® < ~ ~10-38Gel/ 2 - New long-range force, etC  pru122(2019)061103

Planck
Astrophysical neutrino flavour is a new tool

Results depend on astrophysical to explore a variety of new physics beyond
neutrino production models. We ordinary matter and spacetime!
need to improve this; _
1. Multi-messenger astronomy N:]:‘:;"?
2. More data
3. Flavour identification algorithm Astrophysical Neutrino

Flavor Physics

High-energy Astrophysical
particles scale
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IceCube-Gen2, J.Phys.G48(2021)060501

3. lceCube-Gen2 g

N

Larger separation (125m - ~200-300m) to cover larger volume ICECLUBE
- 120 new strings with 100 sensors, 240 m separation, x10 coverage

IceCube-Gen2 flavour ratio sensitivity

0.0
Standard Model (vSNV > \
M Standard Model (vSM) 7 decay: (1:2:0)s
,((-dampcd: (0:1:0)

ndecay: (1:0:0)q

IceCube 8 yr (68%)
TIceCube 15 yr (68%)
IceCube 15 yr + Gen2 10 yr (68%)

00 01

:z*' lceCube-Gen2: the future of HE v astrophysics

IcECUBE B. Clark (IceCube-Gen2, #409)

02 03 04 05 06 07 08 09
Fraction of v,

Gen2-Radio Gen2-Optical ® lIceCube sk IceCube Upgrade

The first stage of Gen2
(IceCube upgrade) is ongoing
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Conclusion

Quantum gravity may create a new space-time structure in vacuum.
Neutrino interferometry is a powerful technique to look for new physics.

Astrophysical neutrino mixing sensitivity reaches to naive expectation of
Planck scale physics. The results can be improved in near future.

| IceCube Gen2 coIIaboratlon

Thank you for your attent on!

teppei.katori@kcl.ac.uk
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3. Test of Lorentz violation with neutrinos

Spectral distortion Sidereal variation

LSND £
PRD72(2005)076004
MINOS FD [

i

PRL105

- .
8 4

(l . "M\m
MiniBooNE

Super-Kamiokande
PRD91(2015)052003

PRL101(2008)151601
AMANDA IceCube
PRD79(2009)102005 IceCube
i
Nature Physics W”H“W P PRD86(2013)112009
14(2018)961
PRD82(2010)112003
IceCube
SNO

Flavor ratio Seasonal variation

ArXiv: 2111.04654 PRD98(2018)112013
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IceCube, EPJC82(2022)1031
muon neutrino dominant

3. HESE 7.5-yr flavor ratio

60 HESE events in 60 TeV — 2 PeV

IceCube
latest flavour ratio result
(0.20:0.39:0.42)

>
New f : 0.7
ew flavour ratio measurement = .
. _ . . 0.6 - All possible
- contour is very big, no positive signal 2 flavour ratios

' & 0.5 @ atEarth by
of new physics & ‘ . < standard
- Data are used to test some specific “v 0.4 astrophysical
new physics models wv g3  scenario
_ 5 NE N 02
7 . :
¥, 0.1

<

.o

tau neutrino \ 2 ) ) N 0.0

We focus on setting limits  domnant. & >~ & & ¥ ©» & & @ @ S electronneutrino

. _ dominant
on certain new physics models Fraction of v

—— HESE with ternary topology ID 1, : v, : v; at source — on Earth:
%  Best fit: 0.20 : 0.39 : 0.42

m 0:1:0—0.17: 045: 0.37
Global Fit (IceCube, APJ 2015) ® 1:220—030:0.36: 0.34
Inelasticity (IceCube, PRD 2019) A 1:0.0—055:0.17: 0.28
-------- 3v-mixing 3o allowed region ¢ 1:1:.0—-036:031:0.33
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Arglelles, TK, Salvado, PRL115(2015)161303
3. Neutrino flavor ratio (v : v, 1 v,)

Astrophysical neutrino production mechanism is
not known - production flavour ratio is not known 0.Q41.0

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

Flavour ratio on Earth is different due to
mixing by neutrino masses 0.2/

All possible flavour ratio is
confined in a small space

X
- O
e.g.) New physics just below
the limit can produce any

flavour ratio

v N ' \~’

’ V %V \ SAR A\‘
% y

N0 0.2 0.4 O 6 O 8
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Mewes and Kostelecky, PRD85(2012)096005

2. Flavor new physics search with effective operators

Standard Model Extension (SME) is an effective field theory to look for Lorentz violation
Standard Model New physics

L= il/jyﬂaul/) - ml/jl,b :"' 1/3y“au Y+ lﬁyucuvavlp

Effective Hamiltonian can be written from here

higher dimension operator

New physics )
(non-renormalizable)

(renormalizable)

Standard Model

13 0@ _ g 4ig2als)
3¢ (6)

\ (6) (6) (6)
Cee eu Cre

3.(6) _ 3| .(6)% (6) (6)
E Cap = E Cept Cup  Cur

O O (6)

Cre Cut T

lceCube is sensitive to higher dimension operators

dimension-6 operator natural scale; ¢(®) ~ ~10738GeV 2
MPlanck
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IceCube, Nature Physics 14 (2018) 961
Mewes, Nature 560 (2018) 316

Neutrino interferometry — Atmospheric neutrinos

dim. method type sector limits ref.
3 CMB polarization astrophysical photon ~ 10~% GeV [6]
He-Xe comagnetometer tabletop  neutron ~ 10~ GeV [10]
torsion pendulum tabletop  electron ~ 10731 GeV [12]
muon g-2 accelerator  muon ~10=24 GeV [13]
. I . . o(3 o(3)y, < 2.9 x 10~24 GeV (99% C.L.) .
neutrino oscillation atmospheric neutrino |Re(a,;)|,|Im(a,;)| < 2.0 x 10-24 GeV (90% C.L.) this work
4 GRB vacuum birefringence astrophysical photon ~ 109" [7]
Laser interferometer LIGO photon ~ 10—22 (8]
Sapphire cavity oscillator tabletop photon ~ 10718 [5]
Ne-Rb-K comagnetometer tabletop  neutron ~10~%° [11]
trapped Ca* ion tabletop  electron ~ 10719 [14]
. e . . o(4 o(4),, < 3.9x10-28 (99% C.L.) .
neutrino oscillation atmospheric neutrino |Re (c‘(‘.,-))|, |Tm (c,(,,,-))| < 2.7 x 10-28 (90% C.L.) this work
5 GRB vacuum birefringence astrophysical photon ~ 107 GeV—! (7]
ultra-high-energy cosmic ray  astrophysical proton ~ 10722 to 1018 GeV—1 [9]
. _— . . o (5) o(5)y; < 2.3x10722 GeV—1! (99% C.L.) ,.
neutrino oscillation atmospheric neutrino |Re(a,r)|,|Im (a.7)| < 1.5 x 10-32 GeV—! (90% C.L.) this work
6 GRB vacuum birefringene astrophysical photon ~ 10731 GeV—* (7]
ultra-high-energy cosmic ray  astrophysical proton ~ 10—42 to 1035 GeV—2 [9]
gravitational Cherenkov radiation astrophysical gravity ~ 1031 GeV—2 [15]
. — . . o(6) o(6)y, < 1.5x 10736 GeV—2 (99% C.L.) ,.
neutrino oscillation atmospheric neutrino |Re(c,7; )|, |Im(c,; )| < 9.1 x 10-37 GeV—2 (90% C.L.) this work
7 GRB vacuum birefringence astrophysical photon ~107°% GeV—* (7]
: I : : o(7) o(7)y; <83 x107* GeV—? (99% C.L.) ..
neutrino oscillation atmospheric neutrino |Re(a,-)|,|Im (a.7)| < 3.6 x 10-41 GeV—2 (90% C.L.) this work
8 gravitational Cherenkov radiation astrophysical gravity ~ 10~ GeV—* [15]
—45 —1
neutrino oscillation atmospheric neutrino |Re (3‘(,8,.) )|, |[Im (SLST))| sS4 10 GeV™* (99% C.L.) this work

< 1.4 x 10~%5 GeV—* (90% C.L.)

ING’'S
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TABLE I: Comparison of attainable best limits of SME coefficients in various fields.

IceCube atmospheric neutrino limit, ¢(®) < 1073¢GeV/ 2
This is closedoithel target signal region, c¢(®)~10738Gel ~2




Kowalski, TeVPA 2017

2. High-energy astrophysical neutrinos

Above ~100 TeV, neutrinos are only particles pointing to their high-energy sources

radio/microwave infrared/optical neutrinos cosmic-rays

cosmological max of star formation opaque to photons;
transparent to neutrinos

nearest blazar

nearest galaxy

Qo
Q.
=,
®
QO
c
(O
-—
2
()]

galactic center

10¢ 10° 10® 10™ 10" 10" 10" 10"  10%
Energy [eV]
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HESE 7.5-yr Flavor new physics search

Data, 2635 days HESE sample IceCube, PRD104(2021)022002

- 17 track events, 20 log(E) bins [60 TeV, 10 PeV], 10 cos6 bins [-1.0, +1.0 ]

- 41 cascade events, 20 log(E) bins [60 TeV, 10 PeV], 10 cos6 bins [-1.0, +1.0 ]

- 2 double cascades, 20 log(E) bins [60 TeV, 10 PeV], 10 log(L) bins [10m, 100m]

Simulation Bhattacharya et al.,JHEP06(2015)110
- Foregrounds, conventional (Honda flux), prompt (BERSS model), muon (CORSIKA)

- Astrophysical neutrinos, simple power law
- Interaction, NLO PDF DIS (CSMS model) Cooper-Sarkar et al., JHEP08(2011)042

Systematics (15 nuisance parameters)
- oscillation parameters (6)
- normalization of flux : conventional (40%), prompt (free), muon (50%), astrophysical (free)

- spectrum index : primary cosmic ray (5%) astrophysical neutrinos (free)
- Ice model : (20%)
- DOM efficiency : overall (10%), angular dependence (50%)

Limits Feroz et al., Mon. Not. Roy. Astron. Soc. 398,1601(2009)1601
- Bayesian: MCMC with Multinest, Bayes factor with Jefferey’ scale “strong” limit

- Frequentist: Wilks’ theorem
ING'S
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lceCube, PRD104(2021)022002

Systematic errors

Parameter Prior (constraint) Range Description

Astrophysical neutrino flux:
Pastro - [0, 00) Normalization scale
Vastro - (—o0, 00) Spectral index

Atmospheric neutrino flux:

Deony 1.0+04 [0, 00) Conventional normalization scale
D rompt = [0, 00) Prompt normalization scale
Rk /x 1.04+0.1 [0, 0) Kaon-Pion ratio correction
20/ (V4 V) e 1.0+ 0.1 [0,2] Neutrino-anti-neutrino ratio correction

Cosmic-ray flux:

A~er 0.0 +0.05 (—o00,00) Cosmic-ray spectral index modification
D, 1.0+ 0.5 [0, 00) Muon normalization scale
Detector:

€pom 0.99+0.1 [0.80,1.25] Absolute energy scale
€head-on 0.0+0.5 [—3.82,2.1§] DOM angular response
as 1.0+ 0.2 [0.0,2.0] Ice anisotropy scale
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IceCube, Nature Physics 18(2022)1287

Fit example, large new physics in ¢ ()

oscillation parameters
- SiNO4», Sin923, Sin613, Amyo, AmMos, O

Flux normalization
- Ncow Nprompta Nmuon, Nastro
Spectrum index
= Yastro
Detector systematics

g I | = €DOM; Edirections Qlanisotropy

= — —_ | e - 7,]F -g— —!"S 1, .

o Y ||

’ g \\\—/‘/ \j“/[‘ j‘\‘\,.// (
College TIIT S9FT 9SF $5 90 Fassw s s ieppel RatoR@KThas. uk v < 24 35
I_J— sy cos'Oig S0z ocp %‘J\_‘“ %‘ﬂ\—w Pconv  Pprompt Pmuon  Pastro Yastro €DOM  €head-on as




IceCube, Nature Physics 18(2022)1287

Fit example, large new physics in ¢ ()

Bayesian analysis
- Bayes factor is computed with new physics parameter
- Repeat this to find the threshold to set the limit

8
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lceCube, PRL114(2015)171102, Astro.J.809:98(2015), PRD99(2019)032004, ArXiv:2011:03560

HESE 7.5-yr data (2018)

e
%

A 1.00 90

IceCube
1st flavour ratio result

1.00
%
IceCube
3rd flavour ratio result
(0.0:0.2:0.8)

Confidence Level Exclusion (%)

Ve iV, : v, at source o

g 018 K IceCube
A 100 2nd flavour ratio result

(0.5:0.5:0.0)

0.00

60

Confidence Level (%)

teppei.katori@kcl.ac.uk

Fraction of v,

— HESE with ternary topology ID
%  Best fit: 0.20 : 0.39 : 0.42
Global Fit (IceCube, APJ 2015)
Inelasticity (IceCube, PRD 2019)

-------- 3v-mixing 3o allowed region

¢ »>» o n

New flavour ratio measurement
- Likelihood is very shallow and fit often
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Energy dependence of flavor ratio

Flavor ratio at source
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HESE 7.5-yr flavor new physics search

O {2 =0 "o Standard Scenarios
Various standard astrophysical [@ E(G’E?: : ] | N [ 06 s iyt N.P.]
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model predictions. Nonzero new
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TK, arXiv:1906.09240

Neutrino interferometry — Astrophysical neutrinos

Higher-dimension operators may be related to new physics
- Dimension-5 operator (unit: GeV-'), example: Majorana mass

- Dimension-6 operator (unit: GeV-2), example: Fermi constant (Gg) ~ ceCube atmospheric

neutrino LV sensitivity

New physics limits and projected sensitivity Nature Physics 14(2018)961
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ING’S Astrophysical neutrino dim-6 LV operator search can reach
Qe quantum gravityrietivated region (~1/Mpjana~10-38 GeV-2)

LONDON




