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CPT: discrete spacetime symmetry

A 4
the three independent operations of charge conjugation (C),
parity (P), and time reversal (T), if simultaneously performed,

would not modify any measurable property of a physical
system.
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Why testing it?

CPT invariance is based on three pillars: Lorentz invariance, Hamiltonian hermiticity,
and locality l

1. CPT allows to probe various cornerstones of physics.

2. CP violation contained in the Standard Model appears to be insufficient for a
convincing explanation of the observed baryon asymmetry of the Universe: Planck-
size CPT violation may generate a significant overabundance of matter.

3. CPT violations predicted in a variety of QG models attempting to unify GR and SM.




Lorentz Invariance (LI) D=-EAU

Why testing it?

1. LI underlies both SM and GR -> it represents our
understanding of the nature of spacetime.

physical phenomena are observed to be the same by all
iInertial observers.

2. LI violations predicted in a variety of QG models
attempting to unify GR and SM.
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Does the violation of one of them imply the violation of the other?
Not necessarily: https://doi.org/10.1016/j.physletb.2011.03.026 “CPT

violation does not lead to violation of Lorentz invariance and vice versa”

Abstract

We present a class of interacting nonlocal quantum field theories, in which
the CPT invariance is violated while the Lorentz invariance is present. This
result rules out a previous claim in the literature that the CPT violation implies
the violation of Lorentz invariance. Furthermore, there exists the reciprocal of
this theorem, namely that the violation of Lorentz invariance does not lead to
the CPT violation, provided that the residual symmetry of Lorentz invariance
admits the proper representation theory for the particles. The latter occurs in
the case of quantum field theories on a noncommutative space-time, which in
place of the broken Lorentz symmetry possesses the twisted Poincaré
invariance. With such a CPT-violating interaction and the addition of a C-
violating (e.g., electroweak) interaction, the quantum corrections due to the
combined interactions could lead to different properties for the particle and
antiparticle, including their masses.



https://doi.org/10.1016/j.physletb.2011.03.026
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How to test it?

o CPT & LIV: by constraining the Standard Model Extension
(SME) coefficients.

o CPT: if violated, the sets of oscillation parameters in
neutrino and antineutrino may differ.
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How to test it?

o The general effective field theory incorporating LIV and
CPT violation is called Standard Model Extension (SME):

|

LIV terms formed by contracting LIV operators, of a given
mass dimension, with a priori unknown coefficients.

O Such coefficients can be experimentally constrained.

....... neutrinos are great candidates!




Lorentz Invariance Violation (LIV) /A\\U

How to test it?

o Many SME-based phenomenological studies with neutrinos focus on the
special case of isotropic Lorentz violation (operators that maintain rotation
symmetry).

o Models violating rotation symmetry can also be considered: direction-
dependent neutrino behavior.

o Several consequences: different results between different terrestrial
experiments or for the analysis of experiments involving multiple sources,
since the orientation of the neutrino beam or the location of the source
relative to the detector can affect neutrino oscillations.

o Rotation-symmetry violation also implies that the Earth daily rotation
induces apparent periodic changes of the coefficients which manifest as
temporal variations in neutrino oscillations.

11
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o LIV would affect the evolution of a neutrino system:

H=Hy+ H;+ Hyv

12
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LIV with neutrinos

o LIV would affect the evolution of a neutrino system:

H=Hyo+ H;y + Hy v
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LIV with neutrinos

o LIV would affect the evolution of a neutrino system:

H=Hy+H;+ Hyv

H; = +V2GF
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LIV with neutrinos

o LIV would affect the evolution of a neutrino system:

H=Hy+ H; + Hy v
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Isotropic LIV coefficients

o Impact of isotropic LIV coefficients in neutrino osci
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Table 1 LIV coefficients: for a comparison, the
oscillation effect of Hg is L/E.

Coefficient  Unit CPT  Oscillation effect
a(3) GeV odd oL

&(4) - even oLFE

a(5) GeV~1l odd oc LE?

&(6) GeV™2 even oLE3

&(7) GeV~3 odd o LE*

&(8) GeV~™% even ocLEP

lations:
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o Atmospheric neutrinos are good candidates for LIV
searches:

o Long baselines (up to Earth diameter)
o High energies (up to TeV)

o Neutrino detectors can be used, such as KM3NeT,
lceCube, ANTARES, Super-Kamiokande, DUNE, ...




LIV searches with atmospheric neutrinos g - AU

Actions

Postdoctoral Fellowships

cosf,

0.0

LIV coefficient: |a§’| = 5x102 GeV
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Super-Kamiokande

20



Isotropic LIV searches with Super Kamiokande
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» Analysis from 2015 (Phys. Rev. D 91, 052003): use of 4438
days of lifetime (~12 years).

SK-I
SK-II
SK-III
SK-IV

1996-2001
2002-2005
20062008
2008-2013

Live-days Photo-
FC/PC UP-u coverage (%)
1,489 1,646 40
799 828 19
518 635 40
1,632 1,632 40
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Isotropic LIV searches with Super Kamiokande Siodowl Cur

« Three event samples (UP-u): 1) energies peaked at ~10 GeV; 2)
energies peaked at ~100 GeV,; energies peaked at ~1 TeV.
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Main result; no LIV observation.

Constraints on dimension 3-4 coefficients of the SME.
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KM3NeT
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Cities and Sites of KM3NeT
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KM3NeT

Modular deployment.

18 ORCA-DUs and 21 ARCA-DUs currently taking data! |

Total: 1205 kton-years | Last updated: 2023-07-06 15:03:17 UTC

Total: 98.8 Mton-years | Last updated: 2023-07-06 15:03:18 UTC
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Tracks: v,©¢, »,<¢ (t—>p)

Showers: v CC, YNC 4 CC (- p)

s cC
vy+ N — had + p

L ~ 4 m x E/GeV

cn
v+ N — had

L ~ 0.9 + 0.36 In(E/GeV) m
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LIV searches with ORCA115

o Event selection: Random Decision Forest classifier with
binary decision trees trained to classify:

O neutrinos vs atmospheric muons
O neutrinos vs noise

o tracks vs showers: 3 topologies based on
track_score p:

o Tracks (track preselection & p > 0.7),
o Middles (shower preselection & 0.3 <p <0.7),

o Showers (shower preselection & p <0.3).

fraction

fraction
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shower class

intermediate class

track class

L1

—v, CC

--v,CC

shower class

intermediate class

track class

3

4 5 6 7 8910

20 30 40 50
neutrino energy [GeV]
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o ORCA115 sensitivity evaluation with:
o Events up to 20 GeV.

o Assuming NO and NuFit 5.2 parameters values (with SK):

SiIl2 912 Sin2 923 Sin2 913 (5Cp Am%l(eVz) Amgl(eVz)
NO | 0303 | 0.451 | 0.02225 | 232° | 7.41 x 107> | 2.507 x 1073

29
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o Fitted parameters and their priors:

Parameter Gaussian Prior (u + 0)

Ve/Ve 0+ 0.07
Vu/Vu 0+0.05
Ve/Vu 0 +0.02
NC Scale No prior
Energy Scale 1+0.05
Energy Slope No prior
Zenith Angle Slope 0+ 0.02
Track Normalisation No Prior
Intermediate Normalisation No Prior
Shower Normalisation No Prior
Am%1 No prior

013 013 + 0.13°
013 No prior

Postdoctoral Fellowships
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o LIV impact on events distribution:

(NLIv — Nsw) |NLIv — Nsy]|
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o LIV impact accounting for systematics:
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0 ORCA115 sensitivity for 3 years of assumed data taking

rogress: exclusion region for isotropic LIV parameters

KM3NeT/ORCA Work in
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DUNE: Physics Letters B 788, 308-315 (2019)

SK: Phys. Rev. D 91, 052003 (2015)
IC-atmo: Nat. Phys 14, 961-966 (2018)
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33




DUNE

\

Marie ‘\\\' E—

a
e FOR ASTROPARTICLE
LA PHYSICS

-y

Sktodowska-Curie
Actions

Postdoctoral Fellowships

LI/ \\

U

34



Mari

LIV searches with DUNE

o Two parallel works performed for oo
DU N E: df;)) [GeV] E‘E E;\ﬂr:én bounds

\(()) wl]  improvement
Cab [GeV?] et | |l DUNE first
ut measuremen
. (7) ew|fL=15-12800 km
G, [GeV®]  et||E=10"-10°GeV

éfj,) [GeV-]

v

© One with atmospheric neutrinos
(European Physical Journal C 81 et

(2021) 322): sensitivity for higher
dimension coefficients.

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

© One with neutrino beam (Physics I
Letters B 788, 308-315 (2019)):
sensitivity for dimension 3-4 =
coefficients.

v
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lceCube
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O Best constraints with atmospheric neutrinos come from
lceCube analysis (Nat. Phys 14, 961-966 (2018)).

o High energy events: 400 GeV - 18 TeV.
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LIV searches with IceCube

o Best LIV constraints with atmospheric neutrinos come from
lceCube analysis (Nat. Phys 14, 961-966 (2018)).

o High energy events: 400 GeV - 18 TeV.

o Main result: NO LIV OBSERVATION -> strongest upper
limits using atmospheric neutrinos.

o However, for higher dimension coefficients, astrophysical
neutrinos play a leading role.




CPT and Lorentz Invariance (& their violations)
Standard Model Extension (SME)

Searches with atmospheric neutrinos & neutrino beams

Searches with astrophysical neutrinos

CPT searches via oscillation parameters measurements

nnnnnnnnnnnnnn

39



LIV searches with IceCube

o Best LIV constraints come from IceCube analysis with
astrophysical neutrinos (Nat. Phys. 18, 1287—-1292 (2022)).

o Very high energy events: 60 TeV - 2 PeV.




LIV searches with IceCube

o Best LIV constraints O 6OE2 =0
come from lceCube o HUE -1
analysis with
astrophysical neutrinos — w0
(Nat. Phys. 18, 1287— =" 95% CL
1292 (2022)). r® %3

Contours

o Very high energy
events: 60 TeV - 2 PeV.

Standard scenarios
(1/3:2/3:0), + new physics

New physics

f,\ ' Yy J— ¢8)(1/3:2/3:0),

O Observable: measured 0 01 02 03 04 05 06 07 08 09 1.0
2

flavour ratio.
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LIV searches with IceCube o -

o Best LIV constraints come from IceCube analysis with astrophysical
neutrinos (Nat. Phys. 18, 1287—-1292 (2022)).

060 very high energy events: 60 TeV - 2 PeV.
o Observable: measured flavour ratio.

o Main result: NO LIV OBSERVATION -> strongest upper limits in the
neutrino sector.

o However, results depend on the knowledge of the initial flavour
composition at the source.
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o Best LIV constraints come from | - \: 2322:22222\4
IceCube analysis with N NN |\\\{\\\\

astrophysical neutrinos (Nat. N

Phys. 18, 12871292 (2022)).  [; =~ | | —— ':/v =

o Main result: NO LIV
OBSERVATION -> strongest
upper limits in the neutrino
sector. e o o 06 o5 o

X, source flavour ratio (x:1 — x:0)s

1044

(1/3:2/3:0)g §
\
\
\
|\
o
\
N
I
I
/
/
/
-
! £
A
Ji/
/
I
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m— Re (8 s Re(6?) |
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o Astrophysical neutrino constraints depend on the source
flavour ratio model.

o Atmospheric neutrinos & neutrino beams represent a
complementary probe for LIV.
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CPT violation via oscillation params - AU

o Phys. Rev. D 107, 016013: under CPT symmetry

CPT
PFB—WQ — Pl/a—)l/g

= f(012, b3, b23, 6cp, Am3,, Am3,).

Pl/a—)l/ﬁ

o If CPT is violated:

Pua—wﬁ = f(012, 013, 23, dcp, Am%l, Am§1)a a Pvﬂ—w —f(912, 6’13, 923, 5CP7 Am217 Amgl

o Experiments with the atmospheric neutrino and accelerator-based
neutrino sources can precisely measure the (623, 623, Am3;, Amj;)
parameters.
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o Phys. Rev. D 107, 016013: synergy between T2K & NOVA & JUNO.

o A-LBL experiments use the highly intense beam of the al-most pure muon neutrinos v,and muon anti-neutrinosv, via
disappearance.

CPT _
A'u,'u - PI/“—H/M - Pﬁuﬁﬁu

0.06

0.06 I

— (Am2, Amj,) = (2.55, 2.58)x10°%eV?; 0, = 0,, — (Am2, Ay, = (2.55, 2.58)x10°eV?; 0, = 0,,
0.04 0.04§

— (sin°6,, Sin’8,;) = (0.51, 0.43); Am2, = Amj, — (5in%0,, sin°6,,) = (0.51, 0.43); AmZ, = Aim,

W
W

v,V
o
Q
o

v,V
o
o
i)

P(v,—v,) - P(
o
P(v,—v,) - P(
o

dep=0

|
5 ;0-02 L =295km £ 50-02 [
< = in matter < dp=0
. L =810 km
_0.04 = = jn vacuum -0.04 —— in matter
= = in vacuum
- - 11 1 1 I 1 1 1 1 I L 1 11 l 1 | I l 1 1 L 1 I 1 - 11 1 1 I 1 1 1 1 I L 1 - l 1 11 l 1 1 11 I 1
0.06 0.5 1 1.5 2 2.5 3 0.06 0.5 1 1.5 2 2.5 3
Neutrino energy [GeV] Neutrino energy [GeV]

FIG. 1: CPT asymmetries in disappearance channels for T2K baseline L = 295 km (left) and NOvA baseline L =
810 km (right). The differences in solid lines and dashed lines indicate extrinsic CPT effects caused by matter.
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CPT violation via oscillation params AU

o Phys. Rev. D 107, 016013: synergy between T2K & NOVA
& JUNO.

o The primary driving parameters are (023, 023, Am3;, Am3,)

o Analysis expected by 2028.

30 C. L. upper limits

Experiments 16,5 (Am3,) 16,5 (sin” G23) | Current bound
T2K-11 2.0 x 10~* eV? 0.14 derived from
T2K-II4+NOvA-II 1.2 x 107% eV? 0.10 global fit:
T2K-II+NOvA-II4+JUNO| 5.3 x 107° eV? 0.10 2.5 x 10~4eV?
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o Neutrinos are a powerful probe for CPT & LI violations.
o Both can be probed by considering the SME.
o CPT can also be probed by precisely measuring neutrino/antineutrino oscillation parameters.

o Atmospheric neutrinos & neutrino beams are complementary candidates to cosmic neutrinos for probing
such effects.

o How can we improve current analyses?
o Increasing the statistics.
o Extending current isotropic LIV analyses with sidereal ones.

In this respect, European Union has founded the Marie Curie grant QGRANT (ID 101068013) with the goal of
performing a global LIV analysis with KM3NeT+ANTARES+IceCube data (isotropic + sidereal)... stay tuned!
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