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OUTLINE

@ Lorentz invariance violation (LIV) might be generated by quantum-gravity
(QG) effects.

@ As a consequence, particles may not travel at the universal speed of light.

@ In particular, superluminal extragalactic neutrinos would rapidly lose energy
via bremsstrahlung of electron-positron pairs (v — vet e™).

@ The three PeV cascade neutrino events recently detected by IceCube —if
attributed to extragalactic diffuse events— can place the strongest bound on
LIV in the neutrino sector:

§=(v?-1) < 0O(10718)
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LORENTZ INVARIANCE VIOLATION

Quantum gravity effects are expected at the Planck scale

Mpr, = Vhe/Gy =~ 1.22 x 10'3PeV /c?
Earth-based experiments: 4 x 1073 PeV per beam (LHC, 2012)
Cosmic-rays: 6 x 10* PeV (GZK cutoff at HiRes, 2007)

; LORENTZ INVARIANCE



LORENTZ INVARIANCE VIOLATION

Quantum gravity effects are expected at the Planck scale

Mpr, = /he/Gn =~ 1.22 x 1013PeV/c?
Earth-based experiments: 4 x 1073 PeV per beam (LHC, 2012)
Cosmic-rays: 6 x 10* PeV (GZK cutoff at HiRes, 2007)

Nonetheless:

LOW-ENERGY RELIC SIGNATURES OF QG:

Quantum decoherence and state collapse

QG imprint on initial cosmological perturbations
Cosmological variation of couplings

TeV black holes that are related to extra dimensions
Violation of discrete symmetries

Violation of spacetime symmetries
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LORENTZ INVARIANCE VIOLATION

Lorentz invariance is a key hypothesis of the CPT theorem.

In any unitary, local, relativistic point-particle field theory:
CPT breaking = Lorentz violation

Lorentz invariance might be violated in a candidate theory of QG. As a
consequence highly boosted energetic particles might propagate at speed greater
than the speed of light.

PARAMETRIZATION

§=0v2—-1, v=— E=p(1+4/2)

PROBING LORENTZ INVARIANCE VIOLATION




LimiT FROM SN1987A

CORE COLLAPSE (TYPE II) SUPERNOVA:

Neutrino emission: Emission of visible light:
It occurs simultaneously It occurs only after the
with core collapse. shock wave reaches the
stellar surface.

February 23, 1987:
v arrival time - y arrival time = few hours

d = 1630001y
At, = djv
At, = dfecd

§<4x107°
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LIV PROCESSES

Superluminal propagation allows for processes otherwise kinematically forbidden:

LIV PROCESSES (NEUTRINO SECTOR)

@ neutrino Cherenkov radiation (v — v7)
@ neutrino splitting (v — vv )

@ bremsstrahlung of electron-positron pairs (v — vet e™)

All these processes would produce a depletion of the high-energy neutrino fluxes
during their propagation

'L

observed flux = e~ initial flux

v — v v is neglected (it brings only minor modifications).

Neutrino pair production (v — vet e™) has been recognized as the fastest
energy-loss process for LIV neutrinos.

If v — vet e~ is forbidden (threshold effects) v — v is anyway operational and a
channel for energy losses, although two orders of magnitude less efficient (W-loop
diagram...) than v - vete .
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BREMSSTRAHLUNG OF ELECTRON-POSITRON PAIRS

For § > 0 the process v — vete™ is
kinematically allowed provided that

2 Me
E, > ~ PeV4/10-18/§
Vo /

LI conservation is assumed in the electron
sector.

1 GZE58°
T 14 19273

L = =255 x 10°363E3 .y, Mpc !
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BREMSSTRAHLUNG OF ELECTRON-POSITRON PAIRS

For § > 0 the process v — vete  is
kinematically allowed provided that

ENERGY TRESHOLD

2Me
E, > ~ PeV4,/10—-18/§
V8 /

LI conservation is assumed in the electron
sector.

e, WL
L+ =—-—L—— =255x10°® By Mpc™?

T 14 19273
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BREMSSTRAHLUNG OF ELECTRON-POSITRON PAIRS

For § > 0 the process v — vete™ is
kinematically allowed provided that

2Me
B, > ~ PeV4/10—18/§
s VT

LI conservation is assumed in the electron
sector.

5

1 G%E583
.+ = — =
14 19273

Mpc~!

= 2.55 x 10%35°
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COUNTERARGUMENT AGAINST OPERA’s CLAIM

In July 2012 the OPERA Collaboration reported evidence of superluminal
neutrino propagation:

CNGS: v, pulses with mean 730 km OPERA: neutrinos are detected

energy 17.5 GeV 60 ns earlier than expected

IF neutrinos travel faster than light: §=5x10"°

COUNTERARGUMENT

v — vet e treshold: 140 MeV
decay rate: I'=1.69 m~!
energy loss per process: ~ 78%
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COUNTERARGUMENT AGAINST OPERA’s CLAIM

In July 2012 the OPERA Collaboration reported evidence of superluminal
neutrino propagation:

CNGS: v, pulses with mean 730 km OPERA: neutrinos are detected

energy 17.5 GeV 60 ns earlier than expected

IF neutrinos travel faster than light: §=5x10"°

COUNTERARGUMENT

v — vet e treshold: 140 MeV
decay rate: I'=1.69 m~!
energy loss per process: ~ 78%

No neutrino of 17.5 GeV
should have been detected at all!
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COUNTERARGUMENT AGAINST OPERA’s CLAIM

In July 2012 the OPERA Collaboration reported evidence of superluminal
neutrino propagation:

CNGS: v, pulses with mean 730 km OPERA: neutrinos are detected

energy 17.5 GeV 60 ns earlier than expected

@ The OPERA collaboration then announced the
identification of two sources of error.

@ In particular, a faulty connection in the optical
fiber cable that brings the external GPS signal
to the experiment master clock.

@ Systematic error of about 70 ns in the
determination of the time of flight of neutrinos.

G LORENTZ INVARIANCE VIOLATION



RECENT CONSTRAINTS

SUPER-KAMIOKANDE, 1 GEV

probes:
energy:
baseline:
bound:

upward-going atmospheric vs
1 GeV

10 000 km

§<1.4x1078

IceCUBE, 16 TEV

probes:
energy:
baseline:
bound:

upward-going atmospheric vs
16 TeV

500 km

5 < 1.7x10711

RE-ANALYIS OF CR PROPAGATION IN THE ATMOSPHERE

Self-consistent re-analyis of CR propagation in the atmosphere including: (3) v
superluminal effects on p and 7 decay; (4) and the energy losses due to the
Cohen-Glashow process; (#4) comprehensive and up to date data from

underground detectors.

bound: § < 10_131
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PEV NEUTRINOS: HEURISTIC ARGUMENT

observed flux = e~ T'L initial flux

I} initial
Ya flux
observed o =
fl o
ux o A

1 G%E56°

_ —18 [p—2
et = 71 oo 3 = 255 X 10383 B3, Mpc™? 62107 " Epey

In order for this process to be effective (I'L > 1) for PeV extragalactic vs
(L ~Mpc), it must be
§>1018
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PEV NEUTRINOS: HEURISTIC ARGUMENT

observed flux = e T'L initial flux

initial
flux
observed
flux
1 G%E%§3 18 2
Tow = o7 —fo—g = 2.55 x 10%6° By Mpc™ 62107 P Epgy

GeV galactic neutrinos (L ~ 10 kpc):
1075
closed open BUT ineffective open AND effective

fixed energy and distance range of § ———
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PEV NEUTRINOS: HEURISTIC ARGUMENT

observed flux = e T'L initial flux

initial
flux
observed
flux
1 G%E%§3 18 2
Tow = o7 —fo—g = 2.55 x 10%6° By Mpc™ 62107 P Epgy

PeV extragalactic neutrinos (L ~ 1 Mpc):

closed open AND effective

fixed energy and distance range of § ——
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PEV NEUTRINOS: HEURISTIC ARGUMENT

observed flux = e~ T'L initial flux

A/ -
o initial
=& IS flux
observed o

o
flux o & A

1 GZE553
Fei =__F

18 -2
= T =255 X 10%6% By Mpe™! 52107 ELS

What if § is slightly bigger? e.g. § — 26
I scales like 63, then
AS~O(1) = Ainitial flux) ~ O(10%)

(the observed flux is kept constant)
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PEV NEUTRINOS: HEURISTIC ARGUMENT

observed flux = e~ T'L initial flux

A/ -
o initial
=& IS flux
observed o

o
flux o & A

1 GZE553
Fei =__F

18 -2
= T =255 X 10%6% By Mpe™! 52107 ELS

What if § is much bigger? e.g. § — 104§
T scales like 62, then
AS ~ O(10) = totally unphysical! A(initial flux) ~ O(10*%%)

(the observed flux is kept constant)
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PEV NEUTRINOS: HEURISTIC ARGUMENT

The observation of PeV extragalactic neutrinos can put bounds on § as strong as
10~18 with little or none assumption on their source.

To make this argument more robust:

@ Detection of PeV neutrinos

@ Arguments in favour of their extragalactic origin
— in the best scenario, the identification of the source

@ A physical argument to constraint the initial flux
— either a theoretical model for the source or
— indirect constraints on the associated secondary emission
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IcECUBE EVENTS

After the first two years of data taking (May 2010 — May 2012) the IceCube
collaboration reported the detection of two cascade v events with PeV energy:

JANUARY 3RD,

AuGusT 9TH, 2011

+0.13 0.14
1.04 7015 PeV 1.14 1975 PeV

oo R N Ribe -
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IcECUBE EVENTS

The full 988-day sample (May 2014) reported the detection of a third PeV cascade
event:

o 0 00
o Ws e
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ATMOSPHERIC NEUTRINOS?

Collisions of cosmic rays with atmospheric nuclei produce many unstable hadrons:

MESONS AND BARYONS

WITH HEAVY QUARKS (CHARM)

Predominantly. Small fraction.

neutrinos: neutrinos: ey s‘mall fraction.

They dominate They dominate neutrlnos.: )

at the lowest at intermediate They‘dommate at the highest
energies. energies. energies (E, > PeV).

CONVENTIONAL ATMOSPHERIC VS PROMPT ATMOSPHERIC S

Strong zenith-angle dependence, due | Closer to isotropic.
to the varying depth of atmosphere.

. ——— Prompt0°
~~~~~ - S Prompt 90°
B A, S Conv 0°
-, . Conv 90°




ATMOSPHERIC NEUTRINOS?

The origin of these events is not settled. But: (2 year analyis)
ATMOSPHERIC NEUTRINO BAC A 104 IceCube Preliminary
&
. L 106
Expected background events in 615.9 days: 5
>
. @ -8
(3.8 & 0.4(stat) T2 L (syst)) x 10~ from pions O 105 4 et o o
Bt o)
(E‘i 10-10F — Honda et al. {conv.), Enberg et al. (prompt)

(1.2 £ 0.1(stat) T3 0(syst)) x 10~2 from kaons 20 30 a0 s0 o

log, o(Energy/GeV)

PROMT ATMOSPHERIC NEUTRINO BACKGROUND

Adding prompt atmospheric neutrinos from decays of charmed mesons:

(8.2 + 0.4(stat) T3 (syst)) x 10~2

The hypothesis that two events in two years are fully explained by atmospheric
background including the prompt atmospheric neutrinos had a p value of
2.9 x 1072 (2.80).

NOTES: The prompt component has large theoretical uncertainties. But even
using an extreme prompt flux which covers a potential unknown contribution from
intrinsic charm the two events were not atmospheric at (2.3 0).
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34 MORE EVENTS

B |
0 TS=2log(L/LO) 11.3
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34 MORE EVENTS
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37 EVENTS

Main features:

The evidence for extraterrestrial neutrinos is now at the level of 5.7 o.

“Extraterrestrial” but “galactic”?

ARRIVAL DIRECTIONS

The arrival directions of the 37 events show no significant clustering.
In particular, there is no statistical association with the galactic plane!

ENERGY SPECTRUM

Up to 3 PeV the excess is compatible with an E~2 spectrum:

E2"2 —(0.95+0.3) x 1078 GeV cm ™25 Lsr !

v

The extrapolated energy spectrum deduced from O(100) TeV events predicts three
PeV neutrinos in three years.

PROBING LORENTZ INVARIANCE VIOLATION



A NovEL BOuND

oM IceCUBE PE

Up to 3 PeV the excess is compatible with an E~2 spectrum:

d
EB% = (0.95+0.3) x 1078 GeV em %~ tsr~!

OBSERVED INTEGRATED ENERGY DENSITY:

A 3PeV i

w2 = —ﬂ-/E%dE ~107%eV/cm?,
c
1PeV

The initial v energy density is depleted at the expense of ICS photons (Cohen &
Glashow e* propagate only few kpc before scattering off the CMB) that populate
a y-ray flux between E1 ~ O(1) GeV and E20(100) GeV.

This flux is constrained by Fermi data:

(INTEGRATED) EXTRA-GALACTIC DIFFUSE y-RAY EMISSION

c Jg, d
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A NovEL BOuND

DirrUsE FLUX FROM ICECUBE PEV vS

Up to 3 PeV the excess is compatible with an E~2 spectrum:

E2"= = (0.95+0.3) x 107% GeV em™ 25 lsr !

OBSERVED INTEGRATED ENERGY DENSITY:

3PeV i
wobs — /E Y8 4B ~107%eV/cm®,
lPeV

initial flux < 102 observed flux

Reversing the previous argument:

A(flux) < O(10%) = A() < O(1)

5 < O(10718)
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CONCLUSIONS

@ A very stringent bound on LIV in the neutrino sector, § < O(10718), has
been derived from the observations of three PeV neutrinos at IceCube and
remarkably few other assumptions.

@ The main (only?) hypothesis being the extragalactic nature of the
observed PeV flux.

@ Once additional information will be available (e.g. number density and
redshift distribution of the sources) an improved calculation will be possible.

@ In summary, it has been argued that a confirmation of the extragalactic
nature of the PeV events detected at IceCube would not only open a new
window to the high-energy universe, but also allow a significant jump (six
orders of magnitune) in testing fundamental physics.
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