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Theoretical background

Quantum mechanics General relativity

?
Quantum gravity

Microscopic physics Macroscopic physics

PRL 98, 021101 (2007)Nature 464, 697-703 (2010)LHC Assuming Dark Matter

Compton wavelength Schwarzschild radius



/184Giacomo D’Amico Ph.D. Thesis project Rome     February 12, 2017

Theoretical background

 Spacetime Noncommutativity

TOP- 
DOWN

solving at once all aspects of the quantum-gravity problem

formalisms of very high complexity  
lack of physical intuition about observable (and potentially testable) features

BOTTOM- 
UP

describing only a small subset of the departures from standard physics that 
the quantum-gravity realm is expected to host
producing better opportunities for experimental testing

A nonclassical fundamental description of spacetime is introduced

Why?
Several heuristic arguments suggests that in the quantum gravity regime the sharp spacetime 
localization of particles could be impossible

k-Minkowski spacetime

3D Quantum Gravity

Phys. Lett. B 334 (1994) 348
Annals Phys. 243 (1995) 90
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Theoretical background

Deformed relativistic symmetries: quantum algebras

Deformed dispersion relation

κ-Poincarè algebra in the  
bicrossproduct basis

Casimir of the κ-Poincarè algebra  
in the bicrossproduct basis

Curved momentum space and relative locality
Momentum space may have a nontrivial geometric structure (Born reciprocity)
Deforming momentum space results in absolute locality replaced by relative locality
Distortion of the apparent direction from which a particle is seen to arrive:  dual gravitational lensing

Phys.Rev. D 84 (2011) 084010
arXiv:1103.5626
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Phenomenology
We focused on leading-order correction to the dispersion relation for massless particle

quantum-uncertainty  
(fuzziness) effectssystematic effects

a
b D

These are very small effects but (at least for the case n=1) they could cumulate  
to an observably large       !

In-vacuo dispersion
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Phenomenology
Here on earth?

Why gamma ray bursts (GRBs)?

Quantum-gravity correction is 4 orders of magnitude smaller than the experimental sensitivity!

Taking the world's most sensitive experiment: LIGO

Sensitivity

Planck correction

D being a cosmological distance takes large value (                        )

Energies involved are reasonably high (       of GeV or higher)

GRBs generally last a few seconds

 Our understanding of the mechanisms producing GRBs remains preliminary

The universe is expanding!  D is redshift-(z-)dependent

Nature Phys. 3 (2007) 87-90
Nature 393, (1998) 763-765
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Phenomenology

The prediction of a neutrino emission associated with gamma ray bursts is generic within 
the most widely accepted astrophysical models

What about neutrinos?

But after a few years of operation IceCube Neutrino Observatory still reports no conclusive 
detection of GRB neutrinos 

It is interesting to speculate that the IceCube results for GRB neutrinos might be misleading 
because of the assumption that GRB neutrinos should be detected in very close temporal 
coincidence with the associated-  -rays 

The expected effect is much bigger 
than the intrinsic time scale of GRB!

Phys. Rep. 333 (2000) 529
Astrophys. J. 805 (2015) L5



/189Giacomo D’Amico Ph.D. Thesis project Rome     February 12, 2017

Results for GRB neutrinos
DATA SET whole collection 

of Fermi-observed GRBs 
from June 2010 to May 2014

4 years of operation of IceCube 
from June 2010 to May 2014

21 “shower” neutrinos  
with energies between  

60 and 500 TeV

1162 GRBs
-1049 Long GRBs 
-143 Short GRBs 

Criteria for selecting GRB-neutrino candidates
Considering the rate of GRB observations of about 
1 per day and the energy range of neutrinos, we 
allow for a temporal window of 3 days

We asked the pair composed by the neutrino and the 
GRB to be at angular distance compatible within a 2 
σ region

Days28/12/2011

GR
B1
11
22
9A

GR
B1
11
23
0A

IC19

GR
B1
11
23
0B

GR
B1
11
22
8B

9 GRB-neutrino candidates
Phys. Lett. B  761 (2016) 318-325
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Results for GRB neutrinos
9 selected GRB-neutrino candidates

Relevant issues:
Since we have two cases with 3 possible GRB partners and one case with a pair of possible GRB partners
we must contemplate 18 alternative descriptions of our 9. We propose that in general this issue of multiple 
candidates should be handled by focusing on the case that provides the highest correlation (highlighted in table 
above with an asterisk).
Only 3 of the GRBs involved in this analysis the redshift is known. We assume for the only short GRB a redshift 
of 0.6, and we assign to the other 6 long GRBs the average     of those two selected GRB with known values of 
redshift (    = 1.497)

Are        and      correlated?

“Distance-rescaled time”
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Results for GRB neutrinos

Blue points are “late neutrinos”

Black points are “early neutrinos”

Best correlation Worst correlation
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Results for GRB neutrinos

z
long

= z̄ z
long

= 2
z
short

= 0.5 0.03 % 0.04 %
z
short

= 0.6 0.03 % 0.02 %
z
short

= 0.7 0.04 % 0.01 %

z
long

= z̄ z
long

= 2
z
short

= 0.5 0.7 % 0.6 %
z
short

= 0.6 1.0 % 0.6 %
z
short

= 0.7 1.5 % 0.8 %

How often a sample composed exclusively of background neutrinos would produce accidentally 9
 or more  GRB-neutrino candidates with correlation comparable to (or greater than) those we found in data 

selected-GRB-neutrino candidates just 
because accidentally their time of 
detection and angular direction 
happen to fit our selection criteria

1. We perform 105 randomizations of the times of detection of the 21 IceCube neutrinos

2. For each of these time randomizations we redo the analysis just as if they were real data

3. We ask how often this time-randomization procedure produces 9 or more GRB-neutrino candidates 
with correlation equal or greater than those found in data  

Best real correlation
Vs

Best fake correlation

Worst real correlation
Vs

Best fake correlation

Statistical analysis 

3 STEPS
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Results for GRB photons
Energies involved for GRB photons are in the range of 10 GeV

The time scale of some mechanisms 
intrinsic of GRBs is not anymore negligible 
relative to the Planck-scale correction

“Distance-rescaled energy”

It is safer for photon analyses to focus strictly on GRBs with measured redshift 
and with photons of sufficiently large observed energy
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Are        and      correlated?

Results for GRB photons
Energy and temporal selection criteria:

We focus on the highest-energy photons among those observed for GRBs by the Fermi telescope

When expressed in terms of the difference between the time of observation           of the relevant 
photon and the time of observation of the first GBM peak, our time selection criterion takes the form

Phys. Lett. B 760 (2016) 602
arXiv:1612.02765
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Results for GRB photons

The value of correlation 
obtained by taking into account 
all 11 photons is 0.845

We find that a value of correlation for all 11 photons      0.845 is obtained only in 0.035% of cases

We randomize, within the time window specified by our time-selection criterion, the time delay of each 
of our 11 high-energy photons with respect to the GBM peak of the relevant GRB
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Consistency between the two features
The level of “consistency” between the neutrino feature and the photon 

feature is visually illustrated below

This comparison should be handled with some care, since some quantum-spacetime models 
predict independent in-vacuo dispersion parameters for different particles, and also a 
possible dependence of the effects on polarization for photons and on helicity for neutrinos

Living Rev. Rel. 16, 5 (2013)
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Outlook
The “false alarm probabilities” here exposed are small enough to motivate further 
interest in this type of analyses

More data will soon be available both for our photons and for our neutrinos:

IceCube only made publicly available their data from June 2010 up to May of 2014. 
At the time of writing this slides we know that some additional 2.5 years of data have been 
collected by IceCube but are expected to be published only next autumn

The Fermi telescope has been operating since 2008. 
In about 8 year of operation Fermi provided 7 GRBs contributing to the photon side of our 
analysis, so we can expect to have roughly one GRB per year adding points to our feature 
for photons

It will be crucial to extend our analysis also to photons with emission energy below 40 GeV

This analysis is in progress: as expected at lower energies there is much more “background 
noise”, but our preliminary results are consistent with what we have found at higher energies

It will be also crucial reaching a further development and understanding of quantum-
spacetime models supporting in-vacuo dispersion
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Thank you for your 
attention



/1819Giacomo D’Amico Ph.D. Thesis project Rome     February 12, 2017

r r

rr r

Pearson correlation coefficient
Appendix

We used the Pearson's correlation coefficient, which when applied to a sample is commonly 
represented by the letter r
If we have one dataset {x1,…, xn} containing n values and another dataset {y1,…, yn} containing n 
values then the formula for r is:

In the previous slides we often mentioned the correlation between arrival time and observed 
energy for both neutrinos and photons

It has a value between +1 and −1 
inclusive, where 1 is total positive 

linear correlation, 0 is no linear 
correlation, and −1 is total negative 

linear correlation


