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Outline 

•  RIP Top-down models? 
– Composition 
– Photon fraction 
– Angular distribution 

•  Strangelets and black holes? 
•  Lorentz violation? 

–  In UHECR? 
–  In neutrinos: OPERA, GZK? 

Increasing 
Speculation î

 



•  Top-down or bottom-up? 
– Heavy metastable particles? 
– Astrophysical sources? 

Origin of the UHECR? 



Heavy Metastable Particles 

•  Topological defects, WIMPzillas, … 
•  “Cryptons” 

– Hidden sector of string model 
– Weakly coupled to Standard Model particles 
– Decay slowly through higher-order operators 

•  Specific examples in flipped SU(5) from string 
– Estimate lifetime: 
– Calculate decay spectra: 

JE, Mayes & Nanopoulos: hep-ph/0403144,  0512303	




Sample Crypton Decay Models 

•  Known decay modes, e.g. 

•  Calculable decay spectra 

JE, Mayes & Nanopoulos: hep-ph/0403144,  0512303	




Four Strikes and You are Out 

•  Evidence for GZK cutoff 
– But feature possible in crypton models 

•  Composition 
– More heavy nuclei at higher energies 

•  Photon fraction 
– Strong upper limits from Auger 

•  Angular distribution 
– No indication of galactic anisotropy 



GZK are alive and well 

•  Dixit HiRes, Auger, TA 

•  But features possible in crypton decay models 
JE, Mayes & Nanopoulos: hep-ph/0403144,  0512303	




Cosmic-Ray 
Composition 

•  Auger suggests increasing 
 fraction of heavy nuclei in        

 UHECR 
•  Impossible in 
 top-down model 
•  But may be  
 some protons 
 even at UHE 



Upper Limits on Photons 

•  Upper limits below (many) top-down models 

•  BUT: possibility of absorption by γ background? 



UHECR Anisotropy? 

•  Compatible with statistical fluctuations 

•  But non-trivial energy dependence of phase  



Nasties at the LHC? 
•  LHC @ 14 TeV = cosmic rays @ 1017 eV 
•  Cosmic rays seen to 1020 eV 
•  Protons and/or Iron? 
•  ~ 3.1022 cosmic rays above  

  1017 eV have struck Earth 
•  Equivalent to 105 LHCs 
•  Area of Sun 104 larger 
•  1011 stars in Galaxy, 1011 galaxies in Universe 
•  Nature has performed 1031 LHC programmes 
•  Nature carries out 3.1013 LHC programmes per second 



Cosmic-Ray Composition 

•  Rates reduced by 1/A if all heavy nuclei 
– But Auger consistent with not all Fe 

•  Even if all Fe at source, ≥ 10% protons on arrival 



Strangelets? 

•  LHC heavy-ion collisions: 
 strange particle production  
 agrees with thermal models 
•  Production of (anti-)nuclei 
 agrees with coalescence models 
•  Also strange nuclei 
•  Negligible strangelet 

 production predicted:  
  < 10-24 for A = 10 

•  BUT: possibility of absorption by γ background? 



No Black Holes at LHC 



•  Many variant models 
studied 
– Stable remnants 
– Unstable remnants 
– Different numbers of 

dimensions 
•   : would have been 

wonderful quantum 
gravity laboratory 

No Black Holes at LHC 



•  Not GZK mechanism? 
•  Cutoff at production? 

– Limited acceleration? 
– Mass in top-down model? 

•  Avoid GZK by Lorentz violation? 
– Could affect kinematics of p + γ èΔèN + π 

•  Why use exotic mechanism to explain absence of 
standard effect that is probably present? 

•  GZK protons would have γ-factor E/m ~ 1011 

  Just like OPERA neutrinos! 

To GZK or not to GZK? 

Gonzalez-Mestres;	

Cohen & Glashow	




The End of Relativity is Nigh? 

•  1862: Maxwell found that there should be 
electromagnetic waves travelling at 
approximately the (known) speed of light 

•  1905: Einstein used universal speed of light as 
foundation of geometric description of physics 

•  2011: OPERA finds 6-σ discrepancy between 
neutrino speed and that of light 

     “Life in the fast lane” 



MINOS Measurement of ν Speed 

Near & far detectors 
Uncertainties 

Published result 
 

almost 2 σ > 0 





Constraints from Supernova 1987a 

•  Data from 3 experiments 

•  Arrived hours before γ’s 
    è   δv 

< 10-9 

•  Supernova simulation 

•  Possible E dependence of 
δv constrained by bunching   

 

 

JE, Harries, Mersegaglia, Rubbia & Sakharov: arXiv: 0805. 0253	




Constraints from SN1987a 

•  Fit to possible E-dependent time-lag 

 
       
Subluminal and superluminal cases 

– Linear: 
– Quadratic:  

JE, Harries, Mersegaglia, Rubbia & Sakharov: arXiv: 0805. 0253	




Fits to Simulated OPERA Data 

•  Linear case 

•  Sensitivity 

•  Quadratic case 

•  Sensitivity 

JE, Harries, Mersegaglia, Rubbia & Sakharov: arXiv: 0805. 0253	




Fitting Edges of Spill 

•  Factor ~ 5 less sensitivity to energy dependence 
JE, Harries, Mersegaglia, Rubbia & Sakharov: arXiv: 0805. 0253	






CNGS Beam 
Layout 

at CERN 



Timing using the GPS System 



From CERN to the Gran Sasso 



Summary of Synchronization Procedure 



Summary of Timing Uncertainties 



The Main Result 



Test with Bunched Beam 
•  Avoid problem of modelling spill by using 

bunched beam: 

•  Reproduce same timing advance 



Special and General Relativity 

•  Sagnac effect (rotation of Earth during travel): 
    : δt = + 2.16 ns 

•  Tends to increase travel time 
•  Smaller than total error, taken into account 
•  Schwartzschild effects ~ 

Neutrinos follow geodesic, re-evaluate Euclidean distance 

•  Non-inertial effects, redshifts of clocks, dipole 
field, frame-dragging all negligible 

Kiritsis & Nitti: OPERA public note 136	




Comparison of Neutrino Constraints 

SN1987a excludes δv ~ E or E2 Giudice, Sibiryakov & Strumia: arXiv: 1109. 5682	

Alexandre, JE & Mavromatos: arXiv: 1109.6296	


Cacciapaglia, Deandrea & Panizzi: arXiv: 1109. 4980	




Could Neutrinos be Tachyons? 

•  v would approach c from above as E increases 
•  No non-trivial finite-dimensional unitary 

representations of Lorentz group for m2 < 0 
–  i.e., no spin-1/2 spinors 

•  Should spin 0 be quantized as bosons? 
– “No” (Feinberg) vs “Yes” (Sudarshan) 

•  Problem of causality! 
– Reinterpret backward emission of E < 0 as forward 

emission of E > 0? 
•  Deform/break Lorentz symmetry? 



Lifshitz-Type Field Theory 
•  Time and space dimensions scale differently 

(Interesting for quantum gravity, mass generation) 
•  Anisotropy parameter z 
•  Model for neutrino velocity: 
•  Action: 
•  Dispersion relation: 
•  Group velocity: vg =  > c 
•  Superluminal propagation: δv ~ E2 

Alexandre, JE & Mavromatos: arXiv: 1109.6296	


J. Alexandre: arXiv: 1109.5629	




Čerenkov Radiation by Neutrinos 
•       Possible if speed > light 

    dominant process e+e- Bremsstrahlung    
 Energy loss rate: 

•  Difference between initial/final energies, terminal 
energy ET: 

•  Sensitive to δ = 2 δv and its E dependence 
•  Applied to IceCube data suggests  
•  Does not apply to models with distorted metrics, 

nonlinear deformations of Lorentz symmetry 
Cohen & Glashow: arXiv: 1109.6562	




•  No visible distortion of 
neutrino energy spectrum 

•  No excess of e+e- pairs 

Constraints from ICARUS 

ICARUS Collaboration: arXiv: 1110.3763	


Cohen & Glashow: arXiv: 1109.6562	


If δ ~ E2, decay length > 20,000 km, 
distortion not visible? …  

… but expect ~ 105 events in OPERA 
Mohanty & Rao: arXiv: 1112.2981	




The Story so far 
•  No technical error found 

– OPERA carried out test with separated bunches 
•  No theoretical error found 
•  Difficult to reconcile with other constraints 

(SN1987a, Cohen-Glashow radiation, …) 

•  No direct contradiction with other experiments 
•  Other experiments are preparing to check 
•  This is how science should be done 

(technical scrutiny, verification, tests, theory) 



GZK Neutrinos? 
•  Independent probe of GZK mechanism 
•  Search underway with Auger, IceCube et al 

•  But flux uncertain,  
 other possible sources 
•  Could also be affected by 
  Lorentz violation 



Sensitivity to Lorentz Violation 
•  GZK neutrinos would be degraded by Cohen-

Glashow effect (if it exists): 

•  OPERA δ ~ 5 ✕ 10-5: max Eν = 12.5 GeV  
•  Superkamiokande limit (Eν ~ 1 TeV, L = 104 km): 

   δ < 1.4 ✕ 10-8 
•  IceCube limit (Eν ~ 16 TeV, L = 500 km): 

   δ < 3.7 ✕ 10-10 

•  GZK neutrinos (1020 eV, 108 Pc) sensitive to 
   δ ~ 10-27 



GZK Photons? 
•  GZK collisions also produce photons: 

  p + γ èΔèp + π0èγγ 
•  These would be absorbed by background γ’s: 

  γ + γ èe+e- 

•  But not in some models with Lorentz violation: 
conflict with Auger limit? 

•  Constraint avoided in D-brane model of space-
time foam 

•  Test this model via time delays in arrivals of 
high-energy γ’s from GRBs and AGNs 

JE, Mavromatos & Nanopoulos: arXiv:1004.4167 

Maccione, Liberati & Sigl: arXiv:1003.5468 

Amelino-Camelia, JE, Mavromatos, Nanopoulos & Sarkar: astro-ph/9712103 



Summary 
•  UHECR the most extreme environment for 

studying particle physics 
– Energy ~ 1011 GeV at production 
– Centre-of-mass energy in collision > 100 TeV 

•  No evidence of any exotic physics 
– Stay on the look-out! 

•  Exotic physics always possible 
•  Be aware of complementary experiments 

– Not just LHC, also OPERA, … 




