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Do neutrinos really
travel faster than

light?

Do photons travel at
the speed of light?
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History in the Making?
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&« 1862: Maxwell found that there should be
el ectromagnetic waves travelling at

5 approximately the (known) speed of light =

» 1905: Einstein used universal speed of light as [

foundation of geometric description of physics &=

» 2011: OPERA finds 6- 0 discrepancy between

4 neutrino speed and that of light
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B LATEST: The US has launched NPP, its $1.5bn (£0.9bn) next-generation weather and climate satellite

Prosecutors contact Gaddafi son

International prosecutors are in “informal contact” e
with slain Libwa leader Muammar Gaddafi's son, Saif el
al-lslam, who is wanted for war crimes.

Frofile: Saif al-lslam
zaddafi family tree
How Gaddafi died
Bloody birth of new nation

Commonwealth ends male heir rule

Sons and daughters of future British monarchs will have equal rights to the
throne, after the Commonwealth agrees to change centuries-cld laws. B2 173

Owerturning royal rules 3 Gillard praises succession change

aster-than-light test runs again

scientists who announced that sub-atomic particles might be able to travel
faster than light are to repeat their experiment in a different way.

Light speed: Flying into fantasy Cern mulls ‘crazy’ physics {]




Measurement of neutrino velocity with the MINOS detectors
and NuMI neutrino beam
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MINOS Measurement of v Speed

2 2000

5-Batch Spills

0 2 4 & ] 10

6-Batch Spills

0 2 4 o] ] 10
Time Realative to S|:|n|ll,t‘I {p=d
T-h. B H mu_ o’ 7 ||' 1,

Description
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§(v—c)/c=51+29x10"°

A Distance between detectors 2 ns
ntenna fiber length T

C ND electronics latencies 32 ns
Antenna fiber length 46 g

E FD electronics 1a S 3 ns
F GPS and transceivers 12 ns
G Detector readout differences 9 ns
64 ns

Total (Sum in quadrature)

T
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FDEvents / 37.6 ns

R CEEEE T T (e

T

II-'l

" Near & far
Uncertai ntie
Published result

almost20' >0

i S R

3 -|..



CERN-PH-TH/2008-023

Probes of Lorentz Violation in Neutrino Propagation

John Ellis', Nicholas Harries!?, A nselmo Meregaglia®, André Rubbia® and
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It has beon sumrested that the interactions of energetic particles with the foamy strueture ; :I." o
of space-time thought to be generated by quantum-gravitational {QG) effects might violate | .
Loremtz invariance, so that they do not propagate at a universal speed of licht. We consider (=
the limits that may be set on a linear or quadratic violation of Lorentz invariance in the
propagation of energetic neutrinos, vfe = [1 £ (E/M,ga )| or [1 £ [E',-‘.’Iri,,quﬂ: using data S

from supemove explosions and the OPERA long-bascline neutring experiment.  Using the B
SN1987a neutrino data from the Kamioka 11, IMB and Baksan experiments, we sot the limits .
Mg = 2.7(2.5) x 1 10" GeV for subluminal [superluminal) propagation, respectively, and g

Myggs = 4.6(4.1) x 10* GeV at the 95 % confidence level. A future galactic supernova at

a distanee of 10 kpe would have sensitivity to Myge > 2(4) x 101 GeV for subliminal
(superluminal) propagation, respectively, and J\I,Qm = 2(4) = 10° GeV. With the eurrent

CNGS extraction spill longthoo e g k svnehronization techniques,
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Bx 10° G-E\F}aftﬂrﬁymrsnfnmum&lmnnmg If the time strocture of the 5PS RF I:n_m =
within the extracted CNGS spills could be exploited, these fisures would be sngulﬁmnt.]

: ; ! : rring in the rock &
upstream of the OPERA detector: we find potential sensitivities to M,,Qm ~ 4w 108 GeV
and Myge ~ 7 x 10° GeV.
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Constraints from Supernova 1987a

Datafrom 3 experiments |« Supernovasimulation

A

E

Kamiokande IT
t(s) | E (MeV) | op (MeV)
t=10.0 20.0 2.9
0.107 135 3.2
0.303 7.5 2.0
0.324 9.2 2.7
0.507 12.8 2.9
1.541 354 8.0
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1728 | 210 12
1915 | 198 3.2
Baksan 0219 | 86 27
t(s) |B(MeV)|og (Mev)| | 10433 | 130 26
i=00]| 120 2.4 12430 | 89 1.9
0435 | 17.9 3.6
1710 | 235 47
7687 | 176 35
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Average Energy [Mey] Luminosity [108 erg/sec]
=

]

9.099 10.3 4.1
Time [sec]

* Arrived hours before v's | « Possible E dependence of
2> 0v<10° 5__ & v constrained by

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




Constraints from SN1987a

S . Fitto possible E-dependent time-lag
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Subluminal and superluminal cases

—Linear: M,pe > 2.7 x 101 GeV or Mygar > 2.5 x 10'° GeV
— Quadratic: M,gg2 > 4.6 x 10* GeV or M,gca > 4.1 x 10* GeV B

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







The Neutrino Target at CERN

800m ., 100m e 1000m o 26m iy 67m .
i Helium bags i Decaytube Hadron stop! Muon detectors
Tgrget Reflector ' sz} n/K - decay /v %7 flises
i Horn ' \ A | ’

—--:-j-" — lF’mn / Kaon
] =

Proton - ‘— 7
beam o ﬂ

vacuum

SPS protons: 400 GeV/c
+ Cyclelength:6 s

+ Two 10.5 us extractions (by kicker magnet) separated by 50 ms
« Beam intensity: 2.4 1073 proton/extraction

* ~ pure muon neutrino beam (<> = 17 GeV) travelling through
the Earth’s crust




Structure of CNGS Beam

|+ Time structure
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JE, Harries, Mersegaglia, Rubbia & Sakharov: arXiv: 0



Possible Distortion of Spill

&= » 100 nsresolution, linear elay by 5 ns/GeV, §
| correspondingto M , o, = 4 85 X 105 GeV '_' e

JE, Harnes Mersegagha Rubbla&Sakharov arX1V 0805 0253 ALy




Arrival Timesfor Different Energies

0
5050 5100 5150 5200 5250 5300 5350 5400 5450 5500 5550
<t> ([ns)

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




Fits to Simulated OPERA Data

T, ins Ge\r"}

s
T

-1+

2t

-3t

-4 1 V —0.04
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b (ms)

o SensitivityM,ge ~ 7 x 10° GeVf

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




Fitting Edges of Spill

e rep
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. Factor ~ 5 Iess sensmwty to energy dependence
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Using 5ns Bunch Structure

|+ 5nsspacing, 1 nsbunches | + Fit to quadratic case

Including rock events || &
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Measurement of the neutrino velocity with the OPERA detector
i the CNGS beam
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CERN NEUTRINOS TO GRAN S5AS550
Underground structures at CERN

Excavated
B Concreted
| Crecay liibe

[Znel contract)

CNGS Beam

L ayout
at CERN

A06 /2003
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Neutrino Beam Production

target beam instrumentation e e TR0 RIS
downstream (TBID) BT A
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= Nknown neutrino production point:

1)accurate UTC time-stamp of protons
2)relativistic parent mesons (full FLUKA simulation)

% TOF, = assuming ¢ from BCT to OPERA (2439280.9 ns)
ey ' TOF,,. = accounting for speed of mesons down to decay point

hi;‘?'ﬁt_TOF -TOF, iy
(A’[) —1 4x10'2ns o
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OPERA Beam
Structure

Pairs of extractions
Negligible cosmic-ray background
Fine structure within extractions
CI ocks drift over time

x = TR o . < =
s o e e T e v e

Zoom on the spill peaks
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COSmICS
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Time Structure
of Proton Beam

. v
As measured by %

‘l'l.'

Beam Current Transformers 4
(BCTS) *

[ BCT 41435 ssomn |

2002
| BFCT 41438 synch |

2003
[ BFCT(1) 400344 |

\\ & 2003

| BFCT 412425 |

)2
BA40  \2

o
CNGS

,* ﬁ"m l\ mql Extraction 1

2009- 2011
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Extraction 2
2009- 2011
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Timing using the GPS System

Offline coincidence of SPS proton exiractions (kKicker time-tag) and OPERA evenis
ITDPEFH—\ - {Tlﬂmer + TOFG}I < 20 j.lS

synchronisation with standard GPS systems ~100 ns (inadequate for our purposes)



Summary of Synchronization Procedure

PolaRx2e [*—| €5 Cs — PolaRx2e
Time-transfer Time-transfer

At OPERA
Every second




Principle of OPERA Detector Timing

2—@m

Optical fiber Measure T,-Tg

Measure T,+T5

O A VR o

; RS N e
Usetwo parallel paths for signal:
1) Measure differenceintimedelays T, - Tg
2) Send signal out along one path, back along the other,

Measure sum of timedelays T, - Tg
Combination providesboth T, and Ty
(Also used for accel erator t| m| ng)



Summary of Timing Uncertainties

ltem

Result

Method

= CERN UTC distribution (GMT)

10085 + 2 ns

* Portable Cs
« Two-ways

WEFD trigger

30 +1ns

Scope

=a DTC delay

580 +5ns

« Portable Cs
+ Dedicated beam experiment

LNGS UTC distribution (fibers)

40996 = 1 ns

« Two-ways
* Portable Cs

-. ._- OPERA master clock distribution

42629 +1ns

o

—

* Two-ways
* Portable Cs

atency, quantization curve

24_%\

Scope vs DAQ delay scan
(0.5 ns steps)

Target Tracker delay
(Photocathode to FPGA)

50.2 + 2.3 ns \

UV picosecond laser

Target Tracker response
Scintillator-Photocathode,

94+3ns

UV laser, time walk and photon
arrival time parametrizations, full
detector simulation

[

23+x1.7/ns

+ METAS PolaRx calibration

* PTB direct measurement




LNGS Geodesy

Priem ‘
i |

Resulting distance:

B prisHl

[ BCT to OPERA reference frame @
\r % t8m o | 731278.0 = O 2m -
ICA Total Siation o — i ey VT e
stalion ;;J‘,‘.;ij-, 15 ]- ..4‘ Anal yS|S |n :

<:: % Collaboration with

Swiss and German
National Institutes
of Metrology,
Checked by
¥ International Bureau
Al 'f’ of Standardsin Paris, M
positions in the Belglan Royal Instltute ..’.;:
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Tides change CNGS Distance




Continuous Distance Monitoring

Daily coordinates, site: LNGS

Up
A

+
'M‘F ¢ e VAR _
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2009 2009.5
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__ East

W continental drift,

aso clear signature £
of L’Aquilaearthquake
70095 (movement ~ 7 cm)
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Classes of OPERA Events
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The Man Result

140 qam |-

slal. =+ syrE. +

no Bffect line

All events:
Internal + external
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2010

Fits to Different Extractions

velee b op sl ol O Ldl L PR L
=750 =500 -250 ] 2540 Ha00 9E00 5800 10000 10200 | + *

(ng) ()

) |
50— Second extraction T + Bt=1048.6 6.9 ns| @

C 5t=1048.5 ns

Events/50 ns

E:dr1 Extr2 Extr1 Extr2 Extr1 Exir2




Distortion of Energy Spectrum®?

"4 Reconstructed Event Energy |

<E>=28.1 GeV

Events seen up to very high energies>> <k > = 28.1 GeV
No apparent distortion of kinematic observables
(relevant to possibility of Cerenkov radiation)

._- o =2 = - i I'I:_" 1 - : " .I: T T s ‘._I I-l._' I-.. .._ i EIEE;_I.':E.;"'._." !
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Special and General Relativity

« Sagnac effect (rotation of Earth during travel):
NEAGE. ANSt =+ 216 NS
Tends to Increase travel time

Smaller than total error taken into account

2G M,

Schwartzschild effects ~ e=2 =TT n 125108

Neutrinos follow geodesic, re-evaluate Euclidean distance

60 ~ 52 = _122x 1077 | 62 — 5 n x10712

Non-inertial effects, redshifts of clocks, dipole
field, framedragglng aII negllglble

Kir tss&Ntt OPERAp blic otel36 '*F e




Comparison of Neutrino Constraints
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Power-Law
Fit to
Neutrino
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Nature of Quantum Gravity Vacuum

&« Expect quantum fluctuations in fabric of
space-time :

* |n natural Planckian units:
' AE, Ax, At, A x ~1

== . Fluctuationsin energy, space
. time, topology of order unity

8+ “Space-timefoam” | JA Wheeler |

e |nduce Lorentz violation?




Probes of Lorentz Violation for Photons

 Timedelay from distant object:

| FE L Amelino-Camelic avromata
‘AthE—%F anopoul o arkar: 199

 Compare arrivals of photons of different energies
from astrophysical source with small intrinsic O't

=« Gamma-Ray Bursters, pulsars, active galaxies, ...
o ® Typi Cal Source Distance E At Sensitivity to M

GRB 920229 ¢ || 3000 Mpec (7) | 200 keV 10725 | 0.6 x 10'0 GeV (?)

SenS| t| Vi '[| es. GRB 980425 @ 40 Mpc 1.8 MeV | 1073 s (?) | 0.7 x 10'6 GeV (?)

GRB 920925¢ “ 40 Mpec (7) | 200 TeV (?) 200 s 0.4 % 10" GeV (?)

Mrk 421 ° 100 Mpc 2 TeV 280 s > 7 x 1016 GeV

FerAl, coagll Crab pulsar © 2.2 kpc 2 GeV 0.35 ms | > 1.3 x 10'® GeV

GRB 990123 5000 Mpc 4 MeV 1s(7) 2 x 101° GeV (?)



Robust Analysis of GRB Data
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BATSE (64 ms)
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IRt 14 :'2,'5 =00 00
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(K20819 041 |36 (hE2221.145

o LRELL0E 2.5 :C!-T SULA2 £ 1 10
:[ [E21211 1.m [23 =02 006
0226 1.9% |23 =0T 00568
. RO 3.472 ] =0.0148 00570
LERLEZS 1.52 :21'5 (LOUE2EE0.UTEHGEL
(R v U [ 30, 23 T 00210
L2 2,66 |40 RN MR E WA 5]
(UteeE  0.=54 :21'5 -0.25 16 0.0H01

= N
£tn (5]

0.25

0.1 Y

0.051

Ati(1+2)

|
©
—k
T

" (006 1.7T16 |23 W11 THED 12N
= 050408 1.2357 [23 -00562 00958

) SWIFT (64 ms)

050410 3.24 41 0.0054-£0.0108

_0.2 ' ' - - ' - - ' 050401 29 25 0013500285
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 | pspa16 0653 23 -0.1491£0.1075

050506 4.8 23 ~0.001220.0561

. . US0525_ 0.606 [23, 42] 01261200150

Y I mprovaj I OWer I I ml t- 050608 2.821 23] “0.0032£0.0047

. UB0TZE 0,258 [13 0131401681

USUTED .0 44 (LU0, 1361 .

g 16 UG0NZ0 2612 2 Dosa00560 |
Y, E— M > 1 4 >< 1 0 - R |F US0S0E 6,20 5 0.004+0.0552 | R
_ 050922 2.17 23 0023120, 0208

= ML T Jse s o0 OB, Mavromatos, Nanopoulos, Sekharov + Sarkisyan: astro- ph/0510172




F (D.15-0.25 TeV) [cm* &7)

Time Delay from
. Markarian 5017

1 e
=,
| =
E
| 8
z
&

=L Arrlvaltl me del: ay of

F (0.

~ 4 minutes reported -'::
for photonsin E
highest-energy bin

* Sengitiveto Mg, ~
10%° GeV

= MAGIC Collaboratlon astro ph/0702008




Results for AGN Markarian 501

E Significance of time delay < 95%
& * Linear dispersion: (E/Mqg,)
| —One-0 range: Mg, = (0.34 10 0.78) x 10*° GeV

— 95% CL lower limit: Mo, > 0.26 x 10'° GeV

» Quadratic dispersion: (E/M o))
— One- 0 range: Mg, = (0.47to 1.1) x 10** GeV
— 95% CL lower limit: Mg, > 0.27 x 10 GeV

e Cannot exclude initial time delay at source

MAGIC Collaboration + JE, Mavromatos, Nanopoul os, Sakharov, Sarkisyan: _
arXiv:0708:2889 [astro-ph]




Analysis of AGN PK S 2155-304

. Observation by HESS of multiple flaring of

AGN at larger redshift with more statistics

PKS 2155-304

s £ ' ] ~z=0.116
& 4 H.E.S.S.
= C_ arXiv:0706.0797 | July 28, 2006
= o | Peak flux ~15 x Crab |
™ f 4 ~50 x average [
1 | /1 % Doubling times ,
E 2-55_ iy 67, 116, 173, 178 x50 s
B o
Iz : Ry/C ~ 1...2:10% s
15:— 1 :n:%mm --------------------------
E My 4
RN, o P TV N
D_. s g
40 60 80 100 120
HESS Collaboration: arXiv:0706:0797 [astro-ph] Time - MJD53944.0 [min]




Analysis of AGN PK S 2155-304

.|« Comparison between HESS data in different
energy bins -

200-800 GeV

~800 GeV|]"|

=« No significant differencesin arrival times

“|* Lower limit on myg> 2.1 X 1018 GeV
HESS Collaboration: arXiv:1101:33650 [astro- ph] SR o, 5C o S




Fermi Analysis
| of GRB 090510

+ Redshift z= 0.903 =+ A PR
0.003 M: — SN o
|+ 7 energies up to 31 GeV | | |
. » No hint of energy- i
dependent time delay |
1+ Lower limit on mqg i
depends sensitively on {7
assumptions :

LAT
(1 GeV)

Countsbin

—_ - i - - . -V
s ink = O EEFEREPTT 1

Energy [GeV] Counts'sec

= Fermi Collaboration: arXiv:0908.1832 [astro-ph] IR
: o s o W ST M et W T Sy "l-"':'r -- =

. |
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Comparison of Electron Constraints

ysy — ete

H —e——
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Cosmic rays: yy = e'e
F I
|
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T T TTTI
Cosmic rays: e —+ ey
L1 1 11l
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10? 10° 104
Electmn energy 11 mn GE‘J

Synchrotron from CRAB
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Lifshitz-Type Field Theory

|« Timeand space dimensions scale differently
(Interesting for quantum gravity, mass generation)

"« Anisotropy parameter z

=+ Model for neutrino velocity:[1] = -
- @ AC“ ON. Siferm = /.fffi’f (E!"mu:: — (M2 — A)(id - )b + g[aﬂz)

g, pﬁ

“ e Dispersionrelation: &=+ +-m0'+ 22

Alexandle JE&Mavromatos arX1V 1109 6296 - u- '-:' . Tk i
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Lorentz-Violating Gauge Theory

= « Background vector or axial U(1) gauge field:

*~ * Dispersion relation:
- (1—&V””‘[21n2—1])2w = (

T

A195/9 — (10/3) In 2])2;:-2 +m?

T

by A o4 16
vg = 1— - (g —E]HQ)—I-@(&%,A) <1

« Subluminal propagation
' )

Alexandre, JE &Mavromatos aerv 1109 6296 T T

-
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Background Gauge Field

{+ Add background gauge field:

Ebckgl'd =5 ( *j‘ gv,.A E }FT) U — THEL‘
4 » Disersion relations; w. = /- gvaB)? +m?+gv.abo
(V o= anti-V) Wy = \/(ﬁ?gv.ﬂﬁjz+m?iw,ﬂﬁﬂ

dr.uy B

. Subluminal groupv vy =

roup vel ocity may be super- or subluminar:
g%,.?‘qﬂgsinzﬂ + m?

+0(V?)
2p

vg = 1—Vcosp—
nendent on direction!

Alexandre, JE & Mavromawos: arXiv: 1109.6296 .-+ "=«
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Exotic Possihilities

e Neutrino speed # tineutrino Speed?
= » Speed depends on direction?
* « Possibility of diurnal variation as Earth rotates

& . |f no diurnal variation, V aligned with Earth’s
rotation axis

~* Inthiscase:
— Neutrino going North (M NOS) subluminal

O
e
‘-:l-. 'ﬂ o .-II- ; o T o _‘- _r'_:'::._=

Alexandle JE &Mavromatos arX1V 1109 6296 .-:_1 ; u- B

-




Cerenkov Radiation by Neutrinos

w+1  Possibleif speed > light
Uy + Ve + Ve
_ninant process Bremsstrahlung of ete

2
Energy lossrate; % — —1-SF g5 - k — 25/448

v, +et +e
LY

dr 19273
Difference between |n|t|aI/f|naI energies, terminal

energy E: 55— 575 = f’ﬁ:ﬂ?ElgEWSL E;°

Sensitiveto 0 = 2 o'v and its E dependence

Does not apply to models with distorted metrics
. Applled to IceCube datasuggests b < 1.7x 1071

Cohen & Glashow arX1V 1109 6562 e

-




2D SN simulations suggest
‘ringing’ on millisec scale
If seen can be used to bound

N hemuspheric avg —

time [ms]

Lorentz VlOIatlon 0 50 100 150 200 250 300 350 400

Analyze emissonsusing| -: E/m""“.""“"f'“’*"f.“’*‘ﬁ*"“f"‘.‘*"““““ wﬁ,wv,ﬂuwhww
Wavelets T

Smear with SV(E) "’ Sefveate s
Potential for strong

bound on J'V(E)

JE, Janka, Mavromatos, Sakharov & Sarkisyan: arXiv: 1109.6562 ™ :

- wa




. » Short time-scale power disappears for time delay
T >0.04 (dMeV) Ao o st sove 9 v o e 2o

2 l'II]:—

—

i ¢ Possible constraints T
J'-I‘VfuLvl > 2.68 [261] 4 1013 GeV 5;

in linear case h:

5F

M,iya > 0.97[0.96] x 10° GeV

IN quadratic case
{ » For subluminal (superluminal) propagation
| » Detectable in |ceCube?

JE, Janka, Mavromatos, Sakharov & Sarkisyan: arXiv: 1109.6562 ™ :

- o




Constraints from ICARUS

- Novisibledistortionof | = No excess of e*e pairs
neutrino energy spectrum ;?.';_ s

1.0x106
<E,.>=28.2 GeV

5
<E. >=26.0+2.0 GeV 1.0x10

Data’

25

no
o

—
(4]
|1I'II]IIII|11II|]III|[

1.0x10%

1000.0

100.0

Eveﬁts /5 GeV
=

number of (L)‘-he.renkov-llke palrs

| -
120 140

Cohen & Glashow: aerv 1109 6562

o BT el el T .

ICARUS Collaboratlon aerv 1110 3763 F‘
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Gravitational Cerenkov Radiation

ble if speed > gravity waves, assumed = c

|« Gravitational Cerenkov radiation: with OPERA

oV~ 2.5 X 10°, maximum propagation time:

| 2 % 108
o Years
MEaxr [EH{GE“’L‘F]]E o

|« Excludes GZK neutrinos (E, ~ 10 GeV, t ~ 108
y) by many orders of magnitude

|+ IceCube sees no neutrinoswith E. > 2 X 108
GeV: would havet . <10%s

Alexandre, JE & Mavromatos: arXiv: 1109.6296 .= - .2

- e



The Story so far

. » No technical error found
 No theoretical error found

=« Difficult to reconcile with other constraints
(SN1987a, Cohen-Glashow radiation, ...)

| » OPERA carrying out test with separated bunches :
|+ Other experiments are preparing to check
= « Thisishow science should be done

| (technica scrutiny, verification, tests, theory)



......

seriously what they fl"?-__ Jers énd human imperfection.
We insist on mde and to the extent possible,

quantitative venflcaf-l tenets of belief. We are

constantly prodding, challenging, seeking contradictions or
small persistent residual errors, proposing alternative
explanations, encouraging heresy.” — Carl Sagan, cosmologist
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