Neutrinos: active, sterile or
tachionic ?
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M.Laveder (Univ. of Padua & INFN-PD) Turin — 6/12/2011



Il cannocchiale di Galileo sembra infrangere

le incorruttibili sfere e rimuovere l’orizzonte
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Neutrinos: active
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La soluzione Tolemaica

Il moto del pianeta
lungo i piccoli cerchi
(epicicli) spiegalil
moto retrogrado



The Standard Model

Gravity




Matrice di mixing dei neutrini

Neutrinos 5 ? Quarks 1 0.2 oo

0.8 0.5 -
Umnsp ~ 04 06 07 Vekm ~1 0.2 ]. 0.04
0.4 0.6 0.7 v 004 1

La matrice di mixing dei neutrini Uuynsp € molto diversa dalla matrice di mixing dei
quark Uckm

1 0 0 c13 0 spze? c2 s 0
Umsp=| 0 3 s 0 1 0 —sp c2 0 |,
0 —s3 3 —si3¢® 0 i3 0 0 1

Neutrini Atmosferici Unknown Neutrini Solari

013 -0 = La matrice 3x3 di mixing diventa il prodotto di due matrici 2x2.
La conoscenza di 613 prelude ad ogni futura ricerca di violazione di CP leptonica.

Mauro Mezzetto (INFN Padova) Ricerca Sperimentale di 613 “Neutrini e Cosmologia”, 17/5/11 3/84
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ND280 off-axis detector overview EZ=L3\

Two main target regions:
- Pi-0 Detector (POD): optimised for (NC) n° events

- Tracker: optimised for charged particle final states
Both regions have passive water planes

. UA1 magnet (0.2T) Inner volume 3.5x3.6x7m?3

Scintillator planes with radiator , _ )
Measure EM showers from inner detector . gt
(y for NC =, bremstrahlung in v, measurement)
Sand muon rejection

(neutrino rate, side muon veto, cosmic trigger)
Momentum measurement

Scintillators planes
: interleaved with water
\‘ ¢ and lead/brass layers

2 FGDs (Fine Grained Detectors) 3 TPCs (Time Projection Chambers): Optimised for y detection

Thin, wide scintillator planes Momentum measurement of charged \
Provides active target mass particles from FGD and POD

. POD mass:

<
Optimised for p recoil detection PID via dE/dx measurement ‘ 16.1 tons w/ water
e A : "% 13.3 tons w/o water
FGD1: Scintillator planes ~ 1 ton, . £7/5 \ .

FGD2: Scinti. & Hz0 planes ~ 0.5 & 0.5 ton M A e

Wednesday, March 16, 2011




ND280 off-axis event gallery

DIS candidate

A.Rubbia X1V International Workshop on Neutrino Telescopes (201 1)

Wednesday, March 16, 2011



Far detector (Super-K)

Stable operation since April 1996

® \Water Cherenkov detector w/ fiducial
volume 22.5kton

Dead-time less DAQ system (2008~)

Detector performance is well-matched
at sub GeV

- Excellent performance for single particle event

- Good e-like(shower ring) / p-like separation

3 (next page)
lkeno-yama  1km
Kamloka-chchi-" (2 2700mwe
~Japan - ~ |

=——3  mofumi  SK Aotst
39 3m SK' Ato
~11000 x 20inch PMTs (inner detector, ID)



Reconstructed v energy cut (Erec < 1250 MeV) : Final cut
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1
June 2011 breakthrough: new T2K and MINOS appearance results!

- "Evidence of 6,30 from global neutrino data analysis”
[Fogli, EL, Marrone, Palazzo, Rotunno, arXiv:1106.6028]

T T T I T T T I T T T T I T T T I T
[ Old reactor fluxes | New reactor fluxes

0.00 0.02 0.04 0.06 0.00 0.02 0.04 0.06
sin® 0, sin® 0,4

Global evidence for 6,,> 0

.................. oblewdence 020 . Statist. significance >3c
}—o—| ATM + LBL + CHOOZ Sin2613=

AP A 0.021+0.007 (old fluxes)

......... 0.025+0.007 (new fluxes)

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
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O | 3 Preliminary Results

First neutrino oscillation data
release of DC at LowNul |

@ Seoul (Korea)

Far detector data only

No-Oscillation:
reactor flux prediction

Rate + Shape Analysis:

sin%(20,3) = 0.085+0.029(stat)+0.042(syst)

Rate Only:

sin%(20,3) = 0.093+0.029(stat)+0.073(syst)

Wednesday, 9 November 2011
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Global 9\3 Hunt

DC result
12K results

Major impact in 013
<nowledge today by

Combined effect: sin%(203)

>0 @ 30

Wednesday, 9 November 2011

s consistent with

BE

O/ T
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Words of caution, from someone we all miss:

"Half of all 30 results are wrong.”

J.N. Bahcall

No doubt: we need further experimental tests of 6,5>0
and, in particular, at least a single result at >3c level !

But, it would be very surprising if the current evidence
were just due to a conspiracy of fluctuations in rather
different categories of neutrino oscillation experiments.

In planning future v beams/detectors, useful to
consider the likely possibility that sin?6,;~0.02

14



Vertex distribution of v. candidate events

2000 rpeam direction 2000
1000 | 1000 |
£ | £ | * ;
L S °, !
> | N |
O 0 |
E 7 ED ’ |
g > :
-1000 | -1000 | |
° ¢ i
2000 2000 e
2000 -1000 O 1000 2000 0 1000 2000 3000
Vertex X (cm) Vertex R™ (cm®) x 10
These events are clustered at large R =P Event outside FV

— Perform several checks. for example
* Check distribution of events outside FV — no indication of BG contamination
* Check distribution of OD events — no indication of BG contamination
* K.S. test on the R2 distribution yields a p-value of 0.03
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Status of 3v oscillation parameters, circa 2011 3

Results of recent global data analysis in terms of No = JAy?
(the more linear and symmetric, the more gaussian errors)

IV s o

0.35 0.00 0.02 0.04 03 04 05 06 0.7 2.0

|

|
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70 75 80 0.25 0.30

SmE/10°° eV? sin” 0, , sin 6. , sin’ 6, AmE/10° eV?
\ /. ] }
Y Y Y
“small” dm? mixing angles 0,,, 0,3, 0,3 “large” Am?

6.L.Fogli, E.L., A.Marrone, A.Rotunno (Univ. & INFN, Bari), A. Palazzo (TUM, Munich)
"Evidence of 0;3>0 from global neutrino data analysis”, arXiv:1106.6028v2




Vacuum frequency ém2/2E (unknown sign) interferes with
v, interaction energy /2G:N, (known sign) in solar matter: MSW

-~ Get (v, v,) hierarchy: state with largest v, component
is the lightest of the two - conventionally, v,

Main features of matter effects: established

Survival Probability for v,, Pee
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Borexino: transifion]

with Iow E upturn
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Blue: Stat. uncertainty
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Spectral details: need higher stat, lower E

!

SK:
~flat

SNO: Y
~downturn

Here at TAUP 2011: Final SNO data analysis and first Borexino pep flux datal



Development of the SSM after 2004

impact on neutrino fluxes

Model pp pep Be 8B 3N 150 7F Y surf Re/
x1010 | x108 | x10° | x108 | x108 | x108 | x106 Rsun

BS04 594 | 140 | 488 | 587 | 562 | 490 | 6.01 | 0.0169 | 0.7148
BS04('“N) 3.1
BS05 599 | 142 | 484 | 569 | 3.07 584 | 0.0170 | 0.7138
(OP,GS98)
BS05(OP,
AGS05)
BPSH2011 598 | 144 | 500 | 558 | 296 | 223 | 552 | 0.0170 | 0.7124
GS98 [6.03] | [1.47] | [4.56] | [4.59] | [2.17] | [1.56] | [3.40] | [0.0134] | [0.7231]
[AGSS09]

1. BS04('N) accounts for new S, 4, for *N(p,y)O [A. Formicola et al 2004]
. BS05(0OP,GS98) accounts for new opacities
3. BS05(OP,AGS05) accounts for new calculations of surface abundances:
Z/X ~0.023 >~ 0.018




olar Standard Model metallicity problem

« Borexino and SNO solar neutrino measurement of
Be and 8B

SNO + Borexino

0.8¢

1,3 o contours 1,2,3 o contours
D oo o : 0'76l7 08 09 1.0 1.1 12

Rcz /B




CNO to probe metallicity problem

LOW Z SSM 3.76 = 0.60




P —

CNO interaction rate

Ay’ Profile for CNO v Rate
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High Z

== 68% C.L.
95% C.L.
99% C.L.

6 8 10 12
CNO v rate / counts/(dayx100ton)

Assuming MSW-LMA

25

Upper limit
(95% C.L.)
<7.7 counts/day/100ton

pep fixed at SSM predicted
value:
2.8 counts/day/100ton



Solar neutrinos survival probability:
after Borexino including pep v,’s

0.9
— ® "Be - Borexino
0.8F pep - Borexino
— = gll solar
0.7E ® B - SNO + SK
R °B - SNO LETA + BX
e — ® MSW Prediction
= 0.6F |
2 o0sfF }
S 04F
2 = -
> ~ x
g 0.3
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Phys. Lett. B 691 (2010) 138

Event: 9234119599, 22 Aug 2009, 19:27 (UTC), XZ projection
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EPILOGUE

Three (v) gondolas are safe in the harbor...

..but {that's not what they are made for.

New.\gondolas might join, and all lead us
I Towar'ds A{lew (physucs) horizons

|E On ] aﬁ“n*’?h"” 0

Jl_n-

Thank you for your _qﬁen’r}.on




Neutrinos: sterile
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A long standing set of anomalies

.LSND
O
[0] MiniBooNE-v
e \ 4
° ILL - -
S . SageAr MiniBooNE-v
i 4
Bugey4
2
. GallexCr2
.Rovno ‘
.SRP KrasnoyGarsk Krasngyarsk3
oesgen uge!
1 . . .Rovno . Buge¥3
Bugey3
Goesgen ‘SageCr
Krasnoyarsk
. .Goesgen . Beam Dump
0 GallexCr1
‘ . Accelerator
.SRP ‘ Calibration source
[l Reactors
4 I Anti-Neutrino
4 Neutrino
-2 . Karmen
1980 1985 1990 1995 2000 2005 v 2010
ear

Mauro Mezzetto (INFN Padova) Beyond3nu Summary Beyond3nu,



Summarizing

Sources
Reactors

06 07 08 09 1 11 12 13 14
Vieasured / Vexpected

o8 o7 o8 o9 1 @ 18 3
HHlHH‘HHIHHl |‘Ivlv[l\l\l\l\l‘lvu‘l\l ‘L“_J
hel
g
ROVNOB8_3S —lH— 0.938 1008 0068 3
ROVNO88_2S [ Ll 0.959 10008 w0078 g
EH?‘\(NOBB 1S == N 0.972 "0 0076 E
— 0.048 0009 0085 a
. g
—r 0917 £
] 1.019 w0010 oo =
3 0.953 *0008 o0 0.7 1
3 0.954 Gallex Cr2 SAGE Ar
T ccelerators
L o e
] D 0020
NH [ T
Bugeyd A > 0015 4 MB v mode
fiL P =
oo 1 0.010
H =
I o L. s
H osas 0.005
NPT | AT ooonl l,:-i:{;;{'*" | }

- 5
0.0 02 04 06 08 10 12 14 16

Mauro Mezzetto (INFN Padova) Beyond3nu Summal



V. Disappearance in Gallium radioactive source experiments

1119 GallexCr1 SAGE Cr -

1.0 -

0.9 -

08 N [} B

p(measured)/ p(predicted)

0.7 1 Gallex Cr2 SAGE Ar

R = wheighted average value of the ratio of measured and predicted 1Ge production
rates (p) :

__ p(measured) __
R = p(predicted) — 0.87 £ 0.05
arXiv:0901.2200[nucl-ex]

Ga radioactive source exp. results may be interpreted as an indication of
the disappearance of 1/, due to active-sterile oscillations!

hep-ph/0610352 Carlo Giunti & ML



am? [eV?]

F Re +°H
[l —— e8.27% C.L. (l0)
f| — 95.45% CL. (20)
| — 99.73% C.L. (30)

Gallium
| — 68.27% C.L. (10)
l| — 95.45% C.L. (20)
—— 99.73% C.L. (30)
107 : FR—— 10 L L
2 10 107 107 107"
sin®29

10
sin?29
[Giunti, Laveder, arXiv:1006.3244] [Giunti, Laveder, PRD 82 (2010) 053005, arXiv:1005.4599]

Amdg > 1eV?

Parameter Goodness of Fit = 0.2%

is OK, but  sin®2¥9, > sin’29;

CPT VI0|atI0n7 [Giunti, Laveder, PRD 82 (2010) 113009, arXiv:1008.4750]

C. Giunti — Sterile Neutrino Fits — 17 Mar 2011 — 22/27




Borexino test exp

> Bore)(ino: [lanni, Maontanino, Scioscia, EPJC 8 (1999) 609, arXivhep-ex/9901012]
‘g 10 E 51 Igol L | ) I | 1 i L] l | I |
o (9 MCl Cr/""Sr sources in Borexlno
L i
< o4 GALLE)H-SAGE an
10 ¥ cnnoz+g.igey: _: aly
= MiniBooNE v, S .
- o’ il i
- MlniBooﬁ'H:u . ‘."-:'3*
o ..MiniBooNE v,
107 n,ﬁ e ¥ =
V, T
10 E 3
- —, 7
- I I 0% C.L. 7
10!3 | 1 1 1 1 111 1 | 1 L 1111 1 1 1 111
10° 107 10" 1

sin?20

[A. lanni, Private Communication]

C. Giunti — Sterile Neutrino Fits — 17 Mar 2011 — 44/27 |
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lp INDIANA UNIVERSITY XIV International Workshop on Neutrino Telescopes - L. Corwin &7 Mar 15, 2011

c\’; G:L MINOS vL 00% I;ln\|/nI|\|Iolsle l9(l)°I/ol: O Interesting Tension

p— Vv % == % .
O?GJ o o g";':tov? ;*i‘tGS & . '\B/';':g f’ ;;}68 & : (2.30 difference)

9 - 171X 10° POT  7.24x10°POT{ o Plan to have at least
=t /7 . double current data
\g o/ I set by this Summer.
- * Data taking

S 0 Nt interrupted by
~_ [ MINGS Preliminary target failure on
52—_ Feb. 26

TN ST ST ST N NN N R R N R

05 06 0.7 0.8 0.9 1  °Plantohavenew
sin°(20) and sin’(26) target in April
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MINOS neutrino/antineutrino anomaly...

LAN L [N L O L Y L O B B L B B B
| 90% C.L.

| —MINOS¥V, 2011  « ¥, Best Fit 2011
= 5[ —MINOSV, 2010 e v, BestFit 2010
© Y[ —MINOSv, # v, Best Fit
(ep] u
o [
: =
SV 4 [
(S
<4 B
- |
o 3
< |
g L
) | MINOS Preliminary =
L 2.95x 10* POT,v,-mode
[ | P I R N

T R N N R W ! P R R N N S R N
0.5 0.6 0.7 0.8 0.9 1
sin?(26) or sin*(26)

..does not show up in 2011 datad!

_
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The Reactor Antineutrino
Anomaly and implications

71 Y T __,J T
ge = _-:'-_C-E=cl =: ‘§ ~
i - =3 L B
— S - 3 - - ci> —
55722 §:2 % 5% 3z : ¢
== gggg o 3 o z 8 ¥ |2 = O
1 ;I; _}? | |

i
I

Bugoy-3-1
|
|
I
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1
|
{
nov~oaa-2&|—
|
[ }I:
L
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[
f
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!

L
ROVNODD =15
ROVNOBB-38
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sk = n

b | i | | | | L i b | i | 1 L ) L | i
a' o a’
Distance 1o Reactor (m)

Th. Lasserre (CEA-Saclay, Irfu SPP & APC)

CEADSM Irfu



. The 4t neutrino hypothesis

= Combine all rate measurements, no spectral-shape information
= Fit to anti-v, disappearance hypothesis

1 dof A2 profile

10 T T T TTTT T T T TTTT T T T TTT
— ]l - ——1 [—90.00%
"% 5 TN / - |——95.00 %
- — . - 99.00 %
2: L] | |\u|/ R _
108— T |2||||||| T ||l|||||—| IIIIIIE """ '||||| llllllll J
6F 2 dof Ayx” contours - 3
10, = E
; 45 E 58:
A I 1z
=10, = g ekl
== + 12
g 2: ::<~\ :m
10_35_ 5== E
10—2_3 é :|34|15|£|3;8|||_2 é 3z|15|é;8| > 5 34|15|678 |0||||||||é|||||||-|10
10 10 10 10 )

= Absence of oscillations disfavored at 98.6% C.L.

CEADSM Irfu T. Lasserre



gutting it all together: reactor rates + shape + Gallium + (M.B)
10

T T T TTTT] T T T T T T T TTTT
: / | [—90.00 %
N = - o
= 5 \ / i 95.00 %
a - - 4 |==99.00 %
2 | el | 1
10
B: 1 |2'l]l|l| I _E LS B IllltrE
s 2 dof A" contours =+ ]
4 = — =
2 - —r p-
10' - -+ -
BE == 3
— 5[ T i
N> 4= - B g_
—
A L = 1z
~ 100 =
— - - O
% = L -+ -l 3
oN_C ® -+ 12
4 Experiment(s) sin”(20pew ) [ [AmZE.,| (eV?)[C.L. (%) T 1a
Reactors (no ILL-S,R")| 0.02-0.23 >0.2 98.6 <
& Gallium (G) 0.06-0.4 >0.3 97.7 T N
-1 * MiniBooNE (M) — — 72.4
10 ., ILL-S ~ ~ 68.2 === =
6 R*"+ G 0.05-0.22 >1.5 99.7 F g
4 R*+M 0.035-0.20 >0.4 98.5 I N
R* 4+ ILL-S 0.02-0.20 >0.2 97.6 - B
2 ALL 0.06-0.21 >1.5 99.8 et -
-2 | | L1 | | 11 | | pleag bbb e b ey gy

10 L1l
2 i 4 587

S = T
10 107 5., 10 100 S5, 10
sin“(26__ ) A
The no-oscillation hypothesis is disfavored at 99.8% CL
> >y
CEADSM Irfu T Lasserre * Miniboone re-analysis of : C. Giunti, M. Laveder, Phys. Rev. D82 (2010) 053005 34



The neutrino run

e (A) electron-like neutrino data. "l MiniBooNE neutrino
Comparison between the data (black T A
dots) and the calculated distributions ;
due to misidentified v, events (red) L

[
>

and genuine v, events (blue)d%e\s"'nr!
is indicated in black. One notices a 1
anomaly at low energies, which is e e
incompatible with LNSD predictions. S 0

/ MeV

t

® (B) according to Giunti & Laveder T T
scaling of the events is applied witha . . B)
factor 1.26, within the permitted | B |
uncertainty of F = 1.24 +0.21 and =" |
gives an acceptable fit to the data.
The v, with and without scaling and | A A ]
disappearance are also shown. W v = |

Venice_March2011



Intermezzo sulla fisica di Majorana




atura ¢ neutrino




Nuovo Cimento 14 (1937) 171-184

TEORIA SIMMETRICA DELL’ ELETTRONE
E -DEL POSITRONE

Nota di ETTORE MAJORANA

Sunto. - Si dimostra la possibilita di pervemire a wna piend Simmetrizzo-
zione formale della teoria quamtistica dell’elettrome e del positrone fa-
cendo wuso di um muovo processo di quamtizzazione. Il significato delle
equazioni di DIRAC ne risulta alquamto modificato e mon wvi & piw luogo
a parlare di stati di emergia megativa; mé a presumere per ogni aliro
tipo di particelle, particolarmente neutre, Uesistenza di « antiparticelle »
corrispondenti ai « vuoti » di emergia negativa.

We show that it is possible to achieve complete formal symmetrization in the electron and
positron quantum theory by means of a new quantization process. The meaning of Dirac
equations is somewhat modified and it is no more necessary to speak of negative-energy

states; nor to assume, for any other type of particles, especially neutral ones, the existence
of antiparticles, corresponding to the “holes” of negative energy.

September 5, 08 A. Bettini. INFN 7
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Implications of Gallium and Reactor Anomalies

B Decay (BB)ov Decay
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[Giunti, Laveder, In Preparation]
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QUARKS NEUTRINOS

Cabibbo’sangle

COMPLEMENTARITY relation :

O1o ~ 32° BO.s ~13° B9+ 0.5 =45°
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BWMART only
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if they are roses they’ll flower...

... ABRIGHT FUTURE for Majorana v physics !!!




Two detectors at the CERN-PS neutrino beam

CERN-SPSC/99-26 ~ SEARCH FOR v, — v OSCILLATION
SPSC/P311 AT THE CERN PS

‘, = nn RS e
August 30, 1999 e i\ ﬁﬁ H__:L—f'-'-"

Two positions are foreseen for the detection of the neutrinos

The far (T600) location at 850 m from the target: L/E ~ 1 km/GeV;
The new location at a distance of 127 m from the target: L/E 0.15 km/GeV

Venice_March2011 Slide# : 15



Sensitivity to disappearance anomaly

10 = T T —F
B Combined 1
i diappearance |
] anomalies
10 -
o - I
E best fit I
2 - il
~ £ L
=
< 0
10 = Present experimental
- proposal r
22.510*°pot 7.5 10%®pot 2.5 10*°pot I
1 (270 kw) (90 kW) (30 kW)
10 _2 2 :‘3 4‘1 5 6 7 8 ‘ _ 2 3|, 4‘1 5 6 7 8
10 10 sin%(20__ ) 1
Sensitivities (90% CL) in the sin?(26,,,) vs. Am?

Venice_March2011

for an integrated intensity of (a) at

the 30 kWatt beam intensity of the previous CERN/PS experiments, (b) the newly
planned 90 kWatt neutrino beam and (c) a 270 kWatt curve. They are compared (in
red) with the "anomalies” of the reactor + Gallex and Sage experiments. A 1% overall
and 3% bin-to-bin systematic uncertainty is included (for 100 MeV bins).
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Comparing sensitivities (arXiv:0909.0355)
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10| CCFR N 10 ':"'. =
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0.1 | DOUBLE-LAr E @GRRN-RS -
F @ CERN-PS N - LSND 90% C.L. -
- ICARUS @ CNGS | ] LSND99% C.L.
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Sin2(20) sin’(26)

Expected sensitivity for the proposed experiment exposed at the CERN-PS
neutrino beam (left) for 2.5 10?0 pot and twice as much for anti-neutrino
(right) . The LSND allowed region is fully explored both for neutrinos. The

expectations from one year of at LNGS are also shown.
Venice_March2011 Slide# : 31



The detector layout at FAR/NEAR sites

Liguid Argon is the best option for v
measurements in the PS beam enerqy range
(electronic bubble chamber):

o full measurement of v interactions

o electron #° discrimination at 103 leve/

o NC rejection at 10 with 907% v,
identification efficiency

Memorandum to SPSC, 09/03/2011
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Spectrometer is essential to allow
o full Charge ID

0 systematics contro/

O clean separation nu and anti-nu

NESSIE proposal (1.6.5.)

Identical LAr-TPC + spectrometer | e
combination at near site. p—,

Cr‘yogemc plant to be moved aside
12




Our Godl

Negative focusing, measure v, or v, in 3.75x10°° pot
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1 day run enough to test the CDHS limit !

(full simulation AND reconstruction)
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Neutrinos: tachionic ?
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Summary of the principle for the TOF measurement

g
A

GPS
CERN common view LNGS
ETC ! UTC

} time shift by TOF,
i - waveforms : data
:—n—-—n—r—a—:: R W
M : Z
3 cd Z
BCT target decay tunnel OPERA
L baseline = (TOF ) 1
8t=TOF_-TOF,

Commissione II INFN

18



Results

For CNGS v, beam, <E>=17 GeV:

5t = TOF -TOF =

(1043.4 £ 7.8 (stat.)) ns — 985.6 ns = (57.8 = 7.8 (stat.) *33 . o(sys.)) ns

relative difference of neutrino velocity w.r.t. C:

(v-c)/c = 6t /(TOF, - 8t) = (2.37 == 0.32 (stat.) 7034 ,,(sys.)) X107

(730085 m used as neutrino baseline from parent mesons average decay point)
6.2 o significance

Commissione II INFN
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Short-bunch wide-spacing neutrino beam

524 ns
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4x10'® pot accumulated
Proton bunch-length 3ns
35 beam-related events

20 events selected
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LE

Events/bin ,.

im

0.5

Results with the bunched-beam

Entries 20
ey 5210
B 16.58

ns

Commissione II INFN

ot =62.1 £ 3.7 (stat.)

The systematic uncertainties are
equal or smaller than those
affecting the result with the
nominal CNGS beam

These result excludes biases
affecting the PDF based
analysis
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Imaginary mass in matter ?

F.Tamburini & ML 1109.5445

m=|:7f1E+p:-2

Coefficients (with 95% confidence bounds):
Py = 0.006727 (0.005509, 0.007945) GeV

P, = 0.006884 (0.005824, 0.007945) GeV

SN1987a
internal
propagation

OPERA  OPERA
LOW 17 GeV

MINOS 0.02

SN1987a
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Excellent data vs MC agreement !

F.Tamburini & ML 1111.4441

. Events/bin .,

60 80
Time anticipation (ns)

M=im m=p,E+p, AT=%T,M?E?
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