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¥ Why VHE neutrinos ?

Because :

 they are very light —» they are very relativistic

 they are very weakly interacting—» they travel very long distances
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¥ Physical background
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Shield detector and look through the Earth
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W Practically

Cherenkov
Detector:

Cone 1 Lines of PMTs
' ~ns timing

l Muon track
direction

Water/Ice

~40°
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¥ Other channels

* "shower” events
'
cascade
spirlericai-&:n;i';r{l;m’ fr;nt
A}
>T + energy reconstruction
Contained events (~10m)- _ effective volume

+ identification Diffuse flux (and...)

topology - angular resolution
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v-telescopes today

Antares/KM3NeT
0.01km3growing (1 - 6)

I

Batkal GVD »

0.005 km3 growing (~1) :
T O lceCube

1km3
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IceCube Lab
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IceTop

81 Stations, each with
2 IceTop Cherenkov detector tanks
2 optical sensors per tank

324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors
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December, 2010: Project completed, 86 strings
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# ANTARES =

*12 lines

25 étages / line

0 km fro
— coast
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» Complementary coverage (u channel)

gal. center / extragal. sources et e

overlap:
f_l.-' A ¢ ; : : ) i . -. y

0.5 1t srinstantaneous [y gt ------.H*...'_}moﬂ

\ H ‘'m -
' \ .

1.5 1 sr integrated \ § " /

»\Water v.s. Ice

absorption / diffusion i

pointing / calorimetry
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A shower In water
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Size of some astrophysical objects :

RXJ1713 (SNR):1° Point sources search:
Sun, Moon : 0.5° Signal/Noise : 1/AQ?
Cen A (AGN) : 0.3°

Muons:

v, CC, A>-6 KM3NeT preliminary Water Ice
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Size of some astrophysical objects :

RXJ1713 (SNR):1°
Sun, Moon : 0.5°
Cen A (AGN) : 0.3°

Muons:

v, CC, A>-6 KM3NeT preliminary
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“'-Shower reconstruction in water
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s Shower reconstruction in water ™

Nselected Hits
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¥ The neutrino sky today

6 years of H.E.S.E. data

Galactic

— T
0.0 IS =2ln{L/1Ls) 12.6

+ tracks
X showers
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WA diffuse flux

Atmospheric Fluxes (re&u:ed by self-veto in anallysis) stro sicla uxes 55 T T T T T
- o sons | (on tap of atmospheric) | * HESE 1-Component Best i
T 6 3 5 e ¢ HESE Differential ] 5.0¢ /\ v, BestFit (prior for Hard) 7
:05' 10 oo o """""""""""""""" """" v, Best Fit ’ v 2-Component - Hard (constrained by v, prior)
o : ' B HESE 1-Component (E2°) | 4.5¢ O 2-Component - Soft 7
Ng 07l I ~ leeCube Preliminary | 4.0¢ IceCube Preliminary . ]
E‘ | : : ] 3.5 |
: §3.0 &, ‘
HH 3 = &°
o 2.5 Sk -
: @)
Neutrino Energy [GeV] :
1 0 A ettt i
V4
So far : 0.5 ]
purely diffuse 0.0 . . . .
no extended emission 2.0 2.5 3-3 3.5 4.0 4.5
no inhomogeneities IceCube: astre
no point sources arXiv:1710.01207
no n hvsi arXiv:1710.01197 Antares : KM3NeT :
O NEW physICS arXiv:1710.01194 arXiv:1711.01251 well... google it
arXiv:1710.01191 arXiv:1711.01486
(no fun?)...yet ! arXiv:1710.01179 arXiv:1711.01496

B.Baret 30/11/2017 - LPNHE Paris, France


https://arxiv.org/abs/1710.01179

Wy GRBs and neutrinos as L.1.V. probes

T. Jacobson et al. Ann. Phys. 321, 150 (2006),
* Theories of Quantum Gravity (deformed relativity, LQG, non-
communtative geometry, some string theories...
-> Lorentz Invariance Violation at the Planck scale

« Some QG can be effectively parametrized at “low energy” . amelino-camelia, et al., Nature 393, 763
(1998).
D. Colladay et al. Phys. Rev. D 55, 6760 (1997),

V. A. Kosteleck’y et al. Phys. Rev. D 80, 015020

: : : ) (2009)
Propagation dispersion relation :

E? — p*c* = +E*. (E/MLW\”M
v=0FE/0p

sizeable effect : n=1

(1+2")d
Aty = (1) - E/Muy - D(2)/c Duv(z) = - |, \/lejz) 3Z+QA

U. Jacob and T. Piran, JCAP 0801 (2008)
G. Amelino-Camelia et al., Astrophys. J. 806(2), 269 (2015)
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Search for:
e neutrinos shifted w.r.t. the prompt emission out of the T90 time window
« Correlation between time shift and energy

ANTARE

75

coincidences

Galactic

|
0 TS=2log(L/LO) 13.1

T90 prompt EXxt. Time window

time | | | >
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'.N. lceCube: a hint ? ( « naive analysis » ) =&+

Amelino-Camelia et al (2015):
track channel data -> 2010 : 2 low significance events 2-3x1073 s before 2 GRBS

Amelino-Camelia et al (2016) arxiv:1605.00496v1:
cascade channel data 2010-> 2014

3x10° o
D(1)
D(z)

At" = AL

At* = ?]ED(H iéED(l} 2

A [S]
)

 Directional coincidence: L
Within 20 of instrument resolution 5x101. o

» Time coincidence: <6 days @ W0 B 20 30 400

E [TeV]
« Energy: 60-500TeV \

« Unknown z -> default values Avoid multiple coincidences
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'.\ GRB extended time stacking search with ANTARES =&+

Stacked variables : Test Statistic -

Tobs = I, — Igre Generic time delay W = —101og,, p(D|H, )

T, = Tops/(1 +2) Fixed delay at the source w9

S L1V efffects = —10|logon! + )" milogyg pi — logg my!
Besi® D Z) | k=1

 Maximum time delay 42 days:

set by maximum expected L.1.V. shift (other effects shorter OR
arbitrarily long)

Directional coincidence:

Seut = 1.58 - max(oy,, min(Aey, A" ) 30— # coinc. A, ) < 10 # coinc.(, )

cITr

maximise Sig/Bgd v resolution  GRB error box

Compute z dependent quantities for measured z only.
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’.\ GRB extended time stacking search with ANTARES =&+

Eur.Phys.J. C77 (2017) no.1, 20

Results:
v telescope data qul Nevents m[(g) ‘5m:x Toa | NoRB NGRB,: Reoine ~ Meoine; Meas. P-value
(d) () () () (uncorrelated) 0.
ANTARES (07-12) | 2154 5516 038 [051-159 40| 563 150 39 07 O O 1.2% 51.4%
1C40 (08-09) 08 1876 070 1095-299 40| 60 12| %0 40 42 8 13.5% 5.1%
Sensitivity (Antares): 20— B I o
B 4 =41f. w, = 35 Wiy =880
Signal delayed of 5 days at the source . . i
| 2.5
jm 1.0 2.0
§ ° .09 X 13
E 18 ' 0.5 0.5 1.0
'E'g 16 ol 0.5
é " —0:6 0'940-30-20-10 0 10 20 30 40 0_940_30_20_10 0 10 20 30 40 D'-Ol.S CI:IJ 1.5
12 | Tid| (1 42)[d] T B Dpl2)) [aa.] le-4
Test Statistic | Sensitivity at 90% CL  Sensitivity at 99% CL ~ MDP 3o MDP 5o
fan f| fa £ fa £ fa [z
r | 0.8% 3% | 1.5% 55% | 24% 9% | 45%  17%
oor ooz 003 oo 005 005 007 oo 009 v ‘ 0.6% 2.2% ‘ 13% X% ‘ 13% % ‘ 24% %
S v | 03% 11% | 0.8% 3% | 0.6% 23% | 12%  4.5%
v | 03% L1% | 0.8% 3% | 15% 55% | 3% 125%
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¥y Oscillation from atm.

P(v v, ) with Travel Through the Earth - 10 GeV, 179

2‘" e Include matter effects (MSW)
2 121 | — imvarted Hiwwarchy
i - _ _  Am?*L
R 9§, Plv, — vj] = sin® 20sin* |1.27
3 .8 E
) s E/LxE/cos(6)
. e 1GeV<E<100GeV

Length (km)

Single line events
Multl line events S.Adrian-Martinez et al. Phys. Lett. B 714 (2012) 22.

n 20[ D e I il
5 18F s L
2 18 MC truth = _F
S 16 > E
5 F Y
14— -1 -
R S . — =
Z 12| =
10F- [ _sLThEIes s
8 .
= - 3
6 [y L
afF- No oscill 2
28 PRl 0 Oscill E

= el s el o el sl eawlaaa bl esalaeplagsy L 01 02 03 04 05 06 07 o008 08 1!
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E. /cos® (GeV)
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Wy L.1.V oscillation patterns

Am?2L

E* =p* +m* +np* [ — —p Py, — ] = sin? 20 sin? | 1.27 — 4+ 1.27 x 109(“+1)A?}E”L
L, E
No L.I.V.
~ 008 o~ 1.0
A A
=
El = 08
> s
E_‘ 0.06 1 o
0.6
0.04 |
0.4
RE2 0.2
DDD ' . ; UD 1 T T T T
100 101 102 109 10¢ 0 100 200 300 400 500
L / km E/GeV

Morgan et al, Astropart.Phys. 29 (2008) 345-354
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'.‘q L.I.V oscillation patterns

_. )
l E\“ o __Am~L ; |
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'.'N L.1.V oscillation patterns

7\ Am?2L _
E% = p? + m?* + np? (EE) —p  Plv, — 1] = sin® 20 sin® [1.27 o 127 % 10° D A E" L
r
n=2
210 10 |
: m 2 1 1T
2 08 - 208
(o (ol
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'.‘q L.I.V oscillation patterns

‘ E\“ C 2an S Am=L , .
E* =p* +m* +np* [ — —pp P, — 1] = sin®20sin? [1.27——=— + 1.27 x 10°+D ApE"L
E, E
n=3
210 > 1.0
A ? ]
Ii l:{
Z 08 Z 08
(N o
06 - 06
04 04
0.2 02
0.0 : , . 0.0 . ! .
100 101 108 10 10¢ 0 100 200 300 400 500
L /km E/GeV
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'..‘ Sensitivity estimate with ANTARES

Morgan et al, Astropart.Phys. 29 (2008) 345-354

Sensitivity for

_ n| Ang(ev"™)
3 yrs v data taking (MC) 11 29107
m .
100 GeV <E <1 TeV 2| 2910%
3] 6.910%
,, 2000 1.4
g no LV effects - }\ T n=1
-2 R | N P— An = 1022 211
o 1500 4 ——— An=107% 104 L .. - H . '| i £
= 26 :
——— ﬂﬂ: 10 O
0.8 - f ﬁ E5
1000 4 ¥
A | j:J‘ : ;
n=1 u,a-% | :;U-\\U ii‘!
tieflef 26 1 J \\ 4
500 4 ]
0.2 4 HL I[ |
!
0 4 ’ 0.0 ; ' .
104 108 100 102 100 10¢ 108
E/fcos S (GeV) E /cos & (GeV)
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'.n. L atest Ice3 search

More general theoritical framework : Ice3 coll., arXiv:1709.03434
'TT12
e 0.5 . B2 0 B2 S0k T de)...
2F

A. Kostelecky et al. , Phys. Rev.D85 (2012)
096005.
arXiv:1112.6395,

Focuses on CPT even coefficients (¢®” ) and (v, — v, ) oscillations

% 2ol B0)
o) L HT .
=\ ,6* o6 | - eigenvalues A of H
Cur  —Cup
1 2
Moda = 5 [(Ar+ Ag) £ V(AL — A3)2 + 443
A = %(m% cos? 0 + m3 sin? ) —|—Ed_3(&£fﬁ —8&2)
Ay = % cos 0 sin #(m32 — m2) + Ed_?’(&gf? — EEL‘Q)
Ay = S (mdein? 0 4 m3cos?0) — BTG — ED)
7. Y SR
Plv, - v,) = sin L
|24 e[ A A 2 2
(A2 — A1)
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Stat*20
2D lilkkelyhood

Emax*10

10* . r
Su:ﬂ of predictions
E““ astrophysical m—
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@ 10 g =
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L 1
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10° } i
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Likelihood minimisation
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-‘ Constrains

LoD ; 1.00 ; ‘ : 1.00 .
Allowed Allowed 5
075 -------- iR------- boemeee R B R 0.75 P
050 - -1 IR R B & -~ .00 - - e SRR - 0.50 1
025 1 T | L ab 025 4 —~ 027
< s )
= 0004 ST T S— > 0007
2 = =
© < © 0254
—0,25 1-—------ . A 0,25 e - :
— (.50 - \ S N S
050 ===~ . oo foomnes R T R R e e S ’
0.75 1 S T T
—0,75 -~ - - R | i e- —0.75 T-----m- - e
i i \ —1.0 RARLL Tt T
L.00 T . i . T T ! 1.00 - — 1072 1073 107 107  107® 107 107%
(T T4 e 10 e 11 11 e 11 w1 w1 10m> 1077 1072 10~ 10~ 4
p3 (GeV) P4 p5 (GeV™)
" TAllowed Allowed
0.75 f-mmm b b o
0.50 -~
o 0254
=]
N
7 000
)
S 025
—0.50 4-——---
—0.75 -——--- .
: | : . : :
10 a7 10726 10 10-% 10-* 10-® 103 1072 1p 29 10—4 10—9@

ps (GeV™)

pe (GeV™?)

B.Baret 30/11/2017 - LPNHE Paris, France




dim. method type sector limits ref.
3 CMB polarization astrophysical photon ~ 10743 GeV 6]
He-Xe comagnetometer tabletop  neutron ~ 10734 GeV [10]
torsion pendulum tabletop  electron ~ 10731 GeV [12]
muon g-2 accelerator ~ muon ~ 10724 GeV [13]
. _— , . 0(3)y, < 2.9x 10724 GeV (99% C.L.) o

neutrino oscillation atmospheric neutrino |Re( )| [Im (a7 )| < 2.0 x 10~24 GeV (90% C.L.) this work
4 GRB vacuum birefringence astrophysical photon ~ 10738 7]
Laser interferometer LIGO photon ~ 10722 8]
Sapphire cavity oscillator tabletop ~ photon ~ 10718 [5]
Ne-Rb-K comagnetometer tabletop  neutron ~ 10729 [11]
trapped Ca™ ion tabletop  electron ~ 10—19 [14]
. R . . (2@ o(4)y, < 3.9x 10728 (99% C.L.) .

neutrino oscillation atmospheric neutrino |Re (¢ur )|, [Im (¢, )| < 2.7 % 1028 (90% C.L.) this work
5 GRB vacuum birefringence astrophysical photon ~ 10734 GeV—1 [7]
ultra-high-energy cosmic ray  astrophysical proton ~ 10722 to 10718 GeV ! 9]
. _— : . o(5)y <2.3x10732 GeV~! (99% C.L.) .

neutrino oscillation atmospheric neutrino |Re(am)| IIm (@, )| < 1.5 x 10-32 GeV—1 (90% C.L.) this work
6 GRB vacuum birefringene astrophysical photon ~ 10731 GeV—2 (7]
ultra-high-energy cosmic ray  astrophysical proton ~ 10742 to 1073 GeV 2 9]
gravitational Cherenkov radiation astrophysical gravity ~ 10731 GeV—2 [15]
. R : . o(6) o(6)y; < 1.5x 10736 GeV—2 (99% C.L.) ...

neutrino oscillation atmospheric neutrino [Re (c,7)|, |[Im (¢.7 )| < 9.1 x 10-37 GeV=2 (90% C.L) this work
7 GRB vacuum birefringence astrophysical photon ~ 10728 GeV—3 [7]
. R : . o(7)y < 83x 10741 GeV—3 (99% C.L.) .

neutrino oscillation atmospheric neutrino |Re(am)| [Im (.7 )| < 3.6 x 1041 GeV—3 (90% C.L.) this work
8 gravitational Cherenkov radiation astrophysical gravity ~107%¢ GeV—1 [15]

—45 T—4 (g% (!
neutrino oscillation atmospheric neutrino |Re (Cm)| |Tm (0(8})| <5.2x 107 1 GeV™ (9% C.L.) this work

Cur

< 1.4 x 1074 GeV~ (90% C.L.)
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Wy Summary and perspectives

* VHE neutrinos very good LIV probes

* Time of flight : need a GRB neutrino
- time stacking

» Osclillations : quite competitive and versatile

« KM3NeT growing
— complement and surpass Ice3
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