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I. Introduction to Lorentz Invariance Violation (LV)
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Why people like Lorentz invariance

Benjamin Quilain

* Lorentz invariance is one of our most fundamental symmetries
— underlying all our physics laws!

e What are the consequences of breaking the Lorentz invariance ?

* 1. Physics depends on the observer referential
— Measure different mixing angle 0 at different time of the year...

« 2. ¢ may depend on observer referential » Tachyons (v > ¢) are possible

« 3. Causality can be broken (consequence of #2) :

» Since v > ¢ : see Albert missing
before he shot.

e If I send information @v>c :
tell Albert he will miss before
he shots

W0
T You’ll miss the hole!

‘@Q?Photon Y, V=C




So, why bothering you with Lorentz violation ?

Benjamin Quilain

 Pragmatic viewpoint : All fundamental symmetries should be tested.
Physics/Lagrangian is Euclidean invariant ?
— ¢ invariant under boost / rotation (Michelson and Morley)
— Physics is Minkowski invariant.

* Dreamer/Theorist/My viewpoint: Predicted in some theories beyond
the Standard Model (string, quantum loop or non-commutative
geometry).

» Arises as a consequence of merging SM w/ gravity — occurs at the Planck
Mass Scale M, = 10" GeV.

* Highly supressed @GeV scale — Never observed so far.

e So, how to test its effects ?
— @low energy (E < M,, ) = Construct an effective theory.



How to build a LV theory at low energy (E < M,) ?

Benjamin Quilain

» Naively : Add LV corrections to the SM Lagrangian scaling with ~ E/ M.

* But, this explicit symmetry breaking violates causality and vacuum
stability at high energy !

o Effective theory : Standard Model Extension = SM Lagrangian + all terms

allowing a LV symmetry breaking spontaneous symmetry breaking.

Example of a LV vector field a* => Preferential direction
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Neutrino oscillations with Lorentz invariance
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» Arises due to energy difference between mass states / energy eigenstates :

N N
Py, v, (1) = [(vp(D|va) 2 = Z Z U UipUyg, U;,B o—iEi~E))t

i=1 =1 T. Katori
Ve
Vu
Ve
v v vit)) = e it ;) Ve
U e
— — I

- Phase difference due to energy (so mass) difference between v_and v, i.e.
invacuum

: : : d
the Hamiltonian eigenstates : | o vi(t)) = H|vi(t)) = E;|vi(r))
« Phase difference therefore depends on E, but also on L naturally.

e How the Hamiltonian looks like when LV is allowed ?



Hamiltonian for neutrino in SME
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« Hamiltonian eigenstates are modified —» Neutrino oscillations modified :

Neutrino-Antineutrino basis

_ 1 (mfz)ab 0

' ,upu ab _i\/2p#(6+)v[(gﬁugfpa - Hﬁu)c]ab\
ab \—(ar)!'pp — (L) pupvly,  /

/ LV term

e 3-flavour PMNS model modified — Increase/decrease oscillation.
+ Oscillation can happen even for massless neutrinos

Standard 3 flavour oscillations

« 2 types of coefficients : a, are CPT-odd and ¢, are CPT-even coefficient

—a, has dimension o E — Oscillation x E — Different than stril V.

e Oscillation depends on particle direction p*
<=> Oscillation depends on sidereal time (Earth rotation)

« v & v oscillations possible, v can go faster than light...



Neutrino oscillations with Lorentz invariance

Benjamin Quilain

» Arises due to energy difference between mass states / energy eigenstates :

N N
Py () = 1 pOVa) = Y ) UniUigUajU'ge " EED

i=1 j=1 VuVe
Vu
Vi Ve
V. Ve
Vu A -
~3 ~" vi(t)) = e Eil |y,
\\E \ i) iy T. Katori

o LV field couples differently to v_and v,

— New phase difference — modify oscillation pattern compared to PMNS

o LV coupling of v_ and v_ varies with E

— additional E dependency of oscillation pattern.

« LV couples differently wrt v direction — Osc. depends on sidereal time



II. LV search 1st method :

Sidereal modulation search using T2K
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The T2K experiment
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- V_appearance in a v beam and v disappearance — See A. Cervera’s talk

Baseline L~295 km

i’eak energy E~600 MeV

am production
= - v /v
s T -y ]'1. =
e S PARC Main Ring
IS (K EK-JAEA, Tokai)

(ICRR, Univ. Tokyo)s
Detection of

\J\J/\J\)

* But this time, we focus on the INGRID near detector - @280m.
e @280m : No standard PMNS oscillation can happen at this distance.

e If any oscillation @INGRID : Sterile neutrino, Lorentz violation effect....




Sidereal time dependent oscillations @280m
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e Oscillation probability at near detectors :

T . .
5)2‘((}“)_'_(‘1\ ),H,r' Slﬂ(W@T@)"‘(—L)“; COS(W@T@)"‘(L}\ ),u,:- Sln(QM@TEB)_'_(l}()ﬂ: COS(2W@T@) ‘2

Py#—wm — (

2T
237 56™m04.09825

T the sidereal time, and ws = the sidereal angular phase

 L? dependency (neutrino baseline).

« 5 effective parameters C, Ac, As, Bc, Bs —» (Q)y = (C);%) + E(C)Sb) With :

©9 = (!, - N(ar)%, ¢

L. ere . 1 .
©)fy = =56 = NN ew)y + 28 (coygy + 501 = 3N N¥) (o)

- 28 SME parameters a (GeV), ¢,

e E (e.g. C° and E? (e.g. C') dependency

« All parameters are direction depdendent except a™ and c'™.

«|Focus on v disappearance |(higher statistics) —» Constraint ny—t and

u—e.



Ingredient #1 : identify your signal
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e Oscillation probability at near detectors :

- —
E)z\((-}u-)ﬂ.& )0 sin(waTe)+( A0, cos(waTa)+(Be) 0 sin(2we T ) +( 5B, cos(2we T )|

Py,u—wm — (

. . - 2 .
T the sidereal time, and ws = S3FEGT 0L 00875 the sidereal angular phase
‘;i _I—I—I—I—I—I-Illlllllll (333333333333 a3adagdagaagddgadaaaagaaiaagaaagyys I—I—I—I—l—llllllll
T 1: A ?
& 0.995 f_ ...Jimelindependent oscillation \)H}\)e,\) ______
- "
L 1
0-99__ .............................................................................................................
0985:_ .................................................................................................................
0_98 ...............................................................................................................................................
0.9 T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22
Sideral time (h)

 Time-independent oscillation : alternative hypothesis to sterile to explain
short baseline disappearance (LSND, MiniBooNE...)

« Sidereal time oscillation : higher sensitivity mmmp This work



Ingredient #2 : a detector - INGRID
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14 modules in a cross shape structure + 2 shoulder modules

Front view : Side view : UV induced

Side view

R A 2 24 A

L

\

=

=+=5m

e 1 Module = 1.4 m3 sandwich of :

* 9 iron planes (interaction)

e 11 X/Y scintillator planes (detection)

« Data sample : (almost) full T2K POT from Run 1 (2010) to Run 4 (2013) :
6.6 x 10*° POT — Correspond to 6.8 x 10° events




Ingredient #3 : build pure v sample
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« Generate a pure v sample : ~—Data

Side view Side view
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 Ingredient #4 : Correct time-dependent sources (+evaluate systematics) :
e From v, beam (tidal effect, re-alignement of beam...)

 From INGRID : gain, dark noise variation with time etc.

Vahdatlon Compare day&night — should agree w/ or w/o LV effect

POT
(3]
o

|

-
(4]
IIIIIIII L
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£
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Data distribution with sidereal time

Benjamin Quilain

Associated systematics

Data after corrections

- Nient ' | Source Systematic uncertainty (%)
14.8 jta before corrections Pi]e-up 001
MPPC dark noise 0.01
MPPC gain variation 0.06
14.4f — Beam position 0.03
-+ + u Rate correction 0.05
: + A
14.2 = _I_‘|‘ ++ _l_‘|'_|_ -|—+—|—_|_+ _|_|_-|-|—‘|‘++-|-+_|_ T4 _|_—I- : Total systematic 0.08
taf 4 Statistical uncertainty : 0.2 %
13,80 gy e e e e s — Oystematic error is negligible

-
(2}
v

— Advantage of sidereal dependency

L . :

Poyosve = () [(Chua+ (As)o sin(we T ) +(Ae) o 008(we T )+ (B o 5112w T )+ (Be) e c08(2wg T
— Can be developed in 5 harmonics : S
constant, wg, 2we, 3we and 4wg s o
e 1st Step : Search for deviation to 3-flavour :

SM = « no oscillation »

— Fast Fourier transform
— Compatible with a flat signal within 30. E T el

0.5 1 1.5 2 25 3 3.5 4 45 5
Fourier mode




Likelihood fit result

e 2nd Step : extract limit on the SME coefficients :

— Full binned likelihood method to preserve correlations (crucial)

« Too many correlations to perform a fit of the 28 SME parameters : a, c

. Fit all 10 effective parameters C, Ac, AS, Bc, BS for y—»T and n—e.

x10” GeV Cue | (A)ue [ (As)pe | (Be)ue | (Bs)pe ¢

BF 4 68% C.L Limits|-0.37,3[0.3712 047, |-1.27,5/2.07 ¢
95% C.L Limits 3.0 3.2 3.8 2.6 3.1
95% C.L Sensitivity 2.8 3.5 3.5 3.7 3.5

Cur | (Ac)ur | (As)pr | (Be)ur | (Bs)pr
BF + 68% C.L Limits|-0.8775(-0.4772[-3.27¢]-047 15 | 1.17 ¢
95% C.L Limits 3.0 3.2 3.8 2.7 3.1
95% C.L Sensitivity 3.0 2.9 3.1 3.8 3.7

s BOE

40

« Constraints ~ 10* GeV — oscillations able to probe for LV at E > M, = 10"

GeV !

 World-leading correlated constraints on almost all parameters



II. LV search 2nd method :
Time-indepedendent modifications of the 3-flavour

standard oscillation with Super-Kamiokande
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LV search using atmospheric neutrino @SK
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* Super-Kamiokande is a 50kT water Cherenkov detector — G. Pronost talk.

» Large Physics Portfolio —» Focus here on atmospheric neutrinos.

Egan?(r);ande SRR ) Muon neutrino
i IR S Y G () Tau neutrino :
e s 3. 3 .. i
. ( B = - - b, . . N g - ‘s

d « Cosmic ray produces v, and
v_in a ~ 1/2 ratio.

B * Flux spread from
|l ~100 MeV to 1 TeV.

Super-K
Detector

o Oscillation search : Measure number of v, & v_asa function of L and E.

o L is determined by measuring the zenith angle 0,
— L varies from 10 km to 13000km.

nith



LV search using atmospheric neutrino @SK
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e K is determined using sample separation and energy deposited in SK :

= e L] LI III 1 I l-
Fully Contained (FC) WAverage energies 3‘102 B
BFC:~1 GeV R i
WPC:~ 10 GeV il 7
Q
aEEY ol ®UpMu: ~ 100 GeV ";':101_
NE F __ This Work
. . - —-— HKKMSo06

Partially Contained (PC) : ; [ --- Bartol
B === Fluka :
3000:_ 100 1 L LII].I][ 1 1 IJIIIII 1 | l‘

- - 107" 10° 10’
- 2000 EV (GeV)

\B_ - FC Sub-GeV 4

U] 1 [ — FC Multi-GeV ]

(] [ I FC Stop -

8 - PC Through i

Upward-going Muons (Up-p) o E i o
~ 250 o —uppsop -t Y. Hayato

< 200: Up-p Through 1

o B S . -3

= B .| Up-p Showering ]

W qs0[ 3

— > .

100[- =

s0f- =

’ 0: S, ]
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Neutrino Energy (GeV)



LV search using atmospheric neutrino @SK
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« Evaluate sidereal-time independent effect of Lorentz Violation
— Deviation to 3v model - Complementary to T2K result.

 Long-baseline oscillation hamiltonian can be re-written :

0 FTT“ TT

“eL Cer

0 0
Am? 4E
H=AHU | 0 21 0 U - —

o Y V2G| 0 00 3 (CEE): 0 ) i
0 0 St 0 00 . _ 0 () (fF) 0

PMNS oscillation Matter effect LV effects

LV due to a'
LV effect oL
o E dependenc

Path Length (km)

No LV N ol

| M | Al Al il o 0.0 | i i . .
10 102 10° 100 el : 10 10
Energy (GeV) CbSCllla1t1()Energy (GeV)

e Discrimination using > 5 GeV sample — Partially contained and upward

10"



LV search using atmospheric neutrino @SK
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. . . 0
* Do likelihood fit on all the atmospheric samples 5=,
assuming LV Up-u Showering ~ 1 TeV ;10'2 :
H2 0 O o
C Data (510
S | LVw/a', =102 GeV : = g%
©1.5F LVw/ 7, =75x10% : ©
O1.0 + T 107
C% | _I _+_ 4 -28: 2 B i
-90 ] S RRRECEE S P ] 10% 10?7 10% 10% 10%* 10% 10%0
o ; Re(a') (GeV)
(ﬁ - _I_ . 0OF llllﬁfﬁ’l IIIIIHi IIIHT?‘.T’T‘TIHHH IIIHIIIi HHHH—
m0 I I B R R 102 Zet o E3
40 08 06 04 02 00 e i
cos 0, 1070
» Compatibility with no-LV scenario: Ay?< 1.4 lfg'o' 3 v
“é’10‘25 +
 World-leading limits on time-independent 102 E
parameters 1077 4
— a'T <102 GeV 28.: RN TN AR

28 10-2? 10-26 10-25 10-24 10-23 10-220

— c'< 10?7 (High sensitivity from E-dependency ) Re(c'")



IV. Potential of future experiments to detect Lorentz

Violation
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Future Long-Baseline oscillation potential

Benjamin Quilain

* Scales with baseline L and energy E — LBL experiments, at high energy.

- : : ; ; ; ; ; ; EventDistribution
+ Near future ;: T2K-II LBL or NovA. {={Full T2K-II statistick |<= =
-2 | 5 PO 2356+54

« Sensitivity to a, ~ 10 GeV
— 4 orders of magnitudes better '

than Current limits. aopb— b ......................................................................
R O W ot R T T T

C | | | Lo le il | | |
1] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

. Future ,qeneratlon — Kspecially DUNE and atmospheric HK
0y Diam_m € r ”

Sanford Underground
Research Facility

Fermilab

,,,,,,,

L = 1300 km + higher energy broad-band beam




LV using speed-of-light measurements

Benjamin Quilain

e Time-of-flight using accelerators (MINOS, T2K and OPERA) : neutrino
time-of-flight compatible with the speed of light —» Bound up to ~10* GeV

e Most stringent direct constraints comes from 1987a.

. Extragalatic : Distance > 100 kpc =<
y- f'“'r" -4"

&
| —
=)

\

_:w.‘r” -
> & 4

If v > ¢ —» Vacuum Cherenkov radiation (Couples to Z bosorl'-l)llfﬁ—} — limit;
physics up to 102° GeV



Ultra-High Energy neutrinos @IceCube
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 But can use neutrino oscillation of UHE v (E > 0.5 TeV) — Use IceCube

 Absolute flux has large uncertainties—Use flavour ratio : a% — gb% /2, ¢S

\:iifzizi%ﬁégéjﬁ__ 4 UHE v production models :
0.01.0 Y
©(1:2:0) n-decay
0(1 :0:0) p-decay
0.2 0.8 @(0:1:0)u-cooling
®(0: 0:1)exotic \2
® 04 0.6
o e
0.6 0.4 .
T. Katori
0.8 0.2
'0 02 04 06 0.8 5
 Standard oscillation : o

—Almost equal mixing when arriving on Earth : \ve : vy :vr ~1:1:1)



Ultra-High Energy neutrinos @IceCube
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« Effect of LV coefficients ~ 1027 ~ SK atmospheric sensitivity.

0.0,1.0 0. ()/\1 .0
O(1:2:0 1:2:0
c = 1.0 X 1‘0_ 27 .Elzmi 35 TeV scale .El 0: gi
. (0:1:0) (C"‘"10 30) ®(0:1:0)
(0:0:1) ®(0:0:1)
6

s
Bt

s =it cabivele Lo - clale'chien vatmts ‘— 0.0 1.0
00 02 04 06 08 1.0 0.0 02 04

o ®  Only systematics considered o @
* LV moves v-mixing far from center — Clear signal !

* Pros : Potentially the world-leading sensitivity — > 103° GeV
Cons : Seems model independent ... if believe UHE flavour model ratio !



Conclusions

Benjamin Quilain

* Lorentz violation is predicted by some theories beyond the SM.

* Highly supressed @GeV scale ... But interferences experiment, as neutrino
oscillation, can probe for it !

e Can be searched through different signatures :
* Modifications of PMNS mixing.
 NB : @short baseline, can mimic sterile v (w/ different E-dependency)
* Sidereal-time-dependent oscillations.
* Speed-of-light measurements (lower sensitivity).

 Has been searched extensively in this generation of experiments :
— No LV up to E~10%° — 10%" GeV

e There is no sign of new physics @TeV for now — Let’s search it at the
Planck scale in the next years !



Additonal slides



Effective parameters expression in terms

of SME parameters

(CW)ap = (ar)a — N?(@r)Z,
-3 - N?N?)E(er)a +2N?E(eL)af
+i(1 = 3N?N?)E(c)4Z,

(AM)ae = NY(@L)3, - NX(“L)@
—2NYE(eL) S + 2N*E(@L)s
+2NYN?E(@E)X2 —aNXNZE(c)Y?

ab

I--("l (] [ MI

(AM)ap = —N¥(ag )ab—fi‘r*’(a'L)i;
+oNXE(@e) X + 2NYE(.«:L)
—ONXNZ?E@E)XZ —oaNYNZE(e)YZ,

(BM)ap = N*NYE((eL)as™ — (EL)ay )

—(NXNX - NYNY)E(@E)XY,

(B;(;l))ab — —ZNXNYE( )XY

_§(NXNX . NYNY)E((EL)é%X _ (EL)E,;Y)-
(47)



The T2K Experiment

« Observation of v _appearance in a v, beam and v, disappearance & their antineutrino

equivalents
vV beam Near detectors Far detector
Horns v Beam dump
— o TR ST ".uﬂ_ ND280 off-axis
Tﬂl’gEt o K‘Ll\*"““-*-m - -____‘}4{2_-_5:‘_ T ~ 7 Super-K 2 50
Decay volume (96 m)™ Muon monitor INGRID )
| - - , |
Om 118 m 285m
Oscillation probability @ 3 flavours in L/E : assuming a v, beam
—P(v,—>Vv))
—P(v, =V,
—P(v, —>V,)

L (baseline) / E (energy) dependent

« Disappearance of v :

expected high vV, 2V, oscillation

- Appearance of V_:

small \)Ll =V oscillation

3

1 | 1
1200

SK L/E (km/GeV)
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Null hypothesis test with Fourier transform

* Null hypothesis = no sidereal modulation of neutrino event with LSP

* Detection threshold < 30 deviation from null hypothesis
— 1 detection threshold for each of the 5 magnitude associated to the 5 harmonics (constant,

We, e, 3w and dwg ) sl
» Method :
1. Generate 10,000 toy experiment without LV signal 1ase 1
2. For each toy ~ FFT —» Magnitude for each 5 harmonics oo | [T T
3. After 10,000 toys — For each 5 magnitudes 0 T 0 S |

LSP

— determines the the amplitude value at which 99.6 % of the toy experiment are below
* Open the data :

Magnitude of the Fourier mode amplitude in data

MagnitudeFFT
i Entries 32 .
o PN Mean 05025 ConcluSIOHS :

RMS 0.08487

. » Compatible with a flat signal within 30

10 ==

e No evidence for Lorentz violation

A
2
I

Magnitude of the Fourier mode amplitude

0 0.5 1 15 2 25 3 35 4 4.5 5
Fourier mode
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Parameter extraction using Fourier transform

L . .
Puy—v, = (%)ch)u:r"‘(AS),w sin(we T )+ (Ae) pz c08(we Ts) +(Bs ) pa $in(2we T ) +(Be) o cos(2we To )|

o Associated constraints are evaluated for each of the 14 SME parameters : a.c

- Generate signal toys — FFT - test when crossing the 30 threshold

-« A la MINOS » — all parameters = 0 except one — assume that the full 30 effect comes
from 1 parameter

e Deduce T2K 30 upper limits  World leading existing limits :
a’. a¥ a¥ afc'l.c™ TV . c7Z,cXX.cXY,cXZ,cYY,cYZ, ¢cZZ,
x 10720 x 10720 N
af 4.8 GeV a}f 4.8 GeV % 10
cr 0.9 iy 0.9 :g
cF X 3.8 XY 1.6 g1
crZ 3.1 crY 3.8 2 F
CEZ 3. 1 E.‘od é_ ..........................................
2.0 ;_ __________________________________________
S T O A N AU SOV N N O O D W A

« Raw » sensitivity results
« T2K is more sensitive than MiniBooNE but less than MINOS : MINOS baseline ~ 1km

« MINOS higher flux energy (~3 GeV) — higher sensitivity to c” coefficients
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Comparison w/ world leading limits &

limits of FFT method

« World leading existing limits : MiniBooNE and MINOS experiments :

x 102

x 102

aXL=4.0 GeV (5.6 GeV) (2.2 GeV)

aYL=4.O GeV (5.9 GeV) (2.2 GeV)

cTXL=O.8 (4.6) (0.009)

cTYL=O.8 (4.9) (0.009)

¢ =3.1 (/) (0.46)

¢ =1.6 (/) (0.45)

¢ =2.3 (6.2) (0.11)

¢™ =3.1() (0.11)

T2K is more sensitive
than MiniBooNE but
less than MINOS

c¥ =2.6 (6.5) (0.22)

MINOS baseline : 1km

« MINOS / T2K (INGRID) : FFT = most sensitive technique to sidereal variations...

e ... It does not allow to extract correct limits on coefficients

« Assume no correlation : but 14 parameters for 4 observables ...

=> There are (large) correlations between parameters




Correlations between the SME parameters

 — But... 14 parameters for 4 observables... - Expect very important correlations !

* Probability to detect a LV effect (a deviation > 36 from null hypothesis)

; S ' o If ¢c™>0 - T2K has less detection ability than if ¢™=0
ZZ — Here : neglect correlations — over-estimate the
2 0.7 sentivity ”

0.6

30

20

**« Here : two parameters, and only 2-points

correlations... — reality much more complex !!

0.4
10 0.3
0.2

>« Correlations depends on position on Earth &
- beamline direction — change w/ experiments !

Conclusions :
1. Large correlations between parameters

2. Wrong to consider « uncorrelated sensitivity » : — if larger correlation at MINOS
(different direction) — remove a signal that might be seen @T2K !




Results of Lorentz violation search

» Extraction of the 30 constraints on parameters : « a la MINOS » = assumes no correlations

% 1 « T2K sensitivity within best in the world
5 (more sensitive than MiniBooNE but less
‘% 1L than MINOS)...
§104 et (A . ... assuming no correlations ! but 14
§1o~= SRR . parameters for 4 observables ...
% oc. | | | - Large correlations between parameters
S R NS T R LB O R T R

« 2. Likelihood method of 5 effective parameters C, Ac, AS, B,B & use correlations

5
Conclusions :

 No evidence for Lorentz violation

» Higher sensitivity than MiniBooNE

(slightly higher error but 5 param. fit)

Values of the parameters [ x 10“20)

* High correlations between parameters is
confirmed




Future sensitivity of near detectors

1. Near detectors : INGRID - used the FFT & MINOS method for simplicity

x 10%° x 10
a’ 48-21GeV |a' 48 -21GeV ~ Small improvement for (a ) coefficients, one
c™ 09 - 0.05 c™ 09 - 0.05 )
X 38 .90 38 90 order of magnitude for (c ) (energy dependent)
¢ 16 - 1.0 c?” 31-16
¢ 31-16

— Improve this analysis using different energy samples :

8 10° —— Module 0 (edge)
E 70§ | | —— Module 1
o 70— ; :
3 j ‘| —— Module 2
§ 60— ; :
. E c —— Module 3 (central)
e Different modules z sop ; = ‘
—om C i
— Different off-axis angles  *F 3
. 30 1
— different fluxes - :
20 j
;
i e E——
1 2 3 4 5 6
E, (GeV)

— Disentangle the effect of the different parameters — reduce correlations

-~ But Gain ~ order of magnitude on top of the INGRID 2x10*2 POT table...




Future sensitivity of far detector

2. At far detector : Lorentz violation in Super-K

v_appearance probability @SK~Disappearance probability @SK :

(P(l)) + (P(A ) sin(weTy) + (P&)c)ab) cos(wgTy) + (P( ) )sin(2uwgTs) +

A

P? : standard 3 flavours P! = (C, Ac, As, Bc, Bs as short baseline)
oscillation x standard 3 flavours oscillation

2L
P, ., = o)
w7V ( UM—>VI)+(FLC)2

N et
* L dependency (L? dependency for ND) & linear in C, Ac, As, Be, Bs — Large effect @SK

— Simulation assuming 4 order of magnitudes LV effect than current INGRID constraints

x 10 x 102 Event distribution @SK for T2K-II statistics
aX 48x10*GeV | a¥ 4.8 x10* GeV p EventDistribution
c™ 0.9 x 10* c™ 0.9 x 10* : e sz
™ 3.8x10* e 3.8x10* : | [0 zs025a
XY 1.6 x10* c¥z 3.1x10* i - /T T
c 3.1x10* B 240 o b




Plans for the future : far detector

Event distribution @SK for T2K-II statistics
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— Clear LV effect — sensitivity ~ 10** GeV

Experimental contraints on parameters : « no correlation sensitivity »

%= — Will be the world leading constraints !!!

— And this is very conservative :
v& v —separation will increase with

SK-Gadolinium

Values of the parameters (x 10%°)

— v contamination in v-mode might be
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A reduced — increase focusing horn current:
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SK atmospheric neutrinos

Benjamin Quilain

Six fits are performed for the real and imaginary parts
of ¥ and ¢’ in the three sectors, ey, er, and pur. The
real and imaginary parts of each coefficient are fit simul-
taneously, but otherwise the coefficients are fit indepen-
dently following the procedure typical for SME analy-

ses (12].
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Ultra-High Energy neutrinos @IceCube

Benjamin Quilain
 But can use neutrino oscillation of UHE v (E > 0.5 TeV) — Use IceCube
8. Standard flavour triangle diagram

There are 3 UHE neutrino production models T. Kator1
I. pion decay dominant model, 1:2:0 0 0
ii. electron neutrino dominant model, 1:0:0 o
lii. muon neutrino dominant model, 0:1:0 .(1 L X '0)
all possible

iv. tau neutrino dominant model, 0:0:1 02

0.8 astrophysical models

Initial flavour ratio is modified on the Earth
due to neutrino mixing

lceCube collaboration
PRL114(2015)171102

IceCube flavour triangle diagram
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