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Plan of the talk

® Basic theory and motivation
® Impact of LIV on probability
C A)(z correlations and various degeneracies

® Improving constraints with DUNE+P20

® Summary




Lorentz Invariance Violation (LIV)

Kostelecky et al. (2012), Mavromatos et al.

* Introduce Lorentz violation effectively In form
of the Standard model extension (SME)

e In the SME the neutrino sector Is described

by .
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Lorentz violating operator
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with ¥ = (Veal/,ual/’rv’/e Vi 71/7')

* Lorentz violating part can be decomposed into:
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* The observable effect on LH neutrinos are
controlled by  (az)*; = (a+b)",



LIV:Theory background

@ H= Hvac + Hmat + HLIV.
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Kostelecky et al. (2012), Mavromatos et al.




Schematics of DUNE & P20
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Impact of LIV parameters at probability
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Impact of LIV parameters at probability
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AP, heatplots in (0,3 — a,p) plane
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AP, heatplots in (0,3 — a,p) plane
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AP” . heatplots in (0,5 — a,,) plane
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A = Al + ace/V2GFNe] = 2/2GpNE1 + a,,/[\/2GpN,] = All + di, ]

AP, heatplots in (0,3 — a,4) plane
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(Define a,, = aee/\/zGFNe)
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LIV-LIV parameter space
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LIV-LIV parameter space
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Constraints on LIV parameters
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Constraints on LIV parameters
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Constraints on LIV parameters (95% C.L.)

Parameter | Bounds from DUNE Bounds from P20 Bounds from (P20+DUNE)
(10723 GeV] (1072 GeV] (10723 GeV]
Gee [—24 < @ee < —20] | [-30.8 < @ee < —21.9] —2.6 < Gee < 3.3
U [—=3.2 < @ee <5.6] | U[-3.9< aee < 8.6]
Ay -1.9<ay, <2.0 —4.0<ay, <4.3 —1.6 <ay, <1.6
Qe 0.6 1.6 0.4
Qer 1.3 2.1 0.7
Qur 1.5 2.9 1.3
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Constraints on LIV parameters (95% C.L.)

Parameter | Bounds from DUNE Bounds from P20 Bounds from (P20+DUNE)
(10723 GeV] (1072 GeV] (10723 GeV]
Qee [—24 < @ee < —20] | [-30.8 < @ee < —21.9] —2.6 < Gee < 3.3
U [—=3.2 < @ee <5.6] | U[-3.9< aee < 8.6]
Ay -1.9<ay, <2.0 —4.0<ay, <43 —1.6 <ay, <1.6
Qe 0.6 1.6 0.4
QAer 1.3 2.1 0.7
Qur 1.5 2.9 1.3
SK:

|aeu| < 3.2 x 1072% GeV;

Ger| <5 x 1072 GeV.

lceCube:

-] <0.41 x 10722 GeV.
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summary

LIV in ee, eu, et sector can be efficiently explored
in LBL expts.

Interesting degeneracies at different L,E: can be
understood from probability analysis

DUNE & P20 can help lift hard-to-remove
degeneracies for LIV in ee sector

Improvement of bounds by factors of 7-8 on

ae,u’ Uer

20




0,3 [Deg.]

0,5 [Deg.]

LIV-8I1(6,,) parameter space

30

48

46

42

46

40

42

a_ /107 [GeV]

T LI | DL | L L L 11 LA B B 1 1 1 T\ ] 117 ]
\ 73% 1r 63% 1
97% 1r 94%
— 98% 1 96% -
I P20 ——
- 4L _ DUNE ———
i P20+DUNE ——
! P | [T R B R N PSR SR S (T SRR TR SR N vt SN TR SR NN ST SR W ]
-40 -20 0 20 4010 -5 0 5 10

-23
auu/ 10 ™ [GeV]

67% 54% 61%
95% 95% 93%
96% = 94%

96% -]

| l 1 1 1 I

0

-4 F
- -4 F -4 F =
\ N 1 _
lllllllllllllllllllllll lllllllll]llllllllllll lJllllllll]lllllllllllll

0

1

2 3
lag, /10 [GeV]

4 50 1 2 3 4 50 1 2 3 4 5
la /10" [GeV] la, /107 [GeV]

21




Backup

—EL y; —12, 2 my — L
Each v, propagates as e™"" W|thEkz\/|p| +mk:E+EwhereEz|p| ~ 1.27 X

om?*[eV?] . L[km] N
E[GeV] B

(For maximal oscillation)

/2

2 2

Oscillation arises due to the difference Am,fj =my; — m

4 Probability v, = v,
P(l/ﬂ —> Ve) = | <V, | I/ﬂ(L) > |2 ...... T ...... ' Llkm] ~ (6m2[eV2])'1
o AmPL E[GeV]
= S1n 29 S1n sin(26)
l ‘ Main Principle for Long-
............. >

@ a
- »

Baseline expts.

Oscillation 4nE 56 m E [eV* )
5> = & = | c—
Length dm* MeV \ém |
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Leptonic CP violation?

Ta ble: de Salas, Forero, Gariazzo, Martinez-Mirave, Mena, Ternes, Tortola, Valle: 2006.11237 IS '|'h€ CP Phase nOI"I—

“Oscillation parameter | Best fit value 30 range zero?
f12/° 34.3 [31.4,37.4] could help explain
023/° 48.8 [41.6,51.3] baryon asymmetry
013/° 8.6 8.2,8.9]
513/71' —0.8 [—1, 0] U [08, 1]
Am3, /1075 eV? 7.5 [6.9,8.1]
Am3,/1073 eV? 2.6 [2.5,2.7]
o, sinX(1 —A)A o = 2Y2EGens
P, = sin 20,5 sin” 65, Amz,
N 2
+ a*sin®26,,cos* 0y, smA where, A = Amg, L
, , , sin(1 —A)A sin AA £
+ asin 20,5 s1n 20, sin 20,, cos(o + A) Am3,
1-A A a =

23



L

Backup

sin? [1 — A(1 4 ace/V2GrN,)]A sin® [1 — A]A
1~ AL + aee/V2GFNe))’ 1- A

AP, e(Gee) ~ 48%36%38%3{ } +cos d13-term.

AX2(G’667 C) ~ APpe(aee)

sin [1 — A(1 + de)]A  sin[1 — A]A L[ s A(l + dee)] A | sin [1- A]A
1 — A(1 + Gee) 1-A 1 — A(1 + Gee) 1-A |
I I
sin [1 4+ A(1 + Gee) | A | sin [1 - A]A [ sin[L+ A(l +a.)]A  sin[l - A]A
1+A(1+&ee) 1— A 1+A(1+dee) 1-A .
- L
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Ma.ss ordering ambiguity

neutrino mass spectrum

Ta ble: de Salas, Forero, Gariazzo, Martinez-Mirave, Mena, Ternes, Tortola, Valle: 2006.11237

I I \/3 Am%ll_ xi
Oscillation parameter | Best fit value 30 range
f12/° 34.3 [31.4,37.4] e e
923/0 488 [416, 513] A I E— .,
913/0 8.0 [8.2, 8.9] ' o= i i :
§13/m —0.8 [—1,0] U [0.8, 1] A A
Am3,/1075 eV? 7.5 [6.9,8.1]
Am3, /1073 eV? 2.6 [2.5,2.7] | What is the sign ofAms, ?
o g S —A)A i
P, = sin°20;sin® 0y — Ams,
. Am? L
+  a’sin? 20,, cos? 05 smAAA where, A= T;l
20 in 26, sin 20 sin(l —A)A sin AA 51 A Am?,
+ asin260,;sin 20, sin 20,, — y cos(o + A) a = A,
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Logio(Traveled distance/m)

Icecube-Geng
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Chisquare

-~ mode channel bin

AX2(ptrue) — Min |2 Z >J >J{ est test;n) N,;G]ri:le( true)

ptest ’,,7
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N (ptrue) . )2 ]

Nt t ijk pl Py n

+ ZJr;Cl ) (p rue) Ntest( test. ) T Z 2 T Z ém )
17k 7] Op m = Mm
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