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4 Introduction to neutrino physics

4 Three-flavour neutrino oscillations

4+ Beyond the three-neutrino scenario

4+ The Standard Model Extension (SME)

v Lorentz invariance violation

v CPT invariance violation
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Introduction to
neutrino physics
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Elementary 4 neutrinos come in 3 flavours,
Particles corresponding to the charged lepton
> S | associlated

+ they belong to SU(2) lepton doublets

Sl

4+ There are no SU(2) neutrino singlets
(alike eg, Ur, Tr): neutrinos are left
handed and antineutrinos right handed

Force Carriers

| | 1]
Three Families of Matter

4 Neutrinos are massless in the SM: there 1s no mechanism to implement
neutrino masses
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4+ they can probe environments that other techniques cannot: SN
explosions, core of the Sun,...

4+ their role is crucial for the evolution of the universe (Big Bang
Nucleosynthesis, structure formation)

4+ they could help explaining the matter-antimatter asymmetry of the
Universe (leptogenesis mechanism)

4+ they could be a component of the dark matter of the universe.

4+ they provide the first evidence for physics beyond the SM!!!
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4+ they can probe environments that other techniques cannot: SN
explosions, core of the Sun,...

4+ their role is crucial for the evolution of the universe (Big Bang
Nucleosynthesis, structure formation)

4+ they could help explaining the matter-antimatter asymmetry of the
Universe (leptogenesis mechanism)

4+ they could be a component of the dark matter of the universe.

4+ they provide the first evidence for physics beyond the SM!!!

However: there are still many open questions

1n neutrino physics
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What we know about neutrinos

4+ We have observed neutrinos from a variety of sources

v Particle Accelerators

v Nuclear Reactors js&= pr

Sun v

v Earth Atmosphere
(Comic Rays)

8 Supernova explosions

SN 1987A YV

Astrophysical Sources

v Earth Crust
(Natural Radioactivity)
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What we know about neutrinos

+ They are extremely abundant (9 orders of magnitude wrt p, e-)

10.000 millions |t

v

Nuclear Reactors &S

600 billions

Sun v

4

Particle Accelerators

" M Supernova explosions

SN 1987A YV

Astrophysical Sources
TXS 0506 + 056

v

v Earth Atmosphere
(Comic Rays)

50.000 millions

v Earth Crust

(Natural Radioactivity)
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What we know about neutrinos

4+ They experience flavour oscillations: vqo— v (L/E dependence)
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What we know about neutrinos

4+ They experience flavour oscillations: vqo— v (L/E dependence)

Solar v anomaly

Electron neutrino detectors All flavors

Chlorine Gallium Water Heavy water Heavy water
Vet € —> vgte~ vetd—p+p+eT(v+d—p+n+v

CNO
’Be
Gallex/GNO (Super-)

solar ve arrive to Earth as
1/3ve+ 1/3v,+ 1/3 v,
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What we know about neutrinos

4+ They experience flavour oscillations: vqo— v (L/E dependence)

Solar v anomaly Atmospheric v anomaly

Super —Kamiokande 848 days Preliminary

multi-GeV e-like multi-GeV mu-like (FC+PC)
Chlorine Gallium V_Vater _ Heavy water Heavy water 150 | L |
Vet € = Ve*€ iy +d—p+pre|v+d—optn+v
i i:’ 7
C . 100 i
8p 8 8n c0 - + | @ Data |
D D o
[ ] Predicted

CNO i 1l —  Numu-nutau osc.—

D L | L | L | N | L L | L | L | L | L
-1 =06 -02 02 08 1-1 -06 -02 02 06 1

cos(zenith angle) cos(zenith angle)

Gallex/GNO (Super-)

solar ve arrive to Earth as
1/3ve+ 1/3v,+ 1/3 v,

oscillation channel
V- Vq
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What we know about neutrinos

4+ They experience flavour oscillations: vqo— v (L/E dependence)

Solar v anomaly Atmospheric v anomaly

Super —Kamiokande 848 days Preliminary

multi-GeV e-like multi-GeV mu-like (FC+PC)
Chlorine Gallium \ﬁlater _|| Heavy water Heavy water 151 1L i
Vet € = Ve*€ iy +d—p+pre|v+d—optn+v
EEEY
0 100 |~ -
el 3 3 50 - + | @ Data
D D 154
[ Predicted
CNO i 1T — humu-nutau osc. ]
0 L | L | L | L | L L | L | L | L | L
-1 -06 -02 02 06 1-1 -06 -02 02 06 1
cos(zenith angle) cos(zenith angle)

Gallex/GNO (Super-)

solar ve arrive to Earth as
1/3ve+ 1/3v,+ 1/3 v,

oscillation channel
V- Vq

2015 Nobel Prize
in Physics
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What we know about neutrinos

4+ They experience flavour oscillations: vqo— v (L/E dependence)

Solar v anomaly Atmospheric v anomaly

Super —Kamiokande 848 days Preliminary

multi-GeV e-like multi-GeV mu-like (FC+PC)
Chlorine Gallium \ﬁlater _ Heavy water Heavy water 151 1L i
Vet € = Ve*€ iy +d—p+pre|v+d—optn+v
8p
= 100 - .
el 3 3r 50 + | @ Data
D D o
[ Predicted

CNO i 1l — Numu-nutau osc. |

D L | L | L | N | L L | L | L | L | L
-1 =06 -02 02 08 1-1 06 -02 02 06 1

cos(zenith angle) cos(zenith angle)

Gallex/GNO (Super-)

solar ve arrive to Earth as
1/3ve+ 1/3v,+ 1/3 v,

oscillation channel
V- Vq

Confirmed by
KamLAND !!

2015 Nobel Prize
in Physics
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What we know about neutrinos

4+ Existence of flavour oscillations imply they are massive.

4 Limits on neutrino masses:
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What we know about neutrinos

4+ Existence of flavour oscillations imply they are massive.

4 Limits on neutrino masses:

KATRIN (tritium decay)

RN
o
™

Count rate (arb.)

SO N B OO ©

m, < 1.1 eV (90% C.L.)

KATRIN Collab, arXiv:1909.06048

@MariamTortola (IFIC-UValencia/CSIC) 10 QGMM BCN2019 - 02/10/2019



What we know about neutrinos

+ Existence of flavour oscillations imply they are massive.

4 Limits on neutrino masses:

KATRIN (tritium decay)

RN
o
™

Count rate (arb.)

o N BB O O

m, < 1.1 eV (90% C.L.)

KATRIN Collab, arXiv:1909.06048

Cosmological measurements

— anisotropies in the CMB spectrum
— Large Scale Structure formation

— weak gravitational lensing

Fit ACDM model + experimental data
(WMAP, PLANCK, HST, LSS,...)

% my; < 0.14- 0.72 eV (95% C.L.)

Lattanzi & Gerbino, arXiv:1712.07109
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What we know about neutrinos

+ Existence of flavour oscillations imply they are massive.

4 Limits on neutrino masses:

KATRIN (tritium decay)

RN
o
™

Count rate (arb.)

o N BB O O

m, < 1.1 eV (90% C.L.)

KATRIN Collab, arXiv:1909.06048

Cosmological measurements

— anisotropies in the CMB spectrum
— Large Scale Structure formation

— weak gravitational lensing

Fit ACDM model + experimental data
(WMAP, PLANCK, HST, LSS,...)

% my; < 0.14- 0.72 eV (95% C.L.)

Lattanzi & Gerbino, arXiv:1712.07109

OvpBp decay

[M. Manganaro, Neutrino Exp]
[S. Stoica WG discussion]
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Three-flavour
neutrino oscillations
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The 3-flavour v picture

|neutrino mixingy|

1 0 0 cosfis 0 sinfyze ¥ cosfi, sinfi, 0
Usxs3 = | 0 coslhy sinf; 0 1 0 —sinfys costi, 0
0 —sinfyy cos by —sinf3e® 0 cosfi3 0 0 1

v 3 mixing angles: 012, 023, 613 neutrino mass spectrum]|

v 3 CP phases: 1 Dirac + 2 Majorana
e % Amgl I_ A%)
I V1

A

y 3 masses: mj, mp, ms

= absolute neutrino mass: my AmZ, >0 Am3; <0

= two mass splittings:

Am%1I I )
+ I ) | — \/ 3

NO 10

2 2
Amiy, Am31

@MariamTortola (IFIC-UValencia/CSIC) 12 QGMM BCN2019 - 02/10/2019



Three-neutrino mixing

4+ Currently, we have evidence for neutrino oscillations in
atmospheric, solar, reactor and accelerator experiments

4+ Each experiment is sensitive to different mixing parameters:

1 0 0 cosfis 0 sinfyze ¥ cosf, sinf, 0
Usx3= 1 0 cos sin 0 1 0 —sinfys costi, 0

0 —sin cos —sinf3e® 0 cosfis 0 0 1
atmospheric + SBL reactor + solar +
accelerator disapp accelerator app KamLAND
Am?23; Am?2s; Am2;;
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Three-neutrino mixing

4+ Currently, we have evidence for neutrino oscillations in
atmospheric, solar, reactor and accelerator experiments

4+ Each experiment is sensitive to different mixing parameters:

1 0 0 cosfis 0 sinfyze ¥ cosf, sinfy, 0
Usxs =] 0 cosly; sinly; 0 1 0 i| —sinfiy; cosf, O
0 —sinfys cos oy —sin B3 0  cosfi3 vi 0 0 1
atmospheric + SBL reactor + }'_ solar +
accelerator disapp accelerator app KamLAND

Amz3) Am23, : Am2z
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The solar neutrino sector

Solar experiments have measured neutrino disappearance for ~ 50 years

different exper. techniques neutrino spectrum

:z OB [ T T L T L L ]
)12 7 serenelli et = E(avgrag_ed) v'ac_uum matter Ief'fect IS
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. | > 0.5 =
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4 KamLAND confirms solar v oscillations.
4 Best fit point:

sin20;2 = 0.321 +0.018
-0.016

Am?2y; = (71.56 * 0.19) x 105 eV?2

4+ max. mixing excluded at more than 7o

.OIIII|IIII|IIII|IIII|IIII

)
Sin 912

= Bound on 0;2 dominated by solar data.
de Salas et al,
PLB782 (2018) 633 = Bound on Am?;; dominated by KamLAND.

= mismatch between Am?;; from solar and KamLAND
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Three-neutrino mixing

4+ Currently, we have evidence for neutrino oscillations in
atmospheric, solar, reactor and accelerator experiments

4+ Each experiment is sensitive to different mixing parameters:

cosfis 0 sinfyze ¥ cosf, sinf, 0

0 1 0 — sin 912 COS 912 0
—sinf3e® 0 cosfis 0 0 1
} atmospheric + ', SBL reactor + solar +
hccelerator disapp | accelerator app KamLAND
Am23; i Am23, Am2;y;

@MariamTortola (IFIC-UValencia/CSIC) 17 QGMM_BCN2019 - 02/10/2019



50 meters — T s

IceCube Array
86 strings, 60 sensors each
5,160 optical sensors

/
DeepCore

6 strings optimized
for low energies

1,450 meters ———

Eiffel Tower

- 324 meters
2,450 meters 1

2,820 meters

|
0 02 04 06 08 1 0 02 04 06 08 1
.2 .2
Sin 623 sin 623

de Salas et al, PLB782 (2018) 633
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LBL accelerator experiments

MINOS ym Feb2005 - [un2016
/:?’S\K. e Jun

km
Super-Kamiokande J-PARC
o l\';" | | Near l)clccml‘\?go m From ]anzo 1 O
| 1000 m ‘ . .
TZI{ I Neutrino Beam IIOW Illl’lIIlI'I.g' 111.
2 a0 antineutrino channel
Fermilab 710 km Ash River From Oct2014
NOvA ‘ o
810 km NOwW running in

antineutrino channel

GOAL: observation of v, disappearance, v. appearance and spectral
distortions expected in the case of neutrino oscillations

— consistent with atmospheric data
— atm v oscillations confirmed by laboratory exps
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LBL accelerator experiments

4+ MINOS neutrino + antineutrino)
4+ T2K (neutrino + antineutrino)
4+ NOvVA (only neutrino data) _

3III|III|III|III|III|III

MINOS
90,99% C.L. NO

MINOS
IO

03 04 05 06 0.7

|
II|III|III|III|IIITIII|III|III|III|II

S L
o0

11 | | I | | L 1 1 | L 1 1 | L 1 1 | L1 1~
92 03 04 05 06 07 080

.2 .2
Sin 623 Sin 623

o

all experiments prefer mixing angle close to maximal
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LBL only
LBL + atmos

\
\\|

11107 eV’

b
I~

2
31

|Am
(\9)
W

2

O
H
O

90,99% C.L.

v v b b g I v b b b
2.2
0.4 0.45 0.5 0.55 0.6 04 045 05 055 0.6

. 2 . 2
sin 0, sin 0,
atmospheric parameters are mostly constrained by LBL data

de Salas et al, PLB 782 (2018) 633
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Three-neutrino mixing

4+ Currently, we have evidence for neutrino oscillations in
atmospheric, solar, reactor and accelerator experiments

4+ Each experiment is sensitive to different mixing parameters:

1 0 0 cosfz 0 sinfize™® \§/ cosf, sinf, 0
Usxg = | 0 cosfh; sinfys |f 0 1 0 {| —sinf; cosbp 0
0 —sinfyy cosloy —sin B3 0  cosfi3 0 0 1

atmospheric + , SBL reactor + solar +
accelerator disapp § accelerator app | KamLAND

Am?Zs; Am2;;

Most recent measurement: 2012 !!
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Detector < eg” ",

y , A
N gt o ¥
S ” \
/‘.;,\ -
e Y,
" -

6 cores+4 ND +4FD Zcores + 1 ND + 6 cores +1ND +1 FD
Well understood, 1sotropic source

of electron anti-neutrinos .
Oscillations observed
/' Ve (E <8 MeV) as a deficit of ¥,
\\

v @

) 4+ more powerful reactors
sin20
\N : + larger detector volume

=
(e

=
E Unoscillated flux
g | observedhere 4 2-8 detectors at 100 m — 1 km
Survival Probability
P =1 - sin?260; sin?(1.27 Am? L/E)
Distance ~10I00 ;1eters
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What we know about neutrinos

solar
sector

Cl, Ga, SK
SNO, Borexino

KamLAND

SBL
reactors

Daya Bay
RENO
Double Chooz

de Salas et al, PLB782 (2018) 633
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Neutrino oscillation parameters 3

UM - CQq

de Salas et al, PLB782 (2018) 633 O
parameter best fit &= 10 30 range
g_ Am?Z, [10~%eV?] 755501 7.05-8.14 MG
S |AmZ|[10%6V? (NO)  25040.03  241-2.60 139 O
: [Am?2,| [1073eV?] (1I0) 2.427003 931951 82’.
()
g sin?6;,/107 32003 273370 M -
n
ﬁ sin? #55/10~1 (NO) 547103 445599 479 &
E sin? 0,5 /1071 (10) 5517035 453598 ®
= sm2 f15/102 (NO) 2.16010983 1 96-2.41 . %
E sin? 015/1072 (10) 22201000 1.99-2.44 =P G
Q,
£ §/m (NO) 1.324021  (.87-1.94 '
+0.13
@MariamTortola (IFIC-UValencia/CSIC) 26 QGMM_BCN2019 - 02/10/2019



Neutrino oscillation parameters g

de Salas et al, PLB782 (2018) 633
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See also

4 NuFit Collab.
4 Lisi et al.
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Neutrino oscillation parameters

de Salas et al, PLB782 (2018) 633
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See also

4 NuFit Collab.
4 Lisi et al.
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Neutrino oscillation parameters g

de Salas et al, PLB782 (2018) 633
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Neutrino oscillation parameters

de Salas et al, PLB782 (2018) 633

| R | | | | | | | | | | L | |
T ) I

0.016 0.02 0.024

i\)lllllllllllllllllll

O
=y NN
ro
o0

)
sm@13
|||||||||||\||||III’_
\

X
IIII|IIII?IIII|IIII

CrrTT7

2.4 2.6 0.5 1
Am_ [107eV’] |Am’, | [107eV7] Sim

E\)IIII|IIII|IIII|IIII

~J
o¢)
(\®)

See also

4 NuFit Collab.
4 Lisi et al.

@MariamTortola (IFIC-UValencia/CSIC) 27

QGMM_BCN2019 - 02/10/2019



Neutrino oscillation parameters

de Salas et al, PLB782 (2018) 633
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Beyond the
3-neutrino scenario
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Physics Beyond the SM

O N
\‘7833%\
4+ Neutrino results suggest the presence of physics BSM to explain:

v light neutrino masses (mass generation mechanism?)
v large neutrino mixing compared to quark sector (flavour problem?)
v short-distance anomalies

4 Many different scenarios BSM considered:

¥ neutrino non-standard interactions (NSI) with matter

v exotic neutrino electromagnetic properties

v presence of light sterile neutrinos

¥ mixing with heavy sterile neutrinos: non-unitary neutrino mixing

V...
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How many neutrinos?

4+ LEP measurements of invisible Z decay width:

N, =2.984 £ 0.008 (light, active neutrinos)

Experimental hints for a 4th sterile neutrino:

LSND & MiniBooNE Reactor anomaly Gallium anomaly

%1 B T 1 T [ [ | T N
E _— & 3 1 T ]
R = 8 1 £ 3 g N 51
” g 27 1= §% g 3 g g Gallex ~ Cr I =
= ok B2 &3 g3 3
B 0= —E_ T _ _: Gallex 51CI' #
- ]l: 4= T N
.
— i - 1L 51
- + = 1= 1 ~ SAGE ™ Cr ! -
- 095 - o ] 37
g did SAGE "'Ar —e1
— 88388 ——
2222 g .
j; |‘ l | | | ][‘T | ] ] | ‘l[ i llIIllIllIIllIlllllIIll L1l
10' 102 10° 05 06 07 08 09 1 1.1
Distance to Reactor (m) observed / expected
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However...

Global 3+1 oscillation analysis

strong tension between appearance
(LSND/MB) and disappearance exp.
(CDHS, SK, IceCube, MINOS/+)

10% ¢

10

ﬂ)

[eV?]
&L
[
|

2

41

T ||||]|I T T UL
J

S
<
1 | K1y i
107 F Global Fit v, Dis |]
[| == 10 —— v, Dis |
F| e— Do —— Dis
30 — App
10—2 o ol oo vl ! Lol 1
107 1073 1072 107" 1

SiN“20¢,, = 4| U gal*| Uyual”

S. Gariazzo@ TAUP 2019
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However...

Global 3+1 oscillation analysis

strong tension between appearance

(LSND/MB) and disappearance exp.

(CDHS, SK,

10

IceCube, MINOS/+)

10

ﬂ)

[eV?]
&L
[
|

2

41

T ||||]|I T T UL
J

S
<
1 | K1y i
107 F Global Fit — y.Dis|]
[| e 1o — Vu Dis ]
F| e— Do —— Dis
30 — App
10—2 o ol oo vl il | L1 )
107 1073 1072 107" 1

SiN“20¢,, = 4| U gal*| Uyual”

S. Gariazzo@ TAUP 2019

Cosmological observations

xm, = sum of neutrino masses

Nest = relativistic degrees of freedom
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However...

Global 3+1 oscillation analysis Cosmological observations

strong tension between appearance  lmy = sum of neutrino masses
(LSND/MB) and disappearance exp. _ .
(CDHS, SK, IceCube, MINOS/+) Nest = relativistic degrees of freedom

10% ¢ l Qy .
; P ] +The sterile hypothesis requires
0 = S — E my, 2 0.05eV +1/Am7; > 1eV
5 S — — ]
o \ -
1 = ~ 7 — . s ~
N BN | Nerr =~ 4
£ _ _
10" H Global Fit _Sie Dis |
| e 10 —— v, Dis ]
F| e— Do —— Dis ]
30 — App |
10—2 ol Lo vl } : EWEEY
107 1073 1072 107" 1

SiN“20¢, = 4| U 4|*| Upual®

S. Gariazzo@ TAUP 2019
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However...

Global 3+1 oscillation analysis Cosmological observations

strong tension between appearance  lmy = sum of neutrino masses
(LSND/MB) and disappearance exp. _ .
(CDHS, SK, IceCube, MINOS/+) Nest = relativistic degrees of freedom

102 ¢ . o
P +The sterile hypothesis requires
- — — ) my, 20.05eV +/Am3; > 1eV
c\|> F — — i
Q, [ — \D ]
g \\Z ; — Nett = 4
g 5 7 > i
£ : _
107 H Global Fi _Sie Dis | 4 Recent results:
[| e 1 —_— V;{ Dis |1
—- — R | ¥m, <0.14-0.72eV < 1eV !l
0 1074 1073 1072 107" 1
Sin%20¢, = 4|Upa|?|Upal? Negs = 3.15 £ 0.23 (PLANCK)

Nest = 3.03 £ 0.18 (PLANCK + LSS)
S. Gariazzo@ TAUP 2019
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New physics beyond the SM

Non-standard interactions Va VB
(NSI) f o

4 appear in models of neutrino masses

+ affect precision on oscillation parameters

4 sensitivity reach of upcoming experiments

|||'I||||I|||lIIIIIIIIIIII_
f=u

— degenerate solution
with 6:2> 1t/4

— Miranda et al,
JHEP 2006
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— O23-degeneracy
in DUNE

Gouvea and Kelly,
NPB 2016
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New physics beyond the SM

Non-standard interactions | v Vg Non-unitary 3v
(NSI) : i mixing

4 appear in models of neutrino masses

4+ Most models of neutrino
masses — extra heavy states

4 affect precision on oscillation parameters 0y 0 Mp 0
D T
4 sensitivity reach of upcoming experiments ( ME Mg ) ]‘{) D ]\;)T ]\5

85

~ > degenerate solution
with 6:2> 1t/4

— Miranda et al,

4 NxN unitary mixing matrix
— (3x3) mixing matrix non-unitary:

2 -5 2.
Am,, [107 eV7]
N
(& ®©
T I LI I LI

N
TTTTT

i JHEP 2006 00
ST T T azz 0 U™
sin2612 a32 agg
— Bz5-degeneracy — degeneracies
in DUNE | in § determination
Gouvea and Kelly, ' in DUNE
NPB 2016 %
i Miranda, MT,
0L Valle, PRL 2016

I S R T L P ]
0 0.5 1 1.5 2
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Lorentz and CPT
lnvariance violation
1n v oscillations
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The Standard Model Extension

4+ Lorentz and CPT symmetries are the basis for local relativistic
quantum field theories.

4+ Motivated by current high-precision experiments, one may try to probe
such symmetries: the observation of Lorentz or CPT violation will provide a
signal for new physics (Quantum Gravity theories, String Theories)

4+ The SME, developed by Kostelecky and collaborators:

= contains all the properties of the SM + General Relativity except that
Lorentz and CPT symmetry can be violated.

= suggests that breaking of CPT and Lorentz symmetry might be
observable at current or near-future experiments

= the physical source of Lorentz and CPT violation is spontaneous
symmetry breaking, that may happen in complicated theories.

More details in: https://lorentz.sitehost.iu.edu/kostelecky/fag.html
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https://lorentz.sitehost.iu.edu/kostelecky/faq.html

4+ In the SME, the neutrino sector is described by
Kostelecky et al.

[ = %W(iyo‘ﬁa — M+ Q)¥ where Q) is the Lorentz-violating operator

4+ Lorentz-violating lagrangian is parametrized as

1

Lriv = _5 [a/;g@a%l% - bl(i[g?v;af%/y,uwﬁ _ icg’é&a%&ﬂﬂﬁ - id/;glzaW%V,uauwﬁ + h.c.

with the observable effect on the left handed neutrinos is controlled by:
(aL)ps = (@+0b)ps,  (cL)ps = (c+d)Ls.

= This scenario has been explored in the context of many neutrino
experiments: MINOS, IceCube, SNO,...

[M. Manganaro, Neutrino Exp]
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Lorentz violation in DUNE

o The effective neutrino Hamiltonian in this scenario is given by
IH — H?m,(* + Hm,a,t + HZ‘M

with a':e Qe Uer 4 Cize Cepp  Cer
Hyrv = Aep  Aup Apr —Sb Cep  Cpp  Cupr

* * * *
Uer CL,LLT Arr Cer C,uT Crr
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Lorentz violation in DUNE

o The effective neutrino Hamiltonian in this scenario is given by
IH — H’l)(],(‘ + Hm,n,t + HZ‘M

highl
With a/ee CLCILL aeT 4 CG@ CGILL CGT / g' Yd b
i B » . . _4n - - - constraine . Yy
LIV — ep  Thp Cpt 3 Cp ThE T atmospheric
er  Qpr  Qrr Cer  Cur Crr data (for LE exp)
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Lorentz violation in DUNE

o The effective neutrino Hamiltonian in this scenario is given by
IH — H’I)(],(‘ + Hm,n,t + HZ‘M

highl
with Qee Qey  Uer 4 Cee Ceuy Cer A/ g de
i B » . . _4n - - - constrained by
LIV = ep  Chpp T 3 e TRE T atmospheric
er  Qpr  Qrr Cer  Cur Crr data (for LE exp)
we focus

on this matrix
(CPT-odd part)
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Lorentz violation in DUNE

o The effective neutrino Hamiltonian in this scenario is given by

IH — H?m,(* + Hm,a,t + HZ‘M

highl
with Aee ey  Qer 4 Cee  Cep  Cer / gy
7o . 5 . constrained by
LIV — ey, Qup Aur 3 Ce  Cpp Cpr atmospheric
Qer  Aur  Grr er Cur Crr data (for LE exp)
we focus
on this matrix - Acr Ay1e

0.2y

(CPT-odd part)

T T T

—  P(Std.) —

P(aes = 2.0 x 10% GeV)

—  |AP|(asp=2.0 x 107 GeV)
 P(asp =-2.0 x 10% GeV) -

|AP|(ag =-2.0 x 10” GeV)

0.15

I Pye Oscillation
probabilities in
DUNE are

modified in
presence of
Lorentz violation

Barenboim, Masud,
Ternes, MT,PLB2019
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Lorentz violation in DUNE

+ DUNE simulation: — disapp + app channels
— 3.5 yr neutrino + 3.5 yr antineutrino run

4+ DUNFE’s sensitivity to Lorentz-violating parameters

Parameter Existing Bounds This work (DUNE)
acu| [GeV] 25 x 1072 | (SK-atm) 7.0 x 1024

aer| [GeV] 5.0 x 1072° 1.0 % 10-23
laur| [GeV] 83 x1072** v 1.7 % 10-23

Gee|GeV] - ~25 x 107 < ace < 3.2 x 107
a,|GeV] - —37x107% < a,, <48 x 107%

Barenboim, Masud, Ternes, MT,PLB2019
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Lorentz violation in DUNE

+ DUNE simulation: — disapp + app channels
— 3.5 yr neutrino + 3.5 yr antineutrino run

4+ DUNFE’s sensitivity to Lorentz-violating parameters

Parameter Existing Bounds This work (DUNE)
i ‘ 00 A —
acul [GeV]  25x 1072 T g ooy [7.0x 107240 Factor 5
S e o3 improvement
aer| |GeV| 5.0x 10~ 1.Ox 10~
- y
laur| [GeV] 83 x1072** v 1.7 x 10722
Gee|GeV] - ~25 x 107 < ae < 3.2 x 107
a,,.|GeV] - -3.7x107* < a,, <48 x10"*

Barenboim, Masud, Ternes, MT,PLB2019
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Lorentz violation in DUNE

+ DUNE simulation: — disapp + app channels
— 3.5 yr neutrino + 3.5 yr antineutrino run

4+ DUNFE’s sensitivity to Lorentz-violating parameters

Parameter Existing Bounds This work (DUNE)
_ ﬂ 02 A —
aeu| [GeV] 2.5 x 10728 (SK-atm) (7.0 x 10724 Factor 5
S e o3 improvement
aer| |GeV| 5.0x 10~ 1.Ox 10~
- J No
a,r| [GeV] 83 x1072%* v 1.7x107% ==l improvement
Gee|GeV] - ~25 x 107 < ae < 3.2 x 107
a,,.|GeV] ~ -3.7x107* < a,, <48 x10"*

Barenboim, Masud, Ternes, MT,PLB2019
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Lorentz violation in DUNE

+ DUNE simulation: — disapp + app channels
— 3.5 yr neutrino + 3.5 yr antineutrino run

4+ DUNFE’s sensitivity to Lorentz-violating parameters

Parameter Existing Bounds This work (DUNE)
. q 02 A —
aeu| [GeV] 2.5 x 10728 (SK-atm) (7.0 x 10724 Factor 5
S e o3 improvement
aer| |GeV| 5.0x 10~ 1.Ox 10~
- J No
la,-| [GeV] 83 x 1072 v 1.7x107% ==l improvement
r . )
Gee|GeV] - ~25 x 107 < ace < 3.2 x 107
a,.,.|GeV] - | —3.7 x 107% < a,, < 4.8 x 10—2‘:

new bounds

Barenboim, Masud, Ternes, MT,PLB2019
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Violation of CPT symmetry 5

>

4+ CPT is presently observed as an exact symmetry of nature. ISSaN -

\
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QUM

Violation of CPT symmetry 4

4+ CPT is presently observed as an exact symmetry of nature. ossan

PHYSICAL REVIEW VOLUME 104, NUMBER 1 OCTOBER 1, 1956

Question of Parity Conservation in Weak Interactions* Parlt'y' V].O].a.tlon ln we ak
T. D. LEE, Columbia University, New York, New York

interactions?

C. N. YaNg,} Brookhaven Naiional Laboratory, Upton, New York
(Received June 22, 1956)
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PHYSICAL REVIEW VOLUME 104, NUMBER 1 OCTOBER 1, 1956

Question of Parity Conservation in Weak Interactions* Parlt'y' V].O].a.tlon ln we ak
T. D. LEE, Columbia University, New York, New York

interactions?

C. N. YaNg,} Brookhaven Naiional Laboratory, Upton, New York
(Received June 22, 1956)

Experimental Test of Parity Conservation
in Beta Decay*

C. S. Wu, Columbia University, New York, New York » P Violated: What about CP?

AND

E. AMBLER, R. W. HAywarDp, D. D. HopprEs, aAxD R. P. Hubpson,
National Bureau of Standards, Washington, D. C.

(Received January 15, 1957)
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9

Violation of CPT symmetry a‘a

: %
4+ CPT is presently observed as an exact symmetry of nature. ISsIN
Question of Parity Conservation in Weak Interactions™ Parlt'y' Vlolatlon ln we a_k

T. D. LEE, Columbia University, New York, New York

interactions?

C. N. YaNg,} Brookhaven Naiional Laboratory, Upton, New York
(Received June 22, 1956)

Experimental Test of Parity Conservation
in Beta Decay*

C. S. Wu, Columbia University, New York, New York » P Violated: What about CP?

AND

E. AMBLER, R. W. HAywarDp, D. D. HopprEs, aAxD R. P. Hubpson,
National Bureau of Standards, Washington, D. C.

(Received January 15, 1957)

PHYSICAL REVIEW LETTERS 27 Jury 1964

EVIDENCE FOR THE 27 DECAY OF THE K,® MESON*T . Evidence for CP

J. H. Christenson, J. W. Cronin,} V. L. Fitch,¥ and R. Turlay? . .
Princeton University, Princeton, New Jersey VIO].a.t].On
(Received 10 July 1964)
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PHYSICAL REVIEW VOLUME 104, NUMBER 1 OCTOBER 1, 1956

Question of Parity Conservation in Weak Interactions* Pa_rlt'y' V].O].a.tlon ln we ak
T. D. LEE, Columbia University, New York, New York

interactions?

C. N. Yang,t Brookhaven National Laboratory, Upton, New York
(Received June 22, 1956)

Experimental Test of Parity Conservation
in Beta Decay*

C. S. Wu, Columbia University, New York, New York » P Violated: What about CP?

AND

E. AMBLER, R. W. HAywarDp, D. D. HopprEs, aAxD R. P. Hubpson,
National Bureau of Standards, Washington, D. C.

(Received January 15, 1957)

PHYSICAL REVIEW LETTERS 27 Jury 1964

EVIDENCE FOR THE 27 DECAY OF THE K,® MESON*T . Evidence for CP

J. H. Christenson, J. W. Cronin,} V. L. Fitch,¥ and R. Turlay? . .
Princeton University, Princeton, New Jersey VIO].a.t].On
(Received 10 July 1964)

‘Is CPT conserved? ‘ If not: P(vq = vg) # P(Ug — 7T4y)

Neutrino oscillation data can be used to constrain CPT violation at
the neutrino sector
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CPT 1n neutrino oscillations.

\

4+ Test hypothesis: neutrino and antineutrino oscillations are =
ruled by different parameters: (A2 4,..6) Vs (Am>. 5, 5)

]Z7 Zj) Jza Zj?
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CPT 1n neutrino oscillations 5

4+ Test hypothesis: neutrino and antineutrino oscillations are Yossan Y
ruled by different parameters: (Am3;,6,;,0) Vs ( Am?i, 9,7 5)

4 Separate neutrino and antineutrino analysis in T2K

5_5x1 0*

v E
L e _Wwe sin® g = 0.51, Am3, = 2.53 x 107 %eV?
Q

sin? fa3 = 0.42, A3, = 2.55 x 107 3eV?

o
A O o
| | [

T2K V best fit, sin’(8,;) > 0.5 .. | 3

T2K Coll, PRD2017
A T, or AmZ, (eV?)

3f- E

25 i — different best fit values
2f R

1.5 1 — consistent with CPT conservation
d27 03 04 05 06 07 08

. 27 )
sin BB or sin 923
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CPT 1n neutrino oscillations

4+ Test hypothesis: neutrino and antineutrino oscillations are
ruled by different parameters: (A2 4,..6) Vs ( N 5)

]’“ ZJ’ qu ’Lj)

4 Separate neutrino and antineutrino analysis in T2K

5.5%] 0._3. ......... T
“F MINOS V best fit MINOS V 90% CL 3

v
L men " e sin®fa3 = 0.51,  Am3, = 2.53 x 107 %eV?
Q

sin? fa3 = 0.42, A3, = 2.55 x 107 3eV?

T2K V best fit, sin’(8,;) > 0.5 .. | 3

w >

a H» OO O
111111171111 ]
¥

|

W
TTTTTTT

— different best fit values

N
3}

—y
.
Q. g N
11117 T177 T117 L

— consistent with CPT conservation

T2K Coll, PRD2017
A T, or AmZ, (eV?)

2 0.3 0.4 0 5 0.6 0.7 0.8
sin? 6 or sin 923

4+ Current bounds at 3o: sin? #y5 — sin® 015 < 0.14.
Ams, — Am21 < 4.7 x 10 %eV? sin” f13 — sin® 013 < 0.03,

Barenboim, Ternes, MT, PLB2018
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T2K V best flt, sln’(ﬁm) 505

° ° ° ° ég\)“’\ : CQVL
CPT 1n neutrino oscillations 2%
O .
g 3
%/1/ \QQ
4 Test hypothesis: neutrino and antineutrino oscillations are YSSIN
rul ifferen rameters:
uled by different parameters (Am2,;,6,;,0) Vs (Amwew,&)
4 Separate neutrino and antineutrino analysis in T2K
5-5?10';3' MINOS ¥ Bestfit | | MINOS v 90%CL - ,
- Super-K Vv best fit - S K V 90% CL — . J—
4:_: I:E%::s:::: ::ﬁmgt E SlIl2 (923 — 0.51, Am§2 = 2.53 X 10 3€V
45— O :

sin? fa3 = 0.42, A3, = 2.55 x 107 3eV?

w
W O
TyrrTy

— different best fit values

N
[3)]

—y
.
Q. a N
IBARBAARAE AR RN

— consistent with CPT conservation

T2K Coll, PRD2017
A #32 or Ami, (eV?)

2 0.3 0.4 05 0.6 0.7 0.8

25 2
0,, or sin 623

4 Current bounds at 3o:
Am3, — Ama,| <4.7x10g
Am§1 Am31 < 3.7 x 10

| sin® 6

Barenboim, Ternes, MT, PLB2018
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CPT sensitivity in DUNE /&%

’1/\9 Y
4+ Very good sensitivity to differences in atmospheric parameters s

25 T | I | ] b _ B | e | !I |

20 = 4 =

o 15 4 B -

Ef " n - n

10 = 4 B =

5 :_ _: :_ low _:

O - = 1 | | I I | L1 1 1 - v | — | |1 | | 1 1 -

0 5 10 15 O 0.1 0.2 0.3
2 -3 2 . 2
A(Am,,) [10 " eV'] Asin 6,,
— one order of magnitude improvement: — excellent sensitivity for max mixing
A ( A2 ) < 8.1 % 10~ %eV?2 (30) — oscillating results for high and low
31 .

octant due to degeneracies
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CPT sensitivity in DUNE

4/\‘75‘

4+ Very good sensitivity to differences in atmospheric parameters

25 T | I | ] b _ B | e | !I |
(00 — - - -
o = . n n
— - - - -
~ u _ - ]
E;‘ — p— — a—
s . 15 - —
& Ef - n . n
Q - - - -
) - — - —
= - _ - _
§ S5 - B Low —
Q [ ] _ _
5 C | | N | | N
8 O | 1 I I L1 1 1 | — |1 | 1 1
A 0 5 10 15 O 0.1 0.2 0.3

2 5,2 . 2
A(Am,,) [10 " eV'] Asin 6,,
— one order of magnitude improvement: — excellent sensitivity for max mixing
2 —5 172 — oscillating results for high and low
A(Amg;) < 8.1x1077eV (30) octant due to degeneracies
40
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CPT oscillations: imposter

solutions

4 Standard analyses of oscillation data assume CPT conservation

4 If CPT 1s violated one can obtain imposter solutions

+ Ex: DUNE neutrino data simulated with sin? 55 = 0.5, sin® 053 = 0.43

35

30

[

I

< |

combined

| e

I

0.45

0.5

.2
sin (-)23

0.55

— the combined analysis under CPT
conservation gives the best fit value:

sin” AS9™P = 0.467

— real true values disfavored at
close to 30 (neutrino) and more
than 50 (antineutrino)

Barenboim, Ternes, MT, PLB2018
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sSummary

+ Important discoveries on neutrino physics along last century have
provided the first evidence for physics beyond the Standard Model.

4 Neutrino oscillations are well stablished with observations in several
experiments, with natural and artificial sources.

= Oscillation parameters accurately measured (s 6%) by the combination
of different experiments.

= First indications for normal mass ordering and maximal CP violation.

4+ Several scenarios of physics BSM motivated by the building of
neutrino mass models and the observation of anomalies are being
explored (NSI, sterile neutrinos, Non-unitary 3-neutrino mixing).

4+ Scenarios motivated by Quantum Gravity developments may also
produce interesting phenomenology in neutrino experiments (violation
of CPT and Lorentz invariance symmetries).
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Backup slides
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CPT sensitivity in DUNE

— disappearance + appearance channels
— 3.5 yr neutrino run + 3.5 yr antineutrino run

 DUNE’s simulation:

@MariamTortola (IFIC-UValencia/CSIC) 44 QGMM BCN2019 - 02/10/2019



CPT sensitivity in DUNE

— disappearance + appearance channels
— 3.5 yr neutrino run + 3.5 yr antineutrino run

 DUNE’s simulation:

o Sensitivity to the difference between neutrino and antineutrino params.

A$:‘$—f‘ for xEAm§1,923,913,5
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CPT sensitivity in DUNE

 DUNE’s simulation:

— disappearance + appearance channels
— 3.5 yr neutrino run + 3.5 yr antineutrino run

o Sensitivity to the difference between neutrino and antineutrino params.

A$:‘$—f‘ for xEAm§1,923,913,5

25 | ]
 Poor sensitivity to - .
differences in CP 20 | =
phase and reactor - =
angle n, PE E
g4 F .
: 10 = g=
— three different values - -
of 023 considered 5H Low
— P /
0 - _ -

0 0.5

Barenboim, Ternes, MT, PLB2018
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ul

0

.2
Asin 913
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e [107% GeV] e [102 GeV] lau| [107% GeV]

Barenboim, Masud, Ternes, MT,PLB2019
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New experimental data

NOvVA Preliminary
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New experimental data

First NOvVA
antineutrino
data

M. Sanchez,
Neutrino’18

New T2K
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data

M. Wascko,
Neutrino’l8

o
<

(10°%eV?)

2
N

no
(V)
T T | T T

|
N

|
N

(10°%eV?)
-

2
32

Am
o

n
(e)]
1 1

o
T ‘ T T

NOvVA Preliminary

vvvvvvvvvvvvvvvvvvv

I
Q

(IH) (eVZc%)

2
13

(NH) Am
S

2

32
&)
o8}

N
oo
\tx

Am
o

. —— Normal - 90CL ]
est 1l ---- Inverted - 68CL
— Inverted - 90CL ]

o

Lo v v v v b v b b b by
035 04 045 05 055 06 065 07
sin’(6,,)

| (107 eV?)

2
ee
[\

| Am

0.1

Daya Bay
1958-day data

Adey et al,
1809.02261

RENO 2200-
day data

| | |

I e Rate+Spectrum i

- + Rate-only i
3 [099.7% C.L.

i 95.5% C.L.

- B 68.3% C.L. -
S .
2r -

i 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1

0 0.05 0.1 0.15

sin22613

Bak et al,
1806.00248

@MariamTortola (IFIC-UValencia/CSIC)

47

QGMM_BCN2019 - 02/10/2019




New experimental data

....... NOVA Preliminary
First NOVvA 28 | ~
antineutrino| % :q ] Daya Bay
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Neutrino NSI with matter a

4 NSI appear in models of neutrino masses

4 Information about the size of NSI could be very
useful for neutrino model building

4 NSI may affect oscillation parameters

= precision measurements at current experiments
= sensitivity reach of upcoming experiments(degeneracies)

€ap 7# 0 — NSI violate lepton flavor (FC-NSI)

€aa — €38 # (0 — NSI violate lepton universality (NU-NSI)

= mainly affecting neutrino propagation in matter
(but also detection in Super-K & Borexino)
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NSI 1n solar v sector
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de Salas et al, PLB782 (2018) 633

Miranda et al, JHEP 2006
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= degenerate solar solution
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NSI 1n solar v sector

Miranda et al, JHEP 2006
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de Salas et al, PLB782 (2018) 633 @ KamLAND and solar data
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NI at future LBL experiments

(623-¢rr) degeneracy in DUNE
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Gouvea and Kelly, NPB 2016
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NI at future LBL experiments

(O-cee-€er) degeneracy in DUNE
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NI at future LBL experiments

(O-cee-€er) degeneracy in DUNE

ol o S = 1t may affect CP-violation sensitivity
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NSI: Notation

v NBSI in neutrino propagation in matter:

fvV  fL
6045 o 6046 T eaﬁ

fR

fR (NSI at detection: eig €08 )
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§0M CQq%
N®SI: Notation

\‘7833%\
v NBSI in neutrino propagation in matter:

L
f‘ﬁ/ _ Gég 1 efR (NSI at detection: 6£5 , € )

v In ordinary matter (e, p, n) — (e, u,d)

N N, .
CaB = EZ‘E Nu Z‘B/ Nd Ei‘ﬁ/ with VNSI X eozBNe
e €
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§0M CQq%
NSI: Notation

\‘7833%\
v NBSI in neutrino propagation in matter:

1% L R JL
Z;ﬁ _ €£5 4 ef (NSI at detection: ¢ WL )

v In ordinary matter (e, p, n) — (e, u,d)

N N, .
€aB = eg‘g Nu eg‘ﬁ/ Nd eg% with Vst X €q3NVe
€ €

v However: Nf .
CapB — Z EEZ;B with Vg éagNd

@MariamTortola (IFIC-UValencia/CSIC) 52 QGMM_BCN2019 - 02/10/2019



3

§0M CQq%
NSI: Notation

\‘7833%\
v NBSI in neutrino propagation in matter:

1% L R JL
iﬁ _ €£5 4 ef (NSI at detection: € g€ )

v In ordinary matter (e, p, n) — (e, u,d)

N N, .
€aB = eg‘g Nu eg‘ﬁ/ Nd eg% with Vst X €q3NVe
€ €

v However: Nf .
CapB — Z EEZ;B with Vg éagNd
f
Sun: N,/N.>~2Ny;/N., ~1 Earth: N,/N. ~ Ny/N, ~ 3
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§0M CQq%
NSI: Notation

\‘7833%\
v NBSI in neutrino propagation in matter:

1% L R JL
Z;ﬁ _ 626 4 ef (NSI at detection: € g€ )

v In ordinary matter (e, p, n) — (e, u,d)

N N, .
€aB = e(% Nu eg‘ﬁ/ Nd eg% with Vst X €q3NVe
€ €

Factor 3 difference!!

v However: Nf .
CapB — Z EEZ;B with Vg éagNd
f
Sun: N,/N.>~2Ny;/N., ~1 Earth: N,/N. ~ Ny/N, ~ 3
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Agarwalla et al, PLB 2016

= Interference term in ¢peq can mimic swap in the octant
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NI at future LBL experiments

N®SI significantly spoil sensitivity to CP violation in DUNE
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NI at future LBL experiments

N®SI significantly spoil sensitivity to mass ordering in DUNE

25
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@] Most models of neutrino masses include new extra heavy states

Ex: type [ seesaw, ( 0 MD> 0 Mp O

T
inverse seesaw ML Mg ]%D ]\ET ]\Z

— (3x3) light neutrino mixing matrix U is non-unitary in general

2: (8! ¢)
| degeneracies in
3x3 P“e
a;; 00 ST
N=| ay ag 0 Uss New phases will

j modify the
llstandard oscillation
| picture in LBL

31 (32 (X33

Miranda, MT, Valle, PRL 117 (2016)
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@] Most models of neutrino masses include new extra heavy states

Ex: type [ seesaw, ( 0 MD> 0 Mp O

T
inverse seesaw ML Mg ]\{)D ]\ET ]\Z

— (3x3) light neutrino mixing matrix U is non-unitary in general

[ General parameterization for non-unitary NxN mixing matrix

.

e | — PO (8gp = Bm/2)
11 0 0 - = 1: 0 +10% i
N = o1 Q99 0 U *
31 (32 (33 0f
— i real, o complex: 9 new 0005
parameters
Escrihuela et al, PRD92 (2015) Miranda, MT, Valle, PRL 117 (2016)

(S, ¢)

| degeneracies in

New phases will

modify the

llstandard oscillation
| picture in LBL

@MariamTortola (IFIC-UValencia/CSIC) 56 QGMM_BCN2019 - 02/10/2019



6" |a|<1073
: |ape|=0//
| /’
L (d _
5H5.g ......... /,.-:;‘.\i hmmmmmmmmssEs==-- ...,.,-.-‘.‘( R ..5.g........., 2 N I.a,.,’gL;IO.‘ .........
r / \ / \ ” Y
’ ’ \ b e
04 \ / \ 4 >
// \\ / \ I/'.
u / \ / -2\ g
o 4 / \ / 1al<107% ; |Qtyel=10
< ! ! ! \ !
3;.3..0.- ll ........................... [.I....,:............‘ [ .?.’g . ,................:‘ ......
L 'I 1 “ ____ N L St \ |‘
| A} ’ 0, \‘l
o ne i lal<107 Y o \ . .
A} A ) , R
’ o’ \‘\ l \ Ve \ * 1Y
27 1 'l - x4 ‘\ “ | I"‘I\ \ 7 ‘\ 10 1 \
I o = N / \ /o lael= \
Sy LA N . ! \
k A ! . / \
1-47 7 W\ v |alfree AN / A p
L '/, t :I' \\‘ / |\ 'I \
i I3 'l' o I ‘
X i/ \s 4
O | | | |
JT JT JT JT
- 7T - 0 . JT =TT - 0 . 7T
2 2 2 2
Ocp Ocp

Fernandez-Martinez et al (DUNE-BSM Working Group)

— The sensitivity to CP violation might be spoiled in the absence of priors on NU

— With priors based on current bounds (10-3-10-2), the effect is not less dramatic
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[ Most models of neutrino masses include new extra heavy states

Ex: type I seesaw, 0 Mp OT Mp 0
, - ML 0 M
Inverse seesaw M7y Mg 0o MT

— (3x3) light neutrino mixing matrix U is non-unitary in general
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[ Most models of neutrino masses include new extra heavy states

Ex: type I seesaw, 0 Mp OT Mp 0
, - ML 0 M
Inverse seesaw M7y Mg 0o MT

— (3x3) light neutrino mixing matrix U is non-unitary in general

7 NxN unitary mixing matrix described with:
N(N-1)/2 mixing angles and (N-1)(N-2)/2 Dirac CP phases (4 param for N=3)
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[ Most models of neutrino masses include new extra heavy states

Ex: type I seesaw, 0 Mp OT Mp 0
, - ML 0 M
Inverse seesaw M7y Mg 0o MT

— (3x3) light neutrino mixing matrix U is non-unitary in general

7 NxN unitary mixing matrix described with:
N(N-1)/2 mixing angles and (N-1)(N-2)/2 Dirac CP phases (4 param for N=3)

@ NxN non-unitary mixing matrix described with 2N2-(2N-1) parameters

— 13 parameters are needed to describe a non-unitary (3x3) matrix
— besides the three standard 6; and 6cp, 9 more parameters are needed

@MariamTortola (IFIC-UValencia/CSIC) 58 QGMM_BCN2019 - 02/10/2019



[ Most models of neutrino masses include new extra heavy states

Ex: type I seesaw, 0 Mp OT Mp 0
, - ML 0 M
Inverse seesaw M7y Mg 0o MT

— (3x3) light neutrino mixing matrix U is non-unitary in general

7 NxN unitary mixing matrix described with:
N(N-1)/2 mixing angles and (N-1)(N-2)/2 Dirac CP phases (4 param for N=3)

@ NxN non-unitary mixing matrix described with 2N2-(2N-1) parameters

— 13 parameters are needed to describe a non-unitary (3x3) matrix
— besides the three standard 6; and 6cp, 9 more parameters are needed

[ General parameterization for non-unitary NxN mixing matrix

0 0
N W : 11
UTLXTL — ( V T with N — NNPU3><3 _ a9 (9o 0 U3><3
31 32 (33
Escrihuela et al, PRD92 (2015)
See also Xing, PRD2012 for n=6 — Qj real, o complex: 9 new parameters
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NU v oscillations in DUNE

The new phases will modify the standard oscillation
picture in LBL experiments, such as DUNE

0.12R.""' - 012 | Scp = 3m/2 W -
1 - 5(313 = 7r/2
dcp =0
5(313 =T
» 0.08 4 . 0.08 -
T:L ! Ti
Al _ | 3 |
0.04 | | ! | 4 004} i
A R AY
0 | ! ! Ly 0 L % Ll ! Loy
1 10 1 10
E [GeV] E [GeV]
Escrihuela et al, NJP 2017 Miranda, MT, Valle, PRL 117 (2016)

— (6, ¢) degeneracies in P ¢ for Ez 3 GeV spoil sensitivity to §
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Sensitivity to CP-violation
and mass ordering in DUNE

CPV sensitivity, Normal Ordering
DUNE Sensitivity - 7 years (staged)

Normal Ordering
9 sin’26,, = 0.085 + 0.003 .~ 10 years (staged)

6,,: NuFit 2016 (90% C.L. range) === sin’0,, = 0.441 + 0.042

DUNE Conceptual Design Report (CDR)

arXiv:1512.06148
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25} 6,,: NuFit 2016 (90% C.L. range) ===-** sin’e,, = 0.441 + 0.042

30

a2
oL

—d
o

0 lllllllllllllllllllllllllllllllllllllll

-1 -08-06-04-02 0 0.2 04 06 08 1
Ocp/Te

>50 sensitivity for both orderings and the
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