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OUTLINE

e Introduction: NHL’s & Active Neutrino Oscillations

e Status of 3 global description
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‘ Introduction: The SM of Active Neutrinos |

The SM 1s a gauge theory based on the symmetry group

With three generation of fermions Three and only three
(L,2)_1 (3,2)2 |(1,1)—1 (3,1)2 (3,1)_2
£ 2 /\ * ALEFH .
i 30 4 s\l ¥YDELPHI
e /Jp \d /L i i 3 |
vV c i i 10 - £
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/~’L L S L P TN I PSP ISP PSR AN RN PP I
1 t’L . . V5 =By, (GeV)
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T /L \b /L

There 1S no vp
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‘ Introduction: The SM of Active Neutrinos |

The SM 1s a gauge theory based on the symmetry group

With three generation of fermions Three and only three

(L,2)_1 (3,2)2 |(1,1)—1 (3,1)2 (3,1)_2

£ 2 /\ * ALEFH .

i 30 4 s\l ¥YDELPHI

e /o \d /L i i = |

v ¢ : : 0 x

Y . |

( % L SZ L R R PN S R R PO O U DU Y PO

1 t’L . . V5 =By, (GeV)
(), ()] =
T /L \b /L

There 1S no vp

Y
Accidental global symmetry: B x L, x L,, x L, (hence L = L.+ L, + L;)

4

v strictly massless



Concha Gonzalez-Garcia

‘Introduction: The need of BSM |

e We have confirmed with high/reasonable precision:

* Atmospheric v,, & v,, disappear most likely to v (SK,MINOS, ICECUBE)

* Accel. v, & v, disappear at L ~ 300/800 Km (K2K, T2K, MINOS, NOvA)
* Some accelerator v,, appear as v, at L ~ 300 /800 Km ( T2K, MINOS,NOvA)
* Solar v, convert to v, /v, (Cl, Ga, SK, SNO, Borexino)

* Reactor 7, disappear at L ~ 200 Km (KamLAND)

* Reactor 7, disappear at L ~ 1 Km (D-Chooz, Daya Bay, Reno)
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‘Introduction: The need of BSM |

e We have confirmed with high/reasonable precision:

* Atmospheric v,, & v,, disappear most likely to v (SK,MINOS, ICECUBE)

* Accel. v, & v, disappear at L ~ 300/800 Km (K2K, T2K, MINOS, NOvA)
* Some accelerator v,, appear as v, at L ~ 300 /800 Km ( T2K, MINOS,NOvA)
* Solar v, convert to v, /v, (Cl, Ga, SK, SNO, Borexino)

* Reactor 7, disappear at L ~ 200 Km (KamLAND)

* Reactor 7, disappear at L ~ 1 Km (D-Chooz, Daya Bay, Reno)

All this implies that L, are violated = SM needs to be extended



‘Intro: The Minimal SM Extension |aGonza1ez-Garcia

e Minimal Extension to allow for LFV = give Mass to the Neutrino

x Introduce vr AND impose L conservation = Dirac v # v¢:
L=Lsy — M,vrvr + h.c.

* NOT 1impose L conservation = Majorana v = v°
L=Lgpn — %MVEVC + h.c.
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e Charged current interactions of leptons are not diagonal (similarly to quarks)
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e Minimal Extension to allow for LFV = give Mass to the Neutrino

x Introduce vr AND impose L conservation = Dirac v # v¢:
L=Lsy — M,vrvr + h.c.

* NOT 1impose L conservation = Majorana v = v°
L=Lgpn — %MVEVC + h.c.

e Charged current interactions of leptons are not diagonal (similarly to quarks)

—W+Z Doyt Lvd + U Uiy LD?) + hec

= Flavour Oscillations:

- * * 1 .- A'L * * 1 .-
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‘Intro: Lepton Mixing I

e For 3 charged leptons and 3 (ew doublet) + S (ew singlet) neutrinos

the charged current in the mass basis: Lcoc = — 507 7" Upep v; Wi
ik
Ui, = ZP%VfT vvkipy 3 % (3 + ) matrix

Vf : 3 x 3 Unitary matrix rotating left charged leptons to mass basis
VY (34 S) x (34 5) Unitary matrix rotating neutrinos to mass basis

PY, : 3 phases absorbed in /;
P, : S+2 phases absorbed in v; if all v; Dirac  or PP/, =l if all »; Majorana
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‘Intro: Lepton Mixing I

e For 3 charged leptons and 3 (ew doublet) + S (ew singlet) neutrinos

the charged current in the mass basis: Lcoc = — 507 7" Upep v; Wi
ik
Ui, = ZP%VfT vvkipy 3 % (3 + ) matrix

Vf : 3 x 3 Unitary matrix rotating left charged leptons to mass basis
VY (34 S) x (34 5) Unitary matrix rotating neutrinos to mass basis

PY, : 3 phases absorbed in /;
P, : S+2 phases absorbed in v; if all v; Dirac  or PP/, =l if all »; Majorana

e If no other NP in charge lepton sector we can choose Vf = 343

dim | 3 S
=V= 3 | (K; Kp)=Urgp K 3x3 and K, 3 5 non-unitary
S | K, Kpg

Valle and Schechter PRD22 (1980)
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‘Intro: Lepton Mixing Unitarity I

dim | 3 S
V'V = 3 (Kl Kh) = Urgp Kl,3><3 and Kh,gxg non-unitary
S | Kn Kug

e The massive neutrino interactions of v; = 3 lightest and /N = S heavier= NHL’s

Loo = _\55 (Z’V“Kl Uy —|—Z’yMKhN) W’j + h.c.

Lno =—% (T K] Kive + 7y K K N+ N#K[ Ky + Ny# KL N ) 2,
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‘Intro: Lepton Mixing Unitarity I

dim | 3 S
V'V = 3 (Kl Kh) = Urgp Kl,3><3 and Kh,gxg non-unitary
S | Kn Kug

e The massive neutrino interactions of v; = 3 lightest and /N = S heavier= NHL’s
Loo = —% (Z’V“Kl V] —FZ’V“K}LN) W’j + h.c.
Lno =—% (T K] Kive + 7y K K N+ N#K[ Ky + Ny# KL N ) 2,

o Vv — KK+ KK .0\ [Isxs 0
0 Isxs

— ULEPUITJEP = KZKZT -+ I(hf(]L = I343
[But UEEPULEP # I(315)x(3+9)]

KK lT + K K ); = I3« 3 = generic relation between NHL couplings

and unitarity violation in v; oscillations



e Convenient parametrization:
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Xing arXiv:1110.0083; Escrihuela etal arXiv:1503.08879, Blennow etal arXiv:1609.08637

aee

K =|Lxs— | o

B 0567'
(10 0
Usx3z = |0 co23 s23
\0 —S23 €23

o KK +K K| =133 = K,K]| =

0
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Qer Oy 20077
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e Convenient parametrization:
Xing arXiv:1110.0083; Escrihuela etal arXiv:1503.08879, Blennow etal arXiv:1609.08637

pe 0 0
Kl — I3><3_ Qe Oy 0 U3><3

Qer auT Qrr

(1 0O O Cc13 0 813€i6CP ca1 s12 O e 0 0
Usx3 = |0 co3 s23 0 1 0 —s12 c12 0 0 €20
\0 —S923 €23 —8136_i6CP 0 C13 0 01 0 0 1

20 O o

e

o KK+ KK =Dy = Ky,K =| oy 20, an |+002)=K,~O0(/a)

Qer Oy 20077

0 D "
e Canonical type-I see-saw: M, = . . D = Y_\/i v
Dgys Msxs
[ 3u)s: my,, ~ DY M1 D
Diagonalizing M, = ¢ SNHL's: My ~ M > TeV
| an~ (%) (%)Jr ~ K}’]/\‘[ unobservable




Convenient parametrization:

Kl = |I3x3 —

aee

aeu

Qer

0

Xy

a/”LT

0
0

At

Usyx3(012,013,023,9;11,72)

Concha Gonzalez-Garcia

Ky ~ O(Va)

e In more general see-saw-I scenarios: Bounds on o’s depend on NHL mass range

Blennow etal arXiv:1609.08637
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Convenient parametrization:
i Qe 0 0
e a0 | |Usxs(012,013,023,0;m1,m2)  Kp ~ O(a)

Oer &MT Ot

Kl = |I3x3 —

e In more general see-saw-I scenarios: Bounds on o’s depend on NHL mass range
Blennow etal arXiv:1609.08637

— forall My <10eV :

My ~ eV = some SBL anomaly explained
- 34S v/ in oscillation experiments N y exp

Fit to all other osc data = o’s < 0.1-0.01

— For 10eV < My < EW scale :
- M oscillations mostly averaged in osc experiments

/
- Searches for N’s at beam-dump experiments } = stronger bounds on a’s

— For M = EW scale = Unitarity and Universality violation in EWPD
= a's <1073 -1074
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Convenient parametrization:
i Qe 0 0
K =|Lxs—| ae au, 0 Usx3(012, 013, 023,6;m1,12) Kn ~ O(Va)

Oer &MT Ot

e In more general see-saw-I scenarios: Bounds on o’s depend on NHL mass range
Blennow etal arXiv:1609.08637

— forall My <10eV :

My ~ eV = some SBL anomaly explained
- 34S v/ in oscillation experiments N y exp

Fit to all other osc data = o’s < 0.1-0.01

— For 10eV < My < EW scale :
- M oscillations mostly averaged in osc experiments

/
- Searches for N’s at beam-dump experiments = stronger bounds on a’s

— For M = EW scale = Unitarity and Universality violation in EWPD
= a's <1073 -1074

= Unitarity violation can be ignored in present 37, oscillation analysis
Partial 3v-osc analysis w/o unitarity Hu etal 2008.09730; Denton,Gehrlein 2109.14575
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e The massive neutrino interactions of v; = 3 lightest and /N = S heavier= NHL’s

Loo = —% (Z’y“Kl V] + Z’y“Kh N) WJ + h.c.
Lno = —§ (T K[ Kive + 7y K] K N+ Ny#K[ Ky + Ny# KL N ) 2,

KK ZT + K K ); = [3«3 = generic relation between NHL effects and »; unit. violat.

— Theoretical prejudice & Experimental bounds:
= Unitarity violation can still be ignored in present 3v; oscillation analysis
= Generic correlation active v;—NHL effects not accesible in present 3v; osc data
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KK ZT + K K ); = [3«3 = generic relation between NHL effects and »; unit. violat.

— Theoretical prejudice & Experimental bounds:
= Unitarity violation can still be ignored in present 3v; oscillation analysis
= Generic correlation active v;—NHL effects not accesible in present 3v; osc data
— But K and K, arise from diagonalization of a given M,
= Model dependent correlation between 3v; oscillation parameters and NHL couplings
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e The massive neutrino interactions of v; = 3 lightest and /N = S heavier= NHL’s

Loo = —% (Z’y“Kl V] + Z’y“Kh N) WJ + h.c.
Lno = —§ (T K[ Kive + 7y K] K N+ Ny#K[ Ky + Ny# KL N ) 2,

KK ZT + K K ); = [3«3 = generic relation between NHL effects and »; unit. violat.

— Theoretical prejudice & Experimental bounds:
= Unitarity violation can still be ignored in present 3v; oscillation analysis
= Generic correlation active v;—NHL effects not accesible in present 3v; osc data
— But K and K, arise from diagonalization of a given M,
= Model dependent correlation between 3v; oscillation parameters and NHL couplings
Minimal (Lepton Flavour Violating) Type I see-saws: Gavela etal 0906.1461

0.0,1.0 = K}, dominantly determined by 37, osc parameters
& [up to overall normalization & Maj phase(s)]
£$ : = Maximal corrrelation between 31, osc parameters
N and expected NHL effects
S\f Yy SEe =

,,,,,,,,,,,

Caputo etal 1704.08721

1,0 A7 AN 7\ 0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
|Kn.e1l?/ O 1 Kn.a1l?)
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e For for 3 v’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

1 0O O Cc13 0 813€i50p co1 S12 0
ULep = [0 c23 s23 0 1 0 —s12 c12 0
0 —s23 c23 —Slge_iécp 0 C13 0O 01

e Convention: 0 < 6;; <90° 0 <9 < 360° =2 Orderings

NORMAL INVERTED

o A ™ Img Am3, > 0 by convention
1 =
N , Am%l > (0 for NO
g Am3€ — 9
- - Amz, < 0 for 10
CETI m v m
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e For for 3 v’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

1 0O O Cc13 0 813€i50p co1 S12 0
ULep = [0 c23 s23 0 1 0 —s12 c12 0
0 —s23 c23 —Slge_iécp 0 C13 0O 01

e Convention: 0 < 6;; <90° 0 <9 < 360° =2 Orderings

me o1 Ic;;c]ﬂ Am?Z, > 0 by convention
N ) AmZ,; > 0 for NO
= Amg, =

R . Am3, < 0 for IO
CEI m; \4 ms

Experiment Dominant Dependence Important Dependence

Solar Experiments 012 Am%l , 013

Reactor LBL (KamLAND) Am3, 015 , 013

Reactor MBL (Daya Bay, Reno, D-Chooz) 613 Ams3,

Atmospheric Experiments (SK,IC) 053, Am% s> 013 ,0¢p

Acc LBL v, Disapp (Minos, T2K,NOvA)  Am3, 0a3
Acc LBL v, App (Minos, T2K,NOvA) Ocp 013, 023
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‘Summary: Global 3 v Flavour Parameters I

Global 6-parameter fit http://www.nu-fit.org
Esteban, G-G, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792], G-G, Maltoni, Schwetz, 2111.03086

NO, 10 (w/o SK-atm)
=====: NO, IO (with SK-atm)

|II|IIII"

NUFIT 5.1 (2021)
. .| SK-atm = x? table from

SK1-4 for 372 kton-years
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N /7
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, B
0.2 0.25 0.3 0.35 0.4 0.018 0.02 0.022 0.024 0.026 04 045 05 055 0.6 0.65
sin2 912 sin2 913 sin2 623
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i
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2 -5 2 2 -3 2 2
Am;, [107 eV7] Amz, [107eV] Amg, Ocp
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‘Summary: Global 3 v Flavour Parameters I

Global 6-parameter fit http://www.nu-fit.org

Esteban, G-G, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792], G-G, Maltoni, Sc Wetﬁ1

/ 012, 013, Amm’ ]Am3€|

NO, 10 (w/o SK-atm)
=====:= NO, 10 (with SK-atm)

AUFIT 54(2021)

rr 11 _I_I—l_l_
15— 0+0.78 -1+ -
- 32447 )i 1 :
ob Jr B
I [ 1C ]
s 1 B
_IIII|IIII 111 _III ||||\4/(|| |II\ HIlIIH dlll;

0
0.2 0.25 0.3 0.35 0.4 0.018 0.02 0.022 0.024/ 0.026 4 045 05 055 0.6 0.65
sin2 912 sin2 913 sin2 923

w TTYNTTTTTTTIT T TTTTTTTTT T HIIIl“IHIVlIIIIIIIIL
— — I — \
[ (7.4210320) x 107° eV? | - Zb RS '
10 — -1 -1
e [ 1 1
< L 4k 4k
5__ — —
0_I|IIII |II 111 I|IIII IIhIIdIIH [T T T 74 IIIII|IIIII 444qlllll
6.5 7 7.5 8 85 26 25 24 24 25 26 0 90 180 270 360

2 -5 2 2 -3 2 2
Am;, [107 eV7] Amz, [107eV] Amg, Ocp

2111.03086
known parameters:
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‘Summary: Global 3 v Flavour Parameters I

Global 6-parameter fit http://www.nu-fit.org

Esteban, G-G, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792], G-G, Maltoni, Sc Wetﬁl2111 .03086 ¢
-known parameters:

012, 013, Am3,, |Am3,|
—__. NO.10(w/o SK-atm) NUFIT 5.1 (2021) |
NO, 10 (with SK-atm) Am21 Solar vs KLAND

|II|IIII’

15 - \ -+ — —
: 11 ] 1 Tension Resolved
) 10 H4F - - o 03 Least known angle
>< L 4 L _ _
T 1t y 1 Maximal? Octant?
5 - — - — —
; - ; [ E non—robust wrt ATM
_I 111 | | I | 111 B 111 | | 1 1 /I/ | | i | L1 I\I\ 111 | | | | | | | I_
00.2 0.25 0.3 0.35 0.4 0.018 0.02 0.022 0.024 0026 0.4 045 05 055 06 0.65
sin2 9 sin2 913 sin2 623
15 _I ] _II mrTT TTTTITT ” TT TTTT TTTT |l|_ z]’l T TT | I\\I TT I\l \\I T 1T T T T ‘|_
10 1k 1k
E 1t 1t
5k 1k 1k
0 _I | | I .| | | i I i _I | | | | I I I | N J’]’l | | I_
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Am;, [107 eV7] Amz, [107eV] Amg, dcp
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‘Summary: Global 3 v Flavour Parameters I

Global 6-parameter fit http://www.nu-fit.org

Esteban, G-G, Maltoni, Schwetz, Zhou, JHEﬂ

NO, |10 (SK-atm 372 kton-yr
=====z= NO, 10 (SK-atm 328 kton-yr
VIT[T I T T[T I T T[T T T T 7]
\ I —
NO, IO (w/o SK-atm) " 7
=====:z NO, IO (with SK-atm) ]
T T 1T | T 7T | T T 1717 T T 1T | T LU ] ]
15— \ ! — I
- \ 4 | —
i \‘ 1L I
- 1r [
- — - l a
10 — 1 ]
I [ 1r ~
5 _— __ __ / N
/ -]
B B |||||||||\|\||/||||||
- - ) 045 05 055 0.6 065
L 111 | L 111 111 11 1 | 111 Z1 | . 2
0.2 0.25 0.3 0.35 04 0.018 0.02 0.022 0. Sin 923
sin® 6, , sin® @, ,
15 _I | T I\\I | T T 1T | T T 1T y TJIT I_ [ M
- \ ! J I -
ol aLC h
“e L 1[ ]
< L 4L i
S0 aLC J1c
0 _I | 1111 | 1 1 1L " ] _I L 111 | | I | JJ’I" L 111 I_
6.5 7 7.5 8 85 26 25 24 24 25 26 0 90 180 270 360
Am3, [10° eV am2, [10°ev? ams, Scp

o

1 2111.03086
|-known parameters:

3» Am%p Am%d
Solar vs KLAND
on Resolved

Least known angle
mal? Octant?
obust wrt ATM
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‘Summary: Global 3 v Flavour Parameters I

Global 6-parameter fit http://www.nu-fit.org

Esteban, G-G, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792], G-G, Maltoni, Sc Wetﬁl2111 .03086

NO, IO (w/o SK-atm)

=====: NO, 10 (with SK-atm) NuFIT 5.1 (2021) |

15_| T T || I‘I T | T T ||’ ||||||_ _I T T T I_ T]

- \ 4 - -

L \ 4 L i i

- ‘ — - — —
b aLC h h
I [ 1L i i
50 aLC h h

_I 111 | L 111 III- _I 1 1 | 111 /I/I |l |III\I\ III|IIII I|IIII_

15 _I I_ _II II\‘I TT | TTT I"l TT ” TTPTTTTTTTTT 'll_ z’lll T TT | l\\l TTT | T TT |"|_
- 1 [ i
- 4 \ [/ _— .
10 - | =
C\I>< B 1LC 1LC
T L 1L ]
5 - -
0 _I | L 111 | 11 1L i ] _I | | I | JJ’I" | I_
6.5 7 7.5 8 85 26 -25 24 24 25 26 0 90 180 270 360

2 -5 2 2 -3 2 2
Am;, [107 eV7] Amz, [107eV] Amg, Ocp

0
0.2 0.25 0.3 0.35 0.4 0.018 0.02 0.022 0.024 0.026 04 045 05 055 0.6 0.6
.2 .2 .2
sin 912 sin 913 sin 923 CPV?
\ 1 /

-known parameters:
012, 013, Amzy, |Am3,|
Am3, Solar vs KLAND
Tension Resolved
e (53: Least known angle
Maximal? Octant?
non-robust wrt ATM
e Ordering NO or 10?



‘ CPV and Ordering in LBL: ., appearace IIG

ve and U, apperance events

T2K ~ NOvA

(S~
f— =

Number of event

—
[

—
e
=

Number of events

dep

- Observed +1o
P NO, sin®fy3 € [0.44,0.58)

P (O, sinfy € [0.44,0.58]

= Each T2K and NOvr A favour NO



‘ CPV and Ordering in LBL: ., appearace IIG

v, and U, apperance events o ,
© © But tension in favoured values of dop in NO

T2K ~ NOvA

NuFIT 5.1 (2021
[0 | No NuFTS1(2020)

15 .
— Minos

— NOvVA
— T2K
— LBL-comb

Number of events

T 1 | 1 T 1T | i
11 | L1 1 1 |

2 100
3 5
E 60
I 180 270 360 0 90 180 270 360
8CP 8CP
""""""" Ohserel £lo — TO best fit in LBL combination

P NO, sin® Bz € [0.44,0.58]
P (O, sinfy; € [0.44,0.58]

= Each T2K and NOvr A favour NO



v. and U, apperance events

Number of events

Number of events

= Each T2K and NOvr A favour NO

NOvA

=

=

=

dep

------------- Observed 1o
P NO, sin s € [0.44,0.58)

P (O, sinfy; € [0.44,0.58]

‘ CPV and Ordering in LBL: ., appearace IIG

But tension in favoured values of ¢ p in NO

10 NO

NUFIT 5.1 (2021)

15

1 1 1 | ]

T 1 | 1 T 1T | i

0 90 180 270
d

CP

90

— Minos
— NOvVA
— T2K

— LBL-comb

III|IIII|

180 270 360

CP

= [O best fit in LBL. combination

e Parameter goodness-of-fit (PG) test:

normal ordering

inverted ordering

Xpg/n p-value #o | xpg/n  p-value  #o
T2K vs NOVA (0,3 free) | 6.7/4 0.15 140 | 3.6/4 0.46 0.70
T2K vs NOVA (613 fix) 6.5/3 0.088 1.70 | 2.8/3 0.42 0.80

No significant incompatibility
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‘Ordering in LBL & Reactors I

e At LBL determined in v, and v, disapperance spectrum
C%QAmgl NO +
3%2Am§1 10 T

e At MBL Reactors (Daya-Bay, Reno, D-Chooz) determined in v, disapp spectrum

2 2
s75Ams; NO .
Amge ~ Am%l—i—ci Am; o Nunokawa,Parke,Zukanovich (2005)

= Contribution to NO/IO from combination of LBL with reactor data

2 2
Amg,, ~ Am3z; +
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‘Ordering in LBL & Reactors I

e At LBL determined in v, and v, disapperance spectrum
C%QAmgl NO +
S%QAmgl 10 T

e At MBL Reactors (Daya-Bay, Reno, D-Chooz) determined in v, disapp spectrum

2 2
s75Ams; NO .
Amge ~ Am%l—i—ci Am; o Nunokawa,Parke,Zukanovich (2005)

= Contribution to NO/IO from combination of LBL with reactor data

2 2
Amg,, ~ Am3z; +

| NUFIT 5.1 (2021)

32 |IIIIIIIIIIIIIIIII_
2.8
2.6
24
2.2

IIII|III|III|III|III|III_L

2
31
LI I L L N A
=
O
<
>
Lova oo bon bona b b

Dbl-Chooz

(C=0

0.3 04 0.5 0.6 0.7 0015 002 0025 003
. 2e . 29
sin 23 sin 13

[10°ev?] Am

2.2

2
32

-2.4
-2.6
-2.8

Am

_LIIIIIII|III|III|III|III|

-3.2
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‘Ordering: LBL + Reactors I

e At LBL determined in v, and v, disappearance spectrum
C%QAmgl NO +
S%QAmgl 10 T

e At MBL Reactors (Daya-Bay, Reno, D-Chooz) determined in v, disapp spectrum

2 2
s75Ams; NO .
Amge ~ Am%l—i—ci Am; o Nunokawa,Parke,Zukanovich (2005)

= Contribution to NO/IO from combination of LBL with reactor data

2 2
Amg,, ~ Am3z; +

| NUFIT 5.1 (2021) |

15

— Reactors
— LBL-comb

11
2.6

2 3 (2 2 3 L\/2
Am,, [10" eV] Am, 107 eV]

e T2K and NOvA more compatible in IO =10 best fit in LBLL combination
e LBL/Reactor complementarity in Am3, = NO best fit in LBL+Reactors
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‘Ordering & CPV: LBL + Reactors I

e At LBL determined in v, and v, disappearance spectrum
2,Am3; NO n

Amfm ~ Am3, —|—§12
e At MBL Reactors (Daya-Bay, Reno, D- Chooz) determined in 7, disapp spectrum

%QAmgl 10
A NO .
Am?, ~ Am3l—1—812 A:Zm o Nunokawa,Parke,Zukanovich (2005)
21

= Contribution to NO/IO from comblnatlon of LBL with reactor data
NOI NUFIT 5.1 (2021) |

— Minos

— NOvVA

— T2K

— LBL-comb T
— |BL-react ]

| NUFIT 5.1 (2021) |

15

— Reactors
— LBL-comb

ol Lo NV AN L i 0 90 180 270 360 0 90 180 270 360
3 28 -26 24 22 22 24 5

am2, [10° eV?] Am2, [10° eV
e T2K and NOvA more compatible in IO =10 best fit in LBLL combination
e LBL/Reactor complementarity in Am3, = NO best fit in LBL+Reactors

e in NO: b.f dcp = 195° = CPC allowed at 0.6 ¢
e in IO: b.f ocp ~ 270° = CPC disfavoured at 3 o

CcP
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‘Ordering & CPV including ATM I

ATM results added to global fit using SK x* tables
- NUFIT 5.0: included SK I-IV 328 kton-years table
- NUFIT 5.1: include SK I-IV 372.8 kton-years table

______ NO, 10 (w/o SK-am) INuFIT 5.0 (SK-328 kton-yr) _
Sornsr NO IO With Seam) — Add gK-atm table=- favouring of NO:

15] | ||||| \l ‘\\ | ||||| I I'_

_ Ve N : 2 —_—

, i AXNO—Io,w/o SK—atm — 27
[ ) B

AXNO—IO,With SK—atm = (-1
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‘Ordering & CPV including ATM I

ATM results added to global fit using SK x* tables
- NUFIT 5.0: included SK I-IV 328 kton-years table
- NUFIT 5.1: include SK I-IV 372.8 kton-years table

______ §8, %8 gw(?hsslg(-at{n)) NUFIT 5.1(SK-373 kton-yr)| . i
—————— 10 (with SK-atm — Add either SK-atm table=- favouring of NO:

IIIII|I\IIII L

T LI
15 1 \ \l \ I ;] —

2 _
AXNO—Io,w/o SK—atm — 27
2 _
AXNO—IO,With SK—atm = (-1

1 Add new table = slight increase of significance of CPV in NO

w/o SK-Atm b.f ocp = 195° CPC at 0.60
with SK-Atm: b.f )cp = 230° CPC at 20




Concha Gonzalez-Garcia

‘Ordering & CPV including ATM I

ATM results added to global fit using SK x* tables
- NUFIT 5.0: included SK I-IV 328 kton-years table
- NUFIT 5.1: include SK I-IV 372.8 kton-years table

______ NO 19 fwto Skeatm) | NUFIT 5.1(SK-373 Kton-yr) .
S R D ) —— Add either SK-atm table=- favouring of NO:
7]

15 \ \

2 _
AXNO—Io,w/o SK—atm — 27

,/' i AX12\I()—Io,with SK—atm — (-1
B best fit MO Ax2(MO) bestfitdcp Ax2(CPC) oct.fa3  Ax?(oct)
i LBL 10 1.5 275° 2.0 2nd 2.2
00_ ' +reactors NO 2.7 195° 0.4 2nd 0.5
+ SK-Atm 328 ki-y (NuFIT 5.0) NO 7.1 197° 0.5 2nd 25
+ SK-Atm 373 kt-y (NuFIT 5.1) NO 7.0 230° 4.0 Ist 3.2
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‘Near Future for CP and Ordering: Strategies I

e /v comparison with or without Earth matter effects in v, — v, & v, — ¥, at LBL:
DUNE (wide band beam, L=1300 km), HK (narrow band beam, L=300 km)

2
~ g2, sin? Az 02 (Az £V L
Pe ~ 855 5in” 2013 (A iv) sin ( 5 )

F8J A xBu sin (%) sin (B£YL) cos (842 + dop)

2
JEp™ = €13513€23523C12512

— Challenge: Parameter degeneracies, Normalization uncertainty, F,, reconstruction

e Reactor experiment at I, ~ 50 km (vacuum) able to observe
the difference between oscillations with Am?%, and Am3,: JUNO

. . Am2 L . . AmQ L ) AmQ L
P,, v. = 1—ci3sin® 2015 sin” ( 42} )—sm2 2013 [C%z sin” ( 42,1 ) + s1o sin” ( 4;2 )]

— Challenge: Energy resolution/scale
e Earth matter effects in large statistics ATM v, disapp : HK,INO, PINGU,ORCA ...
— Challenge: ATM flux contains both v, and v, ATM flux uncertainties
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JUNO: Sensitivity to Oscillation Parameters

Central Value PDG2020 100 days 6 years 20 years
Am2; (x1073 eV?) 2.5283 +0.034 (1.3%)  £0.021 (0.8%)  £0.0047 (0.2%)  +0.0029 (0.1%)
Am2; (x107° eV?) 7.53 +0.18 (2.4%)  +0.074 (1.0%)  +£0.024 (0.3%)  +0.017 (0.2%)
sin? 614 0.307 +0.013 (4.2%) +0.0058 (1.9%) +0.0016 (0.5%) +£0.0010 (0.3%)
sin? 63 0.0218 +0.0007 (3.2%) +0.010 (47.9%) +0.0026 (12.1%) =40.0016 (7.3%)
—-—- PDG2020 precision
—— JUNO 6 years
10 _I T T T | MmT TT | T T T 1 _| T T T | T T T | T T ] 0 T T T ]| T T T |1 | T I_
8- . - .
. 6 . - .
3 T i A i
At /] = /]
Y /] L /
Y /4 L o
21 /A - .
- N\ / m - ) m
“““ N ST/ . ) TN T A
0 I |\'|\~|. T L1 |\"r-| S T |\1-| e ]
250 255 2.60 725 7.50 7.75 0.28 0.30 0.32 :
Am32,[1073 eV?] Am?2,[107° eV?] sin261, sin2613[1072]

2204.13249



Introduction Experiment Status Physics Conclusion

A‘@*ﬁ' [

SENSITIVITY TO NEUTRINO MASS ORDERING

Impact of systematics:

Reactor v, signal IBD event number (x10°)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
l T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T |
i JUNO Simulation Preliminary .= ]
P20 i e §
5 B “"“"""'""""'"'"""""""":::—:’:f’/‘:: """""""""" n
- 4o e ]
. 30 ]

I
i
1
i
1
!
4

————— NO: stat. only
—— NO: stat.+all syst.
————— 10: stat. only

—— 1O: stat.+all syst.

0 2 4 6 8 10 12 14 16 18
JUNO exposure [yearsx26.6 GWy,1]

v JUNO+TAO, 6 yearsx26.6 GW exposure: ~ 30

+1% external constrain on Am%z: > 40

N
[T T rrr1

N0
o

N

v/ combined with accelerator/atmospheric experiment: > bo
— sensitivity boost due to tension for wrong ordering

Maxim Gonchar (JINR) JUNO

Concha Gonzalez-Garcia

Dinin stat. + 1 syst.
Statistics 11.3 .----.
Stat.+Flux error -0.6 .----E
Stat.+Backgrounds 1.4 .---.]
Stat.+Nonlinearity 0.4 .--..m
Stat.+Others <-0.05 !----!
Total 9.0

JUNO Simulation Preliminary

0 2 4 6 8 10

12

® Paper under preparation.

® Combination of reactor and atmospheric
channels within JUNO is investigated.

| [2008.11280], JUNO+IceCube [1911.06745] |

July 13, 2022 18; / 28



053 octant: future sensitivities
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DUNE

& Hyper-Kamiokande: 093

15

10

Ax

mp—_\Te o'

NO, IO XSK-atm 372 kton-yr
SK-atm 328 kton-yr

VIT T TTTTTTT T T T T T TTT I pT
SRARRERARERRRRERRRR /N

—-———_
—-———
-
|IIII|IIII|

\ /
10 T RS NS R
F DUNE Sensitivity 10 years (staged) - . I I 0.45 0.5 0.55 0.6 0.65
o All Systematics 15 years (staged) ° 7= I I 2
9:— Normal Ordering — Median of Throws = C Sln e
- sin20,, = 0,088 + 0.003 S 8 F 23
8 - statistics, systematics, n— —
E and oscillation parameters &’ 6 __
7E 'é E —
5 g sE =
‘N 6 8 C .
> o C ]
i 5F s 4 -
o [ . 3
aE “i 3 -
K @ - =
2 i E
1F 1~ —
] P I PPN PP PP P IS P PP I C 7
0.42 0.44 0.46 0.48 0.5 0.52 0.54 0.56 0.58 ol .
sin0,, 0.4
sin? 6,

~ 3 — bo

(BNL)

Beam+Atm=~ 3 — 60

DUNE 2002.03005

HK 1805.04163

Neutrino 2022: June 1/2, 2022 17/34
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DUNE & Hyper-Kamiokande: CPV and MO

Mass Ordering DUNE Hyper-Kamiokande

........... LANLEN B LI L B N L L L B L L

7

- T
: DUNE Mo Sensitivity .‘g 6 : i Alm + Beam (True Normal) !lfl)"ﬂ,l ——
= o | —@— Atm+ Beam (True Normal) sirfe,,=0.5 |
[ All Systematics 1 8 |- —— Aim + Beam (True Normal) sirfe,_=0.6 5]
6 //”/ &) j i Atm + Beam (True Inverted) ;'-?um=o.4 i
/,’/ > 5 | —@— Am .+ Beam (True inverted) sif0,,=0.5 g |
Bl e s e SR e e T [ —m— Amesem T inveen so 06 ]
S u ]
8 4 il
- a4 i I 2|
k) s 3 =
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‘ Summary I

* SM extension with additional singlets

Concha Gonzalez-Garcia

— Lepton-mixing Unitarity: K; K ZT + K K ,TL = I3« 3 = generic relation between
NHL couplings (K},) and flavour param. and unit. violation of active v; (/;)

— Canonical see-saw: Unitarity violation in the light sector unobservably small

— In more general see-saw-I scenarios: Experimental bounds

= Unitarity violation can still be ignored in present 3u; oscillation analysis

— Model dependent correlation between 3v; parameters and NHL couplings
Maximal correlation in minimal (Lepton Flavour Violating) See-saws

e Status of 3v fit

— Robust determination of 015, 613, Amgl, !Amgd

— Mass ordering, #»3 Octant, CPV depend on subdominant 3v-effects

= interplay of LBL/reactor/ATM results

best it MO  AY2(MO) best fit 5cp  AY?(CPC) oct.flas  Ax>(oct)

LBL

+reactors

+ SK-Atm 328 kt-y (NuFIT 5.0)
+ SK-Atm 373 kt-y (NuFIT 5.1)

= not statistically significant yet
= definitive answer from upcoming experiments
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‘Summary: Global 3 v Flavour Parameters I

Evolution of global 3 flavour fit

Gonzalez-Garcia, Maltoni, TS [arXiv:2111.03086]

2012 2014 2016 2018 2021
NuFIT 1.0 NuFIT 2.0 NuFIT 3.0 NuFIT4.0 NuFIT 5.1
01> 15% 14% 14% 14% 14% 1.07
013 30% 15% 11% 8.9% 9.0% 3.3
623 43% 32% 32% 27% 27% 1.6
Am%l 14% 14% 14% 16% 16% 0.88
|Am3, 17% 11% 9% 7.8% 6.7% [6.5%] 2.5
OCp 100% 100% 100% 100% [92%] 100% [83%] 1 [1.2]
AX3oNO +0.5 —0.97 +0.83  +4.7[4+9.3] +2.6 [+7.0]
w/o [w] SK atm data /
relat. precision at 3¢ : Z(X+ _ x_) .
(xt 4+ x7) improvement factor from 2012 to 2021
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‘Summary: Global 3 v Flavour Parameters I

Global 6-parameter fit http://www.nu-fit.org

Esteban, G-G, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792], G-G, Maltoni, Sc Wetﬁl2111 .03086 ¢
-known parameters:

012, 013, Am3,, |Am3,|
—__. NO.10(w/o SK-atm) NUFIT 5.1 (2021) |
NO, 10 (with SK-atm) Am21 Solar vs KLAND

|II|IIII’

T
15 |- \ -+ — —
- \ 4 - _/
[ \ 1t ] 47~ Tension Resolved
o 1E N N
C\l>< B 4 F - ]
Fr 1t i i
5 — R B — —
0 _I 111 | L 111 111 - i 11 1 | 111 /I/ 1 | ] | 11 I\I\ 111 | 1111 1 | 111 I_
0.2 0.25 0.3 0.35 0.4 0.018 0.02 0.022 0.024 O. 04 045 05 055 06 0.65

.2 .2 .2
sin 9 sin 913 sin 923
15_I __II IIIIIIIIIlII”II I_z’lllllll“\llll\l‘\llll IIII"|_
B 17 T 1
10— — —
o [ 1L 1t
< L 4L
5 - — —
0_I|IIII|II I _ _IIIII|IIIII .lJ’I’lIIIII_
6.5 7 7.5 8 85 26 25 24 24 25 26 0 90 180 270 360

2 -5 2 2 -3 2 2
Am;, [107 eV7] Amz, [107eV] Amg, Ocp
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e [ast decade: after including 613 ~ 9° the comparison of KamLAND vs Solar

0,, = 8.5°

0
0.2

0.25 0.3 0.35
in%0
sin'@,,

SlLii

.4

N

| NUFIT 2.1 (2016) |

10

T | T T T | T T T | T T
—— Solar (GS98)
—— KamLAND

'\)III|III|III|III|III|III

4 6 8
2 -5 2
AmS, 107 eV

-
S

61 better than 10 agreement

But ~ 20 tension on Am?,
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e [ast decade: after including 613 ~ 9° the comparison of KamLAND vs Solar

| NUFIT 2.1 (2016) |

14 _I T T T LI LI T T T I_ 12 [ T T | LI | T T | LI /|

ML N S s 1 64 better than 1o agreement
—10F 1 L 3 But ~ 20 tension on Am?,
Z ] - .
e 8¢ ~_ F -
2 1 560 7]
NN 6 - ] B T
E C ] 4= ]

4 -] - ]

2 f— —f 2 —

0 :I 11 | | 111 | | 111 1 | 11 | I: 0 : 11 1 | | | 11 | 11 1 :

0.2 0.25 0.3 0.35 0.4 2 4 6 8 10

sin°e,, Am3, [107° eV?]
e Tension arising from:
Smaller-than-expected MSW low-E turn-up “too large” of Day/Night at SK
in SK/SNO spectrum at global b.f. Ap /N .sKka-2055 = [—3.1 £ 1.6(stat.) + 1.4(sys.)|%

-7 ;_ Super-K 7: D_gg

0.6 E— pp Borexino (7Be) Borexino (pep) ° Ezlrzxino (BB) i
"y 058 i
s q%

0.3 [— Bestfit (SOLAR only) .

C Best fit (SOLAR + KamLAND)
028, vl bty h (e
02 0304 06 1 14 2 3 4 6 10 14 4E/Am? (ev™")
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e [ast decade: after including 613 ~ 9° the comparison of KamLAND vs Solar

| NUFIT 2.1 (2016) |

14 _I T T T LI LI T T T I_ 12 [ T T | LI | T T | LI /|

LALS N S s 1 012 better than 1o agreement
—10F 1 L 3 But ~ 20 tension on Am?,
Z ] - .
e 8¢ ~_ F -
2 1 560 7]
NN 6 - ] B ]
E C ] 4= ]

4 -] - ]

2 f— —f 2 —

0 :I 11 | | 111 | | 111 1 | 11 | I: 0 C 11 1 | | | 11 | 11 1 ]

0.2 0.25 0.3 0.35 0.4 2 4 6 8 10

sin°e,, Am3, [107° eV?]
e Tension arising from:
Smaller-than-expected MSW low-E turn-up “too large” of Day/Night at SK
in SK/SNO spectrum at global b.f. Ap /N .sKka-2055 = [—3.1 £ 1.6(stat.) + 1.4(sys.)|%

-7 ;_ Super-K 7: D_gg

0.6 E— o Borexino (7Be) Borexino (pep) . Ezlr:xino (BB) i
"y 058 ]
s q%

0.3 [— Bestfit (SOLAR only) .

C Best fit (SOLAR + KamLAND)
028, vl bty h (e 5 1
02 0304 06 1 14 2 3 4 6 10 14 4E /Am* (eV™")

= “hint” of NP in proII)Eé(gation: NSI?
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e AFTER NU2020: With SK4 2970 days data

Slightly more pronounced low-E turn-up Smaller of Day/Night at
S 0-55 T S AR R A _ = [—3.1 £+ 1.6(stat.) £ 1.4(sys.
E : SK-IV 3 D/N,SK4—2055 [ ( ) ( Yy )]%
S E Ap /N ska—2070 = [—2.1 £ 1.1]%
2 o0.a5} .
= - =
& o.af— -

0.35 | e comarn oo G mrerov-om epec. ove. E
— e Super-K (2019 [ ] Eneray -resol. Sys. _
- Innor box: Enorgy uncorr. unc. || Enorgy-scale. Sys. ]
033 8 He iz 14 16 18
- . . BRecoil electron kinetic energy [MeV]
e In NuFIT 5.1
| NUFIT 5.1 (2021)
14 _I T I2 T | LI I LI T I_ 12 [ T I|| T | T T T | T T T | T T T l_
C sin'e,, = 0.0222 . - 1-t- GS98(NuFIT4.1) /4
121 - 10 ]
o 1 ]
=t 1 °F .
0 8= — B “
IS € N%{ 6 - |‘
wF 61 4  F
E r ] 4
4 N . .
2 f— —f 21 \
0 :I 11 | L1 1 1 I L1 1 1 | 111 I: 0 : 1 1 | \\I\J 1
0.2 0.25 0.3 0.35 0.4 2 4

.2 2 -5 2
sin'8,, Am,, [10 ~eV']

= Agreement of Am3, between solar and KamLAND at 1 o
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‘Ordering & CPV including ATM I

ATM results added to global fit using SK x* tables
- NUFIT 5.0: included SK I-IV 328 kton-years table
- NUFIT 5.1: include SK I-IV 372.8 kton-years table

______ §8, %8 gw(?hsslg(-at{n)) NUFIT 5.1(SK-373 kton-yr)| . i
—————— 10 (with SK-atm — Add either SK-atm table=- favouring of NO:

IIIII|I\IIII L

T LI
15 1 \ \l \ I ;] —

2 _
AXNO—Io,w/o SK—atm — 27
2 _
AXNO—IO,With SK—atm = (-1

1 Add new table = slight increase of significance of CPV in NO

w/o SK-Atm b.f ocp = 195° CPC at 0.60
with SK-Atm: b.f )cp = 230° CPC at 20
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‘Ordering & CPV including ATM I

ATM results added to global fit using SK x* tables
- NUFIT 5.0: included SK I-IV 328 kton-years table

Expected impact of SK-V
(373 — 484 kt.yr)

20

L B L
[ —— SKI-V Expanded FV data fit

15 |- I Inverted
| I Normal

O_—nx-‘l

- = = MCexpectation at data best-fit 1

- —T[/2IIIOIIIIT[/2
)

CcpP

Favouring of NO and CPV
increases beyond expectation

_ NITTETT S 1- inclnde SK T.TV 372 R ktgn_years table

yr)
either SK-atm table=- favouring of NO:

2 _
AXNO—Io,w/o SK—atm — 27
2 _
AXNO—IO,With SK—atm = (-1

new table = slight increase of significance of CPV in NO

w/o SK-Atm b.f ocp = 195° CPC at 0.60
with SK-Atm: b.f )cp = 230° CPC at 20
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3v Mixing: Leptonic Unitarity Triangle

Unitarity triangle in lepton sector

NO

NUFIT 5.1 (2021)

\Lllllllllllll

-0.5 0 0.5 1
Re(z)



Concha Gonzalez-Garcia

3v Mixing: Leptonic Unitarity Triangle

Unitarity triangle in lepton sector The equivalent in the quark sector

NO NuFIT 5.1 (2021) -

L L | L | L | LI 10 f_

N U U ] -

! o Dai Uz i >

- i N PNT g
__I AN BN A B A A A B R B e ® e (}:i e e 0

|
~

-0.5 0 0.5 1
Re(z)



“Near Future” for CPV and Ordering zalez-Gareia

NOvA: Ordering T2K: CPV

A priori NOVA sensitivity to

Mass Hierarchy vs. time Estimation POT
§in0,,=0.45-0.60, Am2,=+2.40x10eV?, sin?20,,=0.085 40 P YS——————— diieas
T T T T T T T T T T T T T T T T T T T T T T 1200
sl Hierarchy resolution ! I L CZ) 1O0Er22
i NH 8,,=3n/2 1< 1000 8.00E+21
— NH 8p=n > 800
] | - 6.00E+21
\ﬁ NH SCP_O g) 600 = Cycles
T NH §p= /2 3 AlD - 4.00E+21
b 41— — Upgrade of :Zmé"e
Q_) 200 I 1 Acc. &NDZ 2.00E+21
3| 1z 0 i
S e _ % ) 0.00E+00
C
8 L 1 Q»"’ 6\9 q/@,” %@? q/@?’ ,\9'\,“ '»&(0 w&b
g2 -
-(%) E - o 15 T | L A T
— =_"~ 29 . — sensitivity
- 2020 analysis techniques ] ", - : 8cp = =3, 5in 623 = 0.5,N0_
- 31.5x10%° POT(v)+31.5x10%° POT(¥) by 2025 . 1,80 [ 9% 2020result | A stat.only
1 1 L 1 I L 1 L 1 I 1 1 1 L I 1 L 1 1 I L 1 1 1 I L 1 S
2%20 2021 2022 2023 2024 2G25 " B I ) PP he “ improved
Year o 10rsecr 68%range . s
'g LT ET TR sys.
NOvVA reaches 3 sigma © e 1 2016 sys.
sensitivity for between 30% > 5 -
and 50% of cp values, fe H
depending on MH and N < 4
sin2(023) = -
< o 1 -
0 15 20

03 Sep 2020 P. Shanahan | The NOvA Physics Program
Protons-on-Target (x10°")

To be further improved by ND280 upgrade etc.
If CP is maximally violated, we have a good
chance to reach 3c.

From F.Sanchez snowmass talk



