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Sources of neutrinos
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This talk will be
focused on the recent
results from long
baseline (LBL) neutrino
oscillation
experiments.

In particular | will
discuss the T2K
neutrino oscillations
results!



Mixing of three neutrinos

W IB | Neutrinos produced in weak processes (Va)
Va /¢  are linear combinations of mass eigenstates (V;)
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Super-K, K2K, MINOS,

VT
Global Fits OPERA, NOVA, T2K
A.Marrone @ NuTel 2021

LBL Acc + Solar + KamLAND + SBL Reactors + Atmos
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Super-K, SNO, KamLAND
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Breakthrough Prize 2016

Nobel prize 2015

T2K & K2K KamLAND Daya Bay Super-Kamiokande
Am?2 Am?2 Am?2 Am?2

32 21 31 32

e23 e13 e12 e13 e23

... "For the fundamental contributions to the discovery of neutrino Oscillation”




Neutrino physics development

Large 0., era : CP violation with super-beams, MH with JUNO —

golden age of discovery | aqa of accelerator high power neutrino beams (K2K, MINOS, OPERA, T2K, NOVA) Hyper-K/DUNE/JUNO
with natural sources operational era
K2K oscillations with Ty, ALY )
C 2011 (250 construction

Solar puzzle/searches era artificial beam (04) i 27.5 0; - DUNE (NN
o) | nl
Super-K oscillations discovery SNO 2001 (’.liF N Daya-Bay 2012 Sl ‘\I,'iFN=
tm. v disappearance (MACRO) NC from solar v 913 ~9° 2015NOvVA,5.5¢0 Hyper-K INF/J

|

00 10 T NN 20 | sterilevatFnaL? | 30
Searches at CERN 2010: 8., hints C Reactors ? 6Cj’
(CH:RM{)NOhIA.AD) ad'A CHOOZ limit from global 0PERA/|CARUS v, S“J;‘;':gxa B
2t short baseline 0,<0.15@90% CL - fits Fogli | 5 Appearance with CNGS ey
* el C New ideas The unexpected?
. q ew ideas for
Community priorities(t) Confirm v, dis precision ancillary
with beams facilities ENUBET,
| nuSTORM
Direct detection of v = v, >
|
¥,V (measure 6, downto 10° 6, with super-beams, precision PMNS
with super-beams B-beams, v-factories) cP

After the discovery of a relatevly large 0,3 the

measurement of 0cp becomes accessible!

From A. Longhin
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d Long-Baseline Facilities Acfrossvth_e Globe _,

—~

Current:
NOvA (US)
T2K (Japan)

- e <
Future (Ash River
<PUNE-— “
Future: (Howe Stake) &
DUNE (US)
Hyper-K (Japan) | (&
.[ - New Technology, high intensity beams, large

volume detectors are needed for precision — .
2 Fermilab &




What can be measured from v, disappearance and v. appearance
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Learning from Ve (Ve) appearance
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= 0, m= no CP violation: P(Vy—Ve) = P(Vyu—Ve) in vacuo |

=T1/2: enhance V— Ve and suppress V= Ve
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Normal hierarchy
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T2K vs NOvVA

o underground
J-PARC Main Ring (30 GeV) ~500 kW SuperK 2.5 kt

<E>~10.6 GeV (2009)

Water Cherenkov

g 295k
v 2.5°off-axis

I

sin20,,= 1.0
sin20,,=0.1 ]
Amk,=24x107eV? A

FNAL Main Injector (120 GeV) 670 kW ~at surface

5
<E>~2 GeV (2013) NOVA 14 kt 3 |
, i £ 05 _
B— oS Extruded PVC cells filled with Y [ ]
—t 11M liters of scintillator ||||||||||||||" i
e o it PN AL [
810 km l-shlftlngﬁber and APDs qul”d SC|nt|llat0r o 1 3
0 1 €
0-84 0ff-aX|S (simulated v, CC event)
off-axis beam
Looki ng ahed T2 K K. WarlBurton & L. Kolupaeva, Nu2020 poster
5in?0,,=0.45-0.60, Am2,=+2.40x10°eV?, sin’20,,=0.085
i L L L L B L B
o I Hierarchy resolution NOVA 12
2 Extended run of T2K (20x|02| I = wi eff. stat. improvements (no sys. errors) T2K . LOOkIng ahed NOVA [ 2020 analysis techniques NH 50,,=3vd2_:9
+ ) 4 —"F 31.5x10™ POT(v)}+31.5x10™ POT(¥) by 2025 1>
POT) can result |n 30 for CPV L - - - w/eff. stat. & sys. improvements i 4\42< F ;QJ_
357 S-U-C-‘L.w/eff.stat improvements & 2016 sys. errors ’—’___-'_ S Can reach 3 o MH >g4? ?g
. i S [T Rl scnsitivity for 30-50% of O Rk |5
“ ND280 upgrades,WAGASC!/ [FEET: Iy SRR : el NHage=x 15
. . 2 ] values S.b ]
BabyMIND to reduce neutrino T . 2
. . .. F A anxiaEl © Can reach 20 for o ]
Interaction uncertainties B E CPV ® 1 NH 8= /2 ]
* SK-Gd loading: neutron tagging P ]
. . 5 10 15 R0 2021 2022 2023 2024 2025
for enhanced v/anti-v separation Year

Protons-on-Taraet (x1027)



Events in bin

Ratio to unosc.

Events / 0.1 GeV

Ratio to no osc.

T2K-NOvVA disappearance samples
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. v-Mode Beam Power Analysis
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2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Year
T2K 1.97 = 10% POT in v mode
T2K 1.63 = 107 POT in V mode
NOvA 1.36 x 102 POT in v mode
NOvVA 1.25 x 102 POT in v mode
Typical power: 670 kW
30 Weekly neutrino beam
Weekly antineutrino beam 30

Weekly exposure (108 POT)
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2020 analysis dataset
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(NO) / 1Am3| (I0) [eV*]
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T2K-NOVA disappearance parameters
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Significance (o)

o Am3, = (2.4140.07) x 1073 eV?
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T2K-NOvVA appearance samples
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New results and comparison with other experiments

NOVA FD  13.6x10%° POT equiv v + 12.5x10%° POT v

:I T T T T I T T T T I T T T T T T T T T T T T T T T T : 5 B r r r T I r r I r . . r I r . . r ] Z
25— — N -=--NH Lower octant ] ®)
—— Normal ordering ] - . 1
C ] ,64-_ Lem T — NH Upper octant >
20 :_ Inverted ordering _: oAt L .. - -~ H Lower octant 15
L 1o CL _ | 4 =
- 90% CL . 8 - — IH Upper octant | @©_
15 EZec ] c 3 7 - §
- [ JsocL — © - 4 =.
— — | I_ 3
N - “CEJ 2 ] 5
C ] C
- ] S v
T N 1
03 i) -1 0 1 2 3 0 T
6CP

% All values of dcp allowed at 90% CL
® Preference for normal hierarchy at 1.00

* dcp==-11/2 favored for both NO and 10

® 35% of values excluded at 30 marginalised over
both hierarchies

® CP conservation excluded at 90% CL.

® Preference for upper octant at 1.20
® Ocp=TV2 excluded at >30 in inverted hierarchy
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““E Preliminary + orderings
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T2K-NOVA bi- probablllty plots

NOV A Prellmlnary T2K Runl 10 Prehmlnary
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' B 1 C o §.,=mn ]
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_ ) i I __ Neutrino mode e-like candidates

® Both T2K and NOVA prefer Normal Ordering (v > V)

® T2K prefers the same phase irrespectively of the hierarchy while NOvA
does not (opp05|te phases)

T2K has the world leading ITIHEEIII(BI%‘"R
measurement of ocp Y

symimetry.violation in néutrinos
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The Deep Underground Neutrino Experiment (DUNE)

1100+ collaborators

Sanford Underground .
Research Facility S0+ C,muftnes * Deep underground location
South Dakot 190+ institutes
(South Dakota) Fermilab * 70 kton Far Detector (FD)
(. Uidstiouc | — Fermilab * Multiple technologies for the
i Research i ks
Facility omee” | Near Detector (ND)

* MW-scale wide band neutrino
beam

* FD Physics date in late 2020s

800 miles baseline

P40

* Details of timeline will be
finalized after project baselining
(expected this year)

Dual site facilities provided by
the Long Baseline
Neutrino Facility (LBNF)

Very Rich Physics Program
1+ CP Violation

Neutrino Mass Hierarchy
« Precision measurements of

neutrino oscillation parameters

Supernova & Astrophysics

DUNE 1.5 km deep in
Home Stake Mine

Nucleon Decay (e.g. p — K*v)
Many BSM searches
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Water purification
and circulation

IN

Hyper-Kamiokande

19 countries, 93 institutes,
~440 people as of November

WAGASCI IWCD

2020, growing

Hyper-Kamiokande

New intermediate
detector (IWCD) J-PARC

), INGRII

Neutrino beam

aary

~1 km

I’,,
m\
UV 115an -

—s N

» Hyper-K detector with 8.4 times
larger fiducial mass (190 kiloton)
than Super-K with double-
sensitivity PMTs

» J-PARC neutrino beam will be
upgraded from 0.5 to 1.3MW
(x2.5 higher than current T2K

beam power)

» New (IWCD) and upgraded
ND280) near detectors to control

systematic error.




DUNE and Hyper-K sensitivities

HK 10 years (2.70E22 POT 1:3 v:v)
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Light sterile neutrinos?

ALEPH

Energy (GeV)

Experiment Type Channel Significance
LSND DAR accelerator v, > Vv 380
V=V, 45c
MiniBooNE SBL accelerator i _ m
Vu = Ve 280 5 5 ose _ ﬁ
GALLEX/SAGE Source —e capture v, disappearance 28c U | e—Vy Am?
Reactors B decay V. disappearance 300
V4 Vsl
Amdg > 1eV?
( Uel Ue2 1 l) 14 “ Amiyy ~—— ~25x 10V
Vy -
U;l,l U# 5 9 & Amly, e ~TAx 1056V
U U 24 Ve Vy Vr
g | T2 ]
U51 1 U51 2 - U 34
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FNAL Short Baseline Neutrino (SBN) Program

i V, — V. appearance
10 [ LsnD 90%
= ] LsND99%
B [ Global 3+1, 36 allowed
o« i E= v./ 7, App, 30 allowed”
> —— SBN3c
() 1
~—" SRR — T
o -
= N
. . - SBND . <0
WY T e —— MicroBooNE s -
' 470 m. 86t 110m, 112 t _ e
600m, 470t EC— 107°E
| (1) S. Gariazzo et al., arXiv:1703.00860 [hep-ph]
(2) M. Dentler et al., arXiv:1803.10661 [hep-ph]
107 102 107 1
2
sin“20,,,
= Y v, disappearance
DETECTOR
S e Sy iels Jeeeeesanypes: RN A foeanae . 10 [ Giobal 3+1, 30 allowed”
\ﬁ_ E — v,/ ¥, Dis, 36 excluded®
B SBN 36
~—~ L N T saeas
< i
>
L
NI R N A
£ F 0 T
< s LT
0 N T
| (1) S. Gariazzo et al., arXiv:1703.00860 [hep-ph]
(2) M. Dentler et al., arXiv:1803.10661 [hep-ph]
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Con@lusions

¢ At the begin of the new decade, the puzzle of neutrino oscillations is
getting clearer

¢ The T2K experiment has the world leading result for 6. measurement
(excluded 35% of 0 values at 30)

¢ Both T2K and NOvA data prefer upper octant 623 and Normal Ordering
Masses

¢ Now we are at the beginning of the large 0,3 era

¢ New results on 8., and mass ordering are expected from T2K (with beam
and near detector upgrade) and NOvVA with full statistic (T2K+ NOvA joint
analysis)

¢ Expected to reject conserving values at 50 from the new generation
experiments DUNE and Hyper-Kamiokande (~2027)

¢ The SBL neutrino program at FNAL can shed a light on the mystery of
sterile neutrinos

¢ Lots of exciting work and results to come in the next future!
23



