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Recent results in neutrino physics are found in the NEUTRINO2020 page:
https://conferences.fnal.gov/nu2020/



https://conferences.fnal.gov/nu2020/

NEUTRINER FRAN NEUTRINOS FROM
KOSMISK STRALNING THE SUN

o N\ b Nobel week

.- KTMOSEjp,

Q Electron-neutrinos
~ <) i are produced in the
) | Black hole %

s

SUPER-
KAMIOKANDE

NEUTRING in 2015

@ Nobelprize.org

The Official Web Site of the Nobel Prize o Video @ Podcast ¢ About Us

Home Nobel Prizes and Laureates Nomination Ceremonies Alfred Nobel Educational Events

“For the greatest benefit to mankind™ o 7N

2015 NOBEL PRIZE IN PHYSICS Dl
: s st 47Y) I N

Takaaki Kajita T ) o
Arthur B. McDonald e et y

The Nobel Prize
"l gave my wife... 2

TR



Why Neutrinos?

They are always around us and mysterious!
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Neutrino oscillation

Probing very small neutrino masses

- Interferometer to be sensitive to the small masses (and a potential)
e AMa322=m3z2-m22~2.5%x10-3 eV?2

e If mz>my, m3z~0.05eV (= me~511,000 eV)
« Am2i2=m»y2-m12~7.5x10-5 eV/2

e If mo>>m1, m2~0.009 eV (2 me~511,000 eV)

V1 V> V3

most v, least v,
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In the framework of 3 neutrinos, the unknowns are
mass ordering

- CP violation parameter: O cp



CP Violation

In the Big-Bang, particles and anti-
particles were produced in same amounts.

Later, they would annihilate. o
et + e- — photons

P + pPoar = photons (T+ + 1-)

Violation of the symmetry between a
particle and the anti-particle.

CP violation

CP violation is necessary for particles only to
survive and to form our universe.
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Leptogenesis and Neutrino CPV

- Saharov conditions for Baryon Asymmetry
- [B] Baryon Number Violation
- [CP] C and CP violation

- [T] Interactions out of thermal equilibrium

- Leptogenesis and Low Energy CP violation in Neutrinos
- [B] Sphaleron process for A(B+L)#0
- [CP] Many models predicting Baryon asymmetry
- Examples “Heavy Majorana Neutrino decay and/or Neutrino oscillations”

[Phys. Rev. D75, 083511 (2007)] |sinB13sinod [>0.09 is a necessary
condition for a successful “flavoured” leptogenesis with hierarchical
heavy Majorana neutrinos when the CP violation required for the
generation of the matter-antimatter asymmetry of the Universe is
provided entirely by the Dirac CP violating phase in the neutrino
mixing matrix.

sinB13~0.15 = |sind |>0.6



Long baseline experiments

Various neutrino sources for various experiments

V source Baseline Energy Sensitive parameters

Solar 1.5x108 km 0.1-10 MeV 012 and Am2;2

10~13,000 km 0.1~100 GeV 023, (013), Am322, and (0cp)

Reactor 1~200 km 2~8 MeV 012, 013, AmM212, Am3z22

Accelerator | 250 ~ 1300 km 0.1~10 GeV 8,3, 013, Am322, and dcp

- Many types of experiments are essential to resolve regeneracies.
- Accelerator: NOvA, T2K, Hyper-K and DUNE
- Reactor: Daya Bay, RENO, Double Chozo and JUNO
. . Super-K (NOvA, Hyper-K)
« Solar: Super-K




Long baselines accelerator experiments
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Basic of accelerator experiments

(I)VND(EV)
Gigantic detector (I)VSK(EV) _ _ Intense Beam
High resolution o K
Q V.V, V,V > 70, 7T, T, Proton
| Oscillation NDZ80 @(—
\/—>
300~1000 km

- High power proton accelerator to produce high flux neutrino beam
« J-PARC for T2K (~520 kW power now)
« FNAL Main Injector/NuMI for NOvVA (~750 kW power now)

- Gigantic far detector to observe many neutrinos (high statistics)

« Super-Kamiokande (22.5+a kton fiducial mass) at 295km away
for T2K

- NOVA detector (14 kton) at 810 km away for NOVA
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-RAMEWORK

e Four modes of observation observed at T2K and NOvVA

°* V,/Ve, V>V appearance

* v»v, V,»V, disappearance

e use all information to constrain oscillation parameters

/ constrain by reactor \
Py, — ve) & |_Sl_n_2 2015 _: x|sin? @,4| constrain by v, disp. sin [((11_ 33))2A31]

. . : - - . . _
switches sign | —asindo p | % sin 2612'SIH 2(913ISII1 2095 | x sin As; sm[:ch31] Sln[(ll_:cx)Am]
for v,—7, —I—(CP even) —I—O( )

Am3, 1  Am2,L o 2V2GEN.E

!VI. Freund, Phys.Rev. D64 (2001) 053003 a = Am%l ~ % A= 1E o Amgl /
. . . . L
[ P(v, — v,) ~ 1 — (cos® 20;3sin” 2053 + sin® 203 sin fa3)sin® Ams3, 1B

J

e Large 6h3: enhances both v,—v.and v,—v.

» dcp =-T/2: enhance v,—v., suppress v,—V.

. Am?3:>0 (normal hierarchy): enhance v,—ve, suppress v,—v.
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and near detectors :
Target + remoe handling system §
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e ntense, low energy narrow-band with a peak of
Ev tuned for oscillation max. ( ~0.6 GeV) ;f)%:
eNear detectors CSE

e Both on-axis (INGRID) and off-axis (ND280)
®ND280 is under upgrade now 12
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T2K-Far Detector: Super-Kamiokande

» Water Cherenkov detector with 50 kton mass (22.5 kton Fiducial
volume) located at 1km underground

Good performance (momentum and position resolution, PID, charged
particle counting) for sub-GeV neutrinos.

[Typical] 61% efficiency for T2K signal ve with >95% NC-110 rejection
o Inner tank (32 kton) :11,129 20inch PMT

o Outertank:1,885 8inchbMT
80 : —$— T2K data - v, and 7, charged current

o Dead-time-less DAQ | R+, a7, crarged curent. I Neutral crrn

e GPS timing information is recorded |- ;_ff4 : st
— real-time at every accelerator spill !
39.3m o T2K recorded events: All interactions
within a £500psec window centered 20:

2
&
®
5 40
g

vu-llke

on the the neutrino arrival time.

-2,000 -1,000 0 1,000 2,000

Electron or muon PID discriminator

Y T Capank m; 13




Oscillation Analysis
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T2K ve and Ve events

Antineutrino mode e-like candidates
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T2K 1D Ocp

- 35% of values excluded at 30 marginalized across hierarchies

- CP conserving values (0,7) excluded at 90% but = not quite at 20
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This evening, “Recent three-flavor neutrino oscillation results

from the NOVA experiment” by Liudmila Kolupaeva

Neutrino ID Reconstruction | Lo CCv,
i '

Observe flavor change as a function of energy over a CCv,
long distance while mitigating uncertainties-en Extrapolation
neutrino flux, cross sections, and detector response.

L NC

Models

Updated for 2020

* Segmented liquid scintillator detectors provide 3D tracking and calorimetry

* Optimized for electron showers: ~6 samples per X,and ~60% active

Zoom of a v,
candidate in the FD

4200 4400 4600 5000 5200 5400
z (cm)
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T2K and NOvVA

CP violation

NOVA Preliminary NuFIT 5.0 (2020)
— — T T T T T T T T T T TS _IIIIIIIIII|IIIII|IIIII_
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0 I n 3n 2 e\ S
2 S > : '
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o

CP
 |s CP violating (0cp~270°) or not (0cp~180°) in neutrinos?
« T2K is pointing to dcp~270° and NOVA is to dcp~180°

- Need more statistics!

»+ Both NOvA and T2K plan to collect more data with the upgrades.



T2K

T2K and NOvVA

023 and Am332
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Precision measurements of
Am?3; (3%) and sin26,3 (6%).

Prefer non-maximal mixing by 1.1c.
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« 2.49%x10-3 eV2 (T2K) and 2.41><121O'3 eV2 (NOvA)




S"E‘ Super-Kamiokande

Solar and Atmospheric neutrinos
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IceCube

Neutrino oscillation measurements with atmospheric neutrinos

The IceCube Neutrino Observatory

10 Year
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IceCube

Vp_’VT

Standard oscillation results

-=- T2K 2017 <=+ NOvA 2017
- MINOS 2016 -— |C 2017 1
SK 2017 —— |ceCube, Analysis 4
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Daya Bay

The most sensitive experiment to 013

p
7= Reactor Antineutrino Oscillation
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Daya Bay

3 The result
x10 1% PRL 121, 241805 (2018)
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and

Ref. Daya Bay sin013=0.0856+0.0029

L
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D . S
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- |Am?2, | = 2.74 £ 0.10(stat.) £ 0.06(sys.)(x 10~ 3eV?)

===« No oscillation

Best fit on sin’26,, = 0.102 + 0.012
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« RENO: The experiment at the Korean reactor

- Double Chozo: The experiment at the French reactor
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Current Status

Global FIT NuFIT 5.0 (2020)

Normal Ordering|(best fit) 'w  Inverted Ordering|(Ax? = 7.1)
bfp 10 30 range bfp 1o 30 range
sin? 62 0.30470 015 0.269 — 0.343 0.30470 015 0.269 — 0.343
g | 2/ 33.4419.7" 31.27 — 35.86 33.451078 31.27 — 35.87
o
2 | sin®fas 0.57310-038 0.415 — 0.616 0.57570 015 0.419 — 0.617
O
fi’:% 023 /° 49.219-9 40.1 — 51.7 49.3%97 40.3 — 51.8
o
% sin? 0,3 0.0221975:50062  0.02032 — 0.02410 | 0.0223879:090%3  0.02052 — 0.02428
x 013/° 8.57+-12 8.20 — 8.93 8.6010 15 8.24 — 8.96
= focp/° 197+ 120 — 369 282120 193 — 352
=
Am%l +0.21 +0.21
m 7.42_0.20 6.82 — 8.04 7.42_0.20 6.82 — 8.04
Am%e +0.026 +0.028
s ogr | T2OITIO0E 42435 > 42508 | —2498T005 2581 — —2.414

« CP violation (dcp != 0 or 180°) is not established yet!

28



lllllllll



¢3) JUNO

Big Lg. Scintillator Neutrino detector (in China)

35 m diameter acrylic sphere e ==
Stainless steel truss y B ,, ,

20,000 tons purified liquid scintillator i = - = &
18,000 20-inch PMTs 3354 %/ G F SN gg
25,600 3-inch PMTs Ceias TN

S I st

F|II|ng/Overrow/ClrcuIatlon (FOC) system %// Jode f;;,_,;:;;_;;3{;:ég" AT
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2022 ‘ ] > CHeS ;,_-.;:’;{:“
* Detector ready for -
data taking

2019-2021

* Electronics production
starts

e Civil construction and
lab preparation
completed

* Detector construction

by Y. Meng @NEUTRINO2020
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P.e(L/F)

&

Physics Prospect

= 1— Py — P31 — P39

cos® (013) sin®(2012) sin® (A )
cos?(012) sin®(2613) sin*(Asz1)
— Sin2 (912) Sin2(2913) Sin2 (ASQ)

JUNO

Solar v’s
(10-1000)/day

reactor v’s

Neutrino mass ordering

~60/day

* 30 neutrino mass ordering sensitivity within 6 years.

s 40 with Am?;, input from accelerator experiments.
* >50 combined analysis with IceCube within 3—7 years or PINGU

in 2 years (arXiv: 1911.06745)

7~

Neutrino oscillation parameters

* Sub-percent accuracy for 0;,,
Am?,; and Am?;;

* Current precision

1.0

1o error (%)

Am3, |Ams, | sinZ 05 sin? 013 sin a3 | 6 02k
Dominant Exps. | KamLAND | T2K SNO+SK | Daya Bay | NOvA | T2K
Individual 1o 2.4% 2.6% 4.5% 3.4% 5.2% 70% 0.0 L '
NuFIT 4.0 2.4% 13% | 4.0% 2.0% 38% | 16% E res [% /sqrt(iE)]
.

~

JUNO collab., —am?

arXiv:1507.05613 |- —-am?,
—-=sin’0,

Yue Meng. Neutrino2020

120 :_2000 days of data taking —— No oscillations
Only solar term
—— Normal hierarchy
1001 —— Inverted hierarchy
= I
S 80
— i
g I
9 60
= !
[
>
W40t
20f

Supernova v’s
~104in 10 s

for 10 kpc

le3

Atmospherié V’s
several/day

/ /
/ /

/

/
¥ 4 Atr

—~
il
.

Cosmic muons
~ 250k/day

0.003 Hz/mz2, 215 GeV
10% multiple-muon

Geo-V’s
1-2/day

From J. Pedro Ochoa-Ricoux’s Nufact 2019




Hyper-Kamiokande

The talk by Prof. Masashi Yokoyama tomorrow.

Water Cherenkov detectors in Kamioka

Hyper-Kamiokande
188kt fiducial mass

Super-Kamiokande
22 .5kt fiducial mass

Kamiokande
3kt mass

by M. Scott @ICHEP2020




- DUNE

Long baseline experiment with Large (70 kt) LArTPC

DEEP UN E U
NEUTRINO EXPERI

FNAL

SURF

Sanford Underground

Research Facility Fermilab

800 m \est r_S‘) i ) .- T -‘--»._‘.,....,._-
3 e 2 \._'
- 300 Ki \om e \
v YoV v - Te h
V- voe v NEUTRINO -
v - vy v L R

PRODUCTION

v
\ v
@ PARTICLE
DETECTOR
NDERGROUND
54 \RTICLE DETECTOR

¢ “Deep Underground Neutrino ¢ Primary physics goals:

Experiment” » voscillations (v, /v, disappearance,

* 1300 km baseline Ve/Ve appearance)

 Large (70 kt) LArTPC far — 8¢p, 0,5, 0,
detector 1.5 km — Ordering of vV masses
underground :

* Supernova burst neutrinos

* Near detector w/ LAr *  BSM processes (baryon number

component violation, NSI, etc.)
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=== DUNE

Highlights (Status)

‘ e ¢ Two 1-kt “ProtoDUNEs” in charged test beam
otOIME-SP at CERN (one per FD design)
ek

(CPAs |

¢ Test of component installation,
commissioning, and performance

¢ ProtoDUNE-SP operating since 2018;
ProtoDUNE-DP since 2019

Inductio 1 Induction 2 Collection

¢ First beam data events: noise levels low on all three planes

¢ S/N ratio > 10 in all cases (> 40 for collection plane)

¢ Stable running since first operations began in 2018 16



Appearance

Disappearance

Neutrino Mode

-

Evonts per 0.25 GoV
.

.

DUNE v, Disappesrance
s’ = 0500
o, » 2451 « 00" WV
15 years (staged)

Events per 0.25 GeV

1 2 3 4 5 6 7 8
Reconstructed Energy (GeV)

12

10

Iy

Antineutrino Mode

Events per 0.25 GeV

=4 N8 =8
Reconstructed Energy (GeV)

DUNE v, Disappearance
s’ - 0500

= 2451 10" OV
35 yoars (staged)

Events per 0.25 GeV

3 K 5 6 7 8
Reconstructed Energy (GeV)

Physics prospect

DUNE

~1,000 v_events

in 7 years (staged)

~10,000 Vv events

in 7 years (staged)

CP Violation Sensitivity

. DUNE Sensitivity (Staged)

50% of &,
. All Systematics m— 75% of 5, values
- Nominal Analysis
wee iy Unconstrained

. Normal Ordering
— sin20,, = 0.088 + 0.003
L sin’0,, = 0.580 unconstrained

- 5, =02

values

Glllllllllllllllllllllllllllll

2 4 6 8 10 12

14
Years

35

395
DUNE Sensitivity (Staged) 1 5., = -n/2
All Systematics
Normal Ordering
30[ sin%20,, = 0.088 = 0.003
sin’0,, = 0.580 unconstrained
25
20
15
10
5
00

Mass Ordering Sensitivity

B 100% of 5, values
—— Nominal Analysis
~ B, unconstrained

DUVE

DEEP UNDERGRDUND
NEUTRINO EXPERIMENT



What are we doing?

Everyday efforts as step by step approaches

« Improving the accelerator performance
- Developing the better and bigger detectors.
- Study many physics subjects.

- Astrophysics, Astro-particle physics, Test of GUT,
Neutrino-nucleus scattering, search for new particle and
new interactions (sterile neutrinos, test of CPT, etc..)
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This evening, “Physics and Performance of

A few more tOpiCS the Upgraded T2K's Near Detector”
by Adrien Blanchet
3K » 2K«

Super-Kamiokande Gadolinium Project (SK-Gd) cooncy | Bareteca [

The Upgrades of ND280:

* Dissolving Gd to Super-Kamiokande to significantly enhance
detection capability of neutrons from v interactions

J. F. Beacom and M. R. Vagins, Phys. Rev. Lett. 93 (2004) 17110

POD

* Aiming for the first observation of Diffuse Supernova

Neutrino Backgrounds Super-FGD

* Also aiming for:

Efficiency for protons
1 & stopping in SuperFGD
= |

* Improving pointing accuracy for galactic supernova

Efficiency

* Precursor of nearby supernova by Si-burning neutrinos . _ o LN e X2 in statistics for equal POT
Jomen 021902 - R e s * Super-FGD

* Reducing proton decay background &y Q 3D i )
° uasi- Imagin
* Neutrino/anti-neutrino discrimination (Long-baseline and cross secti §’° Initial loading 9 g
atmospheric neutrinos) < o e g% (thisyear) e Improved tracking
o </\\[,g 8MeV gjz """""""""""" A e Lower proton detection threshold
* Reactor neutrino measurements B rf ", 5 e Neutron measurement capabilities
+ As the first step, loading 0.02% of Gd2(SOa)s in 2020 jg i ¢ Time of Flight for background reduction
~50% n-capture on Gd ‘ " ' " +
Gadolinium sulfate co‘ncemrat\on [%] »
T Drift volume

MicroMegas

by Y. Nakajima @NEUTRINO2020

Module Frame

NuMI beam upgrade cucu vatasct |

* Working towards 900+ kW

— Upgrading the NuMI
beamline components

— Allows gradual increase in
power up to 850 kW with

faster cycle times
»m\ X

ﬁ\,‘s‘... B N A a— ‘ — Early PIP-1I upgrades allow
- ¥ 900+ KW

"l

¢ MW-capable t'arget MW—capabIe horn

by A. Himmel @NEUTRINO2020 37



Summary

Prospects

« Precise Neutrino oscillation measurements are the
essential step to the future progress.

« CP violation (and neutrino mass ordering) will be
discovered (determined) anytime soon from today to the

next 10 years!

- Neutrino Physics has tightly connected to astro-physics,
astro-particle physics, physics of GUT, nuclear physics, etc.

Stay tuned
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