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The Neutrino Experimental Landscape

Sources of Neutrinos
Big Bang Reactors Sun SuperNova

10~* eV few MeV 0.1-14 MeV ~ 10 MeV
300/cm’® 10*' /GWy /s 10°/em?/s  10°/cm?/s
Atmosphere Accelerators Extragalactic

~ 1 GeV 1-20 GeV TeV-PeV
few/cm?/s 10%/cm?/s/MW (at 1km) varies
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Examples of Neutrino Experiments ( current, future)
Big Bang Reactors Sun SuperNova
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Daya Bay BOREXINO SuperK-GD
PTOLEMY JUNO SNO+/JUNO DUNE/HK/JUNO
Atmosphere Accelerators Extragalactic

SuperK/IC-DeepCore T2K/NoVA lceCUBE
HyperK/KM3NeT/ORCA T2HK/DUNE/ESSvSB lceCUBE-Gen2, /s
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many many more.....

Neutrinos:
The Future Neutrino

e mass experi : KATRIN, ECHo, Project 8, HOLMES
m  Neutrino AMO experiments: HUNTER

m Short baseline accelerator experiments: MicroBooNE, SBND,ICARUS, nuSTORM,IsoDAR

m  Reactor neutrino experiments: Daya Bay, RENO, Double Chooz, DANSS, Neutrino-4,STEREO,
Solid, JUNO

Overview m  Neutrinoless Double Beta Decay experiments: CUORE,NEMO3,Amore, GERDA,MAJORANA
Demonstrator,Kamland-Zen,EXO,ton scale: nEXO, NEXT, PandaX, SNO+,LEGEND, CUPID,
JUNO-B3

m Coherent elastic neutrino scattering (CE’NS) experiments:
COHERENT, TEXONO,CONUS,CONNIE MINER,NuCLEUS,Ricochet,RED100

m Neutrino experiments at high energy colliders (LHC): FASER», SNDOLHC, FASER 2, AdvSND,
FLArE

= Neutrino telescopes (Cherenkov,radio, airshower...):

Tiny mass, miniscule cross-sections, large range of energies accessi-
ble = need many different sources of neutrinos with very different
experimental techniques to fully understand neutrinos and then we
use neutrinos to understand the sources !

In this presentation | will highlight some future experiments
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v Properties

Probing the Fundamental Nature of

Neutrinos
(see previous talk by Christian Weinheimer)
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© Future prospects in determining the neutrino
mhteeibal  absolute mass: Project-8

Neutrinos: Project 8 will investigate neutrino mass using Cyclotron Radiation

The Future .. . . ape .
Emission Spectroscopy (CRES) with an atomic tritium source. Atomic

tritium avoids an irreducible systematic uncertainty associated with

the final states populated by the decay of molecular tritium.

Projected sensitivity of the Project 8 experiment arxiv:2203.07349v1:

10°

=~ 90% confidence limits
@ 90% credible intervals

Sensitivity to mg (eV)
Number of Bayesian pseudo-experiments

T,107m"
Absolute mass

Ty 3.7%10"*m="

3 10 P

e . T, 10°m

T,3.7%10%m-
(Optimized design)

103 10-2 1071 10° 10 1
Effective Volume x Time (m?*-yrs)

The largest neutrino mass splitting is about 50 meV, Next gen direct
neutrino mass experiments aim to push to mg < 50 meV limits.
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https://arxiv.org/abs/2203.07349v1
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0 v Double Beta Decay: Future Prospects

Background (ct ton~! yr=! ROI7?)

Approximate background indices in present 100kg scale 0 v Double
Beta Decay experiments (arXiv:2108.09364 [nucl-ex])

Performance of 100 kg-scale experiments

103 1
@® Demonstrated
) B Projected
AUt EX0-200-! o]
Kamland-Zen [ ] 1000x
10?4 e EXO-200-11
] [
SNO+ GERDA-1
1011 100x
. ]
MAJORANA DEMONSTRATOR NEXEL00
1004 GERDA-II 10x
S 0 IS SN i I e NSAC Goal
Bolometers Te-LS Diodes Xe-LS Liquid Xe  HPGXe
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(arXiv:2107.11462 [physics.ins-det])
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Majorana or Dirac?

Majorana Demonstrator

29.7 kg of enriched p+ paint contact (PPC) detectors
with low noise electronics in compact shield from
underground electroformed copper

background:  (4.7+0.8)-10° cts/(keV kg yr)
T, sensitivity:  >4.8107 yr (90% C.L)

where: SURF (SD)
when: ongoing

LEGEND: Combining the best of Ge expts and aiming for 1ton

ble Beta Decay: Future Prospects

GERDA Phase IT

44.2 kg of enriched BEGe/coaxial/ICPC detectors
operated in low A active LAr shield

background: 5.2 10" cts/(keV kg yr)
T o sensitivity:  >1.810%yr (90% C.L)
where: LNGS (IT)

when: completed
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Majorana or Dirac?

0 v Double Beta Decay: Future Prospects

le-s I rormalorder. [l inverted ordering
== Legencao

08 W Legendr000 E

10

 goate

[countsi(keV kg y)I

L N
01, 045 02 025
R Z[ev]

\ canment
coumotogy rach

Discovery sensitivity in the °Ge half-life of 1.3 x 10%® yrs, corre-
sponding to an effective Majorana mass upper limit in the range of
9-21 meV, to cover the inverted-ordering neutrino mass scale with
10 yr of live time.
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BB decays: Future Prospects

Isotope

SNO+ 1307
KamLAND2-Zen 136xe
NEXT-HD 16Xe
nEXO 136Xe
LEGEND-1000 6Ge
AMoRE-TI 100\Mo
CUPID 1003 fo
CUPID-1T 100\o
JUNO-pB 136Xe
130e

Mass(t)

- = =

0.24

50
100

From Yifang Wang’s summary at Neutrino 2022:

mgg>,meV

19-46
~20
14-40
7-22
10-40
1222
12-20
47
410
314

We may be very close to 1 meV

0 v Double Beta Decay: Future Prospects

Zolotarova,Schoenert

:1610.07143,
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utrino cross-sections - what we dont know

Center-of-mass energy /s [GeV]

,10° 10 10 10° 10* 10°
= 10 T T & Y
P 4+ TXE)U = GGMSPSS! s Tovatron
5} + TKCHL B GGMPSP
s  100F * TKOB ¥V HEPTERS +
! A AmoNeuIls ¥ IHEPJINR96
S o AgoNelTl2 ®
= 05k * awm A NOMADOS =
Uz 0 BEBCTY @ Nulevos
% A LR X SaleoNEl
g qotf o coma e swrm 1]
8 o comss
E

3L i
& 10
g
I Accelerator v ccel y  High-energy cosmic v Ultra-high-energy cosmic v
; 102 F (projected) IeeCube tracks (avg. v+ ) IceCube-Gen2 Radio (10 yx, projected) -
5 (teeCule 17) N——
< IceCube showers (avg. v + 1) fitto TA UHECRS (Bergman & van Vliet)
E 101 E (Bustamante & Connolly 17) s Using IceCube v, flux (95 y1), E
z O lecCube showers avg.v + 1) extrapolated to UHE

(lceCube 20) Using cosmogenic flux

£ 100k from all AGN (Rodrigues t )
g -* FASERY 33 4 DIS predictonb. 1 (SGRIS)

1 I

B T T T R T T T T T AN TR T T T
Neutrino energy, E, [GeV]

Neutrino cross-sections are well measured up to 10’s of GeV (O(10%)).
Improvements in the 100 MeV- few GeV region are still needed to
serve the next generation of high precision oscillation experiments
which require O(few %). Large gaps in the TeV range and low pre-
cision at ultra-high energy (UHE). The DIS cross-sections are good
tests of lepton universality among other topics!
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© TeV Neutrino Beam: The Forward Physics Facility
EJ.'.?E.'?ELEP!EH at the HL-LHC 2203.05090 [hep-ex]

Neutrinos: Future neutrino experiments are proposed along Line-of-Sight from
The Future the ATLAS collision point

action

Purpose-Built |
Facility

ST1395417.
8 River o
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https://arxiv.org/abs/2203.05090
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TeV Neutrino Beam: The Forward Physics Facility
at the HL-LHC

2203.05090 [hep-ex]

El T =

>

Plan view - Cavern

Existing constraints on neutrino charged-current interaction cross
sections, and the expected energy spectra of neutrinos interacting in
FASERv - an existing demonstrator located 480m downstream of

ATLAS along LoS.

Fos Ve | § ook ccoratordata Vi ——
% o) ok, v
£ S s
S ] < Tl < oPen
0 . H
o g
o] sty
o4 [53& ‘504 Vu DONUT v, ¥,
“DONUT v, 7, n
09 ool
02 0z
o AseR o FAsER
i £, spectum @ ) spacrun o)
107 10 10° 107 10° 10° 10° 10° 10° 3 10*
€ o) £, Gov) €, (Gov)

Large flux of all 3 flavors of neutrinos in the 100’s GeV to TeV range
at FPF - no previous precision studies of neutrino properties and

interactions in this energy range
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bl future prospects

Neutrinos: Measurement of Coherent v-Nucleus Scattering;:

The Future

The only
experimental
signature:

tiny energy
deposited

by nuclear
recoils in the
target material

Bl Coherent elastic v-nucleus scattering (CEvNS):

scatte_red
neutrino
V4

’
’

4

nuclear
boson

recoil P

q /

/ . secondary
recoils

deposited energy
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% Coherent elastic v-nucleus scattering (CEvNS):

Brookhaven

bl future prospects

Neutrinos:
The Future Why measure CEVNS?

Mary Bishai
Brookhaven
National
Laboratory %é

Overview

dark matter

%
%,
)

Sy,
6'/7,
%
(4

v Properties

ey,
i ”’//;fe,%
la; 2 or Di o,,s

Neutrino interaction
crossections

vSM .
e nuclear form facters "~

e

v in

Astrophysics

& Cosmology
lar Neutrin

SN v

UHE v p

v Applications E Lisi, Neutrino
2018
Summary




Gl Coherent elastic v-nucleus scattering (CEVNS):
bl future prospects
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SHIELDING MONOLITH

CONCRETE AND GRAVEL

—_——__ NiNcubes,
ENNS-750° Nal3T > _GeARRAY-MARS D0  Nallsskg

R T

Future upgrades at COHERENT: Ar scintillation calorimeter of 10-t
fiducial volume, Csl upgrade to 10(700) kg of crystal with threshold
of ~ 0.1 keVe. at 1°(2") target station
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Gl Coherent elastic v-nucleus scattering (CEVNS):
bl future prospects

Neutrinos: Physics goals for CEVNS at the SNS

The Future
]

Mary B
Brookha
Qa T
W10t Ar at STS (10)
W700kg Csl at STS (o)
S 1.051- |
1 Test of lepton-flavor universality of CEVNS 5
5
g
U Timing differences in v, /v, fluxes allow 1% s
X - ) = [ ]
test of difference in flavored cross sections @
)
]
095 -
Q 1
0.95 1 1.05
(o), / SM prediction
a
o0
D. Pershey New results from COHERENT Duke [.“\k‘.\‘o’lv

Recent evidence of CErNS from reactor anti-neutrinos
(arXiv 2202.09672 [hep-ex]) Opening up more possibilities of future experi-
ments and results pushing further on precision tests of the SM.
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Completing the Neutrino Standard Model

Quarks Forces
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From Stephen Parke:

2 Vel Vu Vil
Ua;
= -
5 5= R . 5=
g sin’ 6y €08 . sin’ 61 sinfy < )
& 3 I 2 ~—
2 sin” 613 Amgy 1
CRN | |
= 2 . binf3
g sin” 6> sinfh3 )
E | > ———— iy
3 Ay - sin® 3
ing, Oscillations Z | 1 3 r—— 1
i PMNS - 1 g L
sinf4 2
NORMAL . sin 613 INVERTED
CPT = invariant 0 < —§

Fractional Flavor Content varying cos &
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NO, IO (w/o SK-atm) _
=: NO, 10 (with SK-atm) NUFIT 5.1 (2021)

NO, IO (w/o SK-atm)

[N R p— Y ith SK .
A L e e e L B A B L ) L 5 \====== NO, IO(W]KhSl%d[ITI
15 \ / / ! \ "
\ ’ 1
/ /
/ /
S / 10
10 K Y w F
o / J/ S L
B % S/ N
v 51
5 P F 27N
L (A 0'\...\“..|’.m\‘.\..‘.
)
003 0032 0034 0036 -0.04 -0.02 0 002 004 04 045 05 055 06 06
max 2 max . H
Jop = C12S12 Co 823 C13 Sig Jep = Jep SINSep sin” 6,4

Mixing, Oscillations
and PMNS

Open questions in the v SM: What is the mass hierarchy? Is the
mixing of 2,3 maximal (sin? 8,3 = 0.5)? Is there CP violation? And
if so how large is it (value of J,)? If we see a v (v) asymmetry are
we even sure it is from 3-flavor CP violation? Are there other mass
states/generations (see Joachim Kopp's presentation next)?
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@ Jiangmen Underground Neutrino Observatory @

. JuNo

ey en . Taishan NPP
52.5 km . 2xa80W,
Yangjiang NPP \ e TAC
6X29GW, R
o s
E

8 reactors
26.6 GW,,

Mixing, Oscillations
and PMNS
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Direct Measurements of the Mass Hierarchy:JUNO

Neutrinos: x10°

100F -
The Future 6 years of data taking —— No oscillations
Only solar term
8ol —— Normal ordering
—— Inverted ordering Reactor ¥, signal IBD event number (x10°)
0.0 0.5 1.0 15 2.0 2.5 3.0
3 . - ; ;
f 60 5 JUNO Simulation Preliminary |
= o 1
g . Ha ]
£ ol sin® 260;5
7
I .2
sin” 263
20F | ‘ ¥ --== NO: stat. only
% I NO: stat. +all syst.
Amg1 g Am? g JUNO+TAO == 10: stat. only
a1 —— 10: stat.+all syst. 7|
o L L L L , | L 1 . . . L
(0 1 2 3 4 5 6 7 8 o 2 4 6 8 10 12 14 16 18 20
E5, (MeV) JUNO exposure [yearsx26.6 GWy,]
i @l JUNO detects the mass hierarchy directly by the phase shift in the

and PMNS

oscillation pattern in a 20kton scintillator detector. Energy resolu-
tion is 3% at 1 MeV and nonlinearity < 1%

Civil
construction
2013
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PMNS measurements with v, — v,

- Majority of mixing parameters including d., can be probed using
eutrinos: — — . . .
The Future v, /Uy — Ve/De oscillations over long baselines.with terms up to second order in
a = Amgl/Amgl and sin” 613, (M. Freund. Phys. Rev. D 64, 053003):

P(vp — ve) @ P(ve = vu) 2 Po + Psng +  Poss  + P3
NETARENE L Nigh -
613  CP violating CP conserving  solar oscillation

where for oscillations in vacuum:

Po = sin’ Bx3sin’ 2013sin’(A),
Psns = a8l sin3(A),
Miing Osclaions Peoss = @ 8Jep cot dcp cos A sinz(A),
P; = a’cos’ Ossin” 201, sin’(A),

where A = Am3,L/4E
For U, — De, Psins — —Psins,
—_—

CP asymmetry (55£0)
24 /63
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PMNS measurements with v, — v,

- Majority of mixing parameters including d., can be probed using
eutrinos: — — . . .
The Future v, /Uy — Ve/De oscillations over long baselines.with terms up to second order in
a = Amgl/Amgl and sin” 613, (M. Freund. Phys. Rev. D 64, 053003):

P(vp — ve) @ P(ve = vu) 2 Po + Psng +  Poss  + P3
NETARENE L Nigh -
613  CP violating CP conserving  solar oscillation

where for oscillations in matter with constant density:

-2
Po = sin? 023% sin?[(A — 1)A],
8Jcp - . .
Pins = am sin Asin(AA)sin[(1 — A)A],
mapans Peoss = a% cos Asin(AA)sin[(1 — A)A],
.2
P; = a’cos’ 023% sin’(AA),

where A = Am%L/4E and A = /2GeN.2E/Am3;.
For U, — De, Psins — —Psins, A — —A
~——— ——

CP asymmetry (55£0) matter asymmetry
25/63



©

Brookhaven

National Laboratory

Neutrinos:
The Future

Mixing, Oscillations
and PMNS

P(v, — ve) vs L and E (6, = 0)

The v,, — v. oscillation probability maxima occur at

L (km) ™ (2n — 1) 515 km
— =T o o @ -1 X
En(GeV) 2/ 1.27 X Am3,(eV?) GeV
— - NH At 300km
] =
3 X =0
1w0]2 Z:z S 10
[ - —
= o.14
012
&: 0.1
=<
1 o 0-08 1 //
| |0.06 2 il
|m 0.0a
b ﬁ?r' l0.02 _ﬁel’ga/ resoluiion 777 5
5006 1000 1500 2000 2500 3000 ° o 0.08 6516 "o2 625
Baseline (km) P(v —v,). NH
—v ) H At 300km
g e 3
10 =} 0'15 S 10
LVE - >
N R CRENE
<5 0.12
- 0.1
<< |0.08
1 1
| —lo-06
pny 0.04
o Ty (17 (
,Iﬁ?{ lo.02 ert';’u‘” p I,.”: e //
500 1000 1500 2000 2500 3000 © o 605 01 615 02 025
Baseline (km) F'(VH—>ve), IH
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P(v, — ve) vs L and E (6, = 0)

: The v,, — v. oscillation probability maxima occur at
Neutrinos:
The Future L (km) (7\') (2n — 1) 515 km

2

E.(GeV) =~ (2n — 1) X

1.27 X AmZ, (eV?) GeV

Py, —v ), NH At 810km

l
.18 ar

S 10
0.16 =

w

0.14

0.12
0.1

0.08
— 0.06
- 0.04

~J FNAL-Ash River

0.02

o
N

-
°
°

1000 1500 2000 2500 3000

Baseline (km) ) P(-\/M—»ie). NH

Mixing, Oscillations
and PMNS Py v gy IH At 810km

W

0.2 =
2
0.18
S

0.16

0.14

0.12

0.1
0.0

E.(GeV)

0.06

FNAL=Soudan

0.0a

o.02 T (V7 (0 7

P
@
o

/
500 1000 1500 2000 2500 3000 °© o 0.05 o1 5 0.2 0.25

oo .
Baseline (km) P(V,—>Ve)’ IH 27 /63
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P(v, — ve) vs L and E (6, = 0)

: The v,, — v. oscillation probability maxima occur at
Neutrinos:

The Future L (km) ™ (2n — 1) 515 km
( ) Bz -1 x
1.27 X AmZ, (eV?) GeV

2

En(GeV)

Py, —v ), NH At 1300km

0.18

0.16

0.14

0.12
0.1
0.08

— 0.06
- 0.04

J FNAL-Homestake

LEde 0.0z

1500 2000 2500 3000 . =
Baseline (km) P(v —v,

°
°
-
°
-1
-]

Z .

Mixing, Oscillations
and PMNS Py v gy IH At 1300km

W

0.2
0.18

0.16

0.14

0.12

0.1
0.0

a

0.06

FNAL-Homestake

0.0a

LExe 0.02 Hation /.
] 7

500 1000 1500 2000 2500 3000 °© o 0.05 0.1 5 0.2 0.25

oo .
Baseline (km) P(V,—>Ve)’ IH 28/63
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P @)

P v

P9,

ing, Oscillations
i P

1 5 10 s 2
E, [GeV] E, [GeV]

Ve = Uy Uy — Uy ——— NH (Am2, > 0) - - - IH (AmZ,, < 0)
Effects are largest in the 3-10 GeV range
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© The Deep Underground Neutrino Experiment
sl (DUNE)
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Deep Underground Neutrino Experi-  Long-Baseline Neutrino Facility Proton Improvement Plan II
Mixing, Oscillations ment (DUNE) (LBNF) (PIP-1I)
and PMNS

m A very long baseline experiment: 1300km from Fermilab in
Batavia, IL to the Sanford Underground Research Facility
(former Homestake Mine) in Lead, SD.

m A highly capable system of near detectors at Fermilab including
movement off-axis.

m A very deep (1.5 km underground) far detector at SURF: 4 X

10-kton fiducial Liquid Argon Time-Projection-Chambers 30/63
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Oscillations

DUNE Phases

to 2.4 MW in Phasell.

Phase |
.Ramp to 1.2 MW beam intensity
.Two 17kt (10kt fid.) LAr TPC FD
modules. One HD on VD.
.Near detector: ND-LAr + TMS
(steel/scint. range stack) + SAND
.Moveable to enable PRISM

b Phase [ FD
~3

The LBNF beamline and DUNE near and far detectors will proceed in

phases.
The LBNF beamline will start at 1.2MW at Phase-I and be upgraded

Phase Il Upgrades
Proton beam increase to 2.4 MW

.Four 17kt LAr TPC FD modules

.TMS Upgraded to ND-Gar to provide
enhanced ND interaction physics

capabilities.
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Neutrinos:
The LBNF beamline and DUNE near and far detectors will proceed in

The Future

to 2.4 MW in Phasell.

Phase |
.Ramp to 1.2 MW beam intensity
.Two 17kt (10kt fid.) LAr TPC FD
modules. One HD on VD.
.Near detector: ND-LAr + TMS
(steel/scint. range stack) + SAND
.Moveable to enable PRISM

and PMNS

Mixing, Oscillations ~
> Phase I FD

phases.
The LBNF beamline will start at 1.2MW at Phase-l and be upgraded

Phase Il Upgrades

.Proton beam increase to 2.4 MW
.Four 17kt LAr TPC FD modules

.TMS Upgraded to ND-Gar to provide
enhanced ND interaction physics

capabilities.
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DUNE Far Site Construction Progress

Neutrinos: Construction at the Far Site

The Future

¢ Rock excavation work is in progress!
» 27% complete by total rock volume

¢ Advancing on schedule and budget.

Oscillations

4850:90

Access Drifts North Cavern

13 July 07, 2022 Alexander Booth | DUNE Overview DU

Expect beam to Phase | detectors by ~ 2030
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D U N E Event SpeCt ra Exposure: 150 kT.MW.yr (equal /&) IMW.yr = 1 X 102!

p.o.t at 120 GeV. (sin? 20,3 = 0.085, si

Events/0.25 GeV

0.45, &m3; = 2.46 X 1073 eV?)

= 64e20 POT

—— v CC
.y cc

3 Horn Design

: 2 g B 5 s 7
Reconstructed Energy (GeV)

930 ve, 5 e, 204 L™, 17 NC, 19 v, 3 1,

Events/0.25 GeV

F DUNE v, disappearance
60 GeV,'3.5 yrs = 64e20

POT
Sir(oy3 =045

3 Horn Design

1 Z E3 e 5 5 7

Reconstructed Energy (GeV)
8329 v, 192 ,,, 72 NC, 29 v

DUNE v, appearance
rs = 6420 POT
=0

60 GeV, 3.5y,

Events/0.25 GeV

Reconstructed Energy (GeV)
154 ¢,32 ve, 98 L2, 7 NC, 8 v, 1 1y,

350

DUNE Y, disappearance
GeV,"3.5 yrs = 6420
smf(eu) 045

30

25

20

Events/0.25 GeV

ol — L L

POT

3 Horn Design

Reconstructed Energy (GeV)
2420 ,,, 791 v, 33 NC, 13 v,

Simultaneous fit to all four samples. Richness of spectral information
in both v, and 7, = explicit demonstration of 3-flavor CPV
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D U N E Event SpeCt ra Exposure: 150 kT.MW.yr (equal /&) IMW.yr = 1 X 102!

p.o.t at 120 GeV. (sin? 20,3 = 0.085, si

Events/0.25 GeV

Events/0.25 GeV

0.45, &m3; = 2.46 X 1073 eV?)

=84e20 POT

—— v CC
.y cc

3 Horn Design

117

Reconstructed Energy (GeV)

1 ve,3 De, 204 L2, 17 NC, 19 v, 3 v,

F DUNE v, disappearance
60 GeV,'3.5 yrs = 64e20

POT
Sir(oy3 =045

3 Horn Design

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

8329 v, 192 ,,, 72 NC, 29 v

DUNE v, appearance
60 GeV, 3.5y
Normal MH, oc,,_s
SIN?(0,,)=0.4!

s-gnal (Varv) CC

Events/0.25 GeV

rs = 64920 POT

Reconstructed Energy (GeV)

94 7,39 v, 98 2™ 7 NC, 8 v, 11y,

350

DUNE Y, disappearance
GeV,"3.5 yrs = 6420
smf(eu) 045

30

25

20

Events/0.25 GeV

ol — L L

POT

3 Horn Design

g & 3 B 5 s 7
Reconstructed Energy (GeV)

2420 7y, 791 vy, 33 NC, 13 vy

Simultaneous fit to all four samples. Richness of spectral information
in both v, and 7, = explicit demonstration of 3-flavor CPV
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HYPER-

Neutrinos:
The Future

e Hyper-Kamiokande Experiment

SuperK

Hyper-K

Mozumi, 1,000m

Tochibora, 650m

KAMIOKANDE: &=t
L] Total / Fiducial Mass

50/22.5 kton

260 / 187 kton

Operation start in 2027

Hyper-Kamiokande Detector

4 '\ “Dauble=
S "1 sensitivity
PMTs

Oscillations
NS

High power proton beams

J-PARC
(hosted by KEK)

1. Hyper-K detector to be built with 8.4 times larger fiducial mass (190 kiloton)
than Super-K and to be instrumented with double-sensitivity PMTs.

2. J-PARC neutrino beam to be upgraded from 0.5 to 1.3 Mega Watt
X8 Natural Neutrino Rate and x20 Accelerator Neutrino Rate
3. New and upgraded near detectors to control systematic errors
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The Hyper-Kamiokande Experiment

Neutrinos: From Masato Shiozawa:

Construction of the detector

« 23-June,2022: Approach has reached the center of the main cavern dorm.
« Cavern excavation is about to begin on schedule.
« Start its operation in 2027.

1873.5m

Access Tunnel

|
Approach Tunnel

2022/6/23

SRR

\ 1%t Approach Tunnel

. Oscillations
S

2021.5 Groundbreaking Ceremony @ entrance2
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lixing, Oscillations
and PMNS

T2HK Beam Spectra

Appearance v mode

Number of events/50 MeV'

Number of events/50 MeV

Appearance v mode

Reconstructed Energy E™

— Total
— Signal v, = v,
Signal v, ¥,
BG v +v.
—BG v+,

o i 5

10 years of data-taking

27 x 1022 POT

Fully contained events with vertex
in the fiducial volume

v/anti-v mode =2

. . Normal hierarchy, &, =0
i g — (5:907) - (50) 3.2% statistical uncertainty on the
H g« et gt CPV measurement
2 100! P P S I A
0z o4 0s 0 11z 0z e e os 1 iz
Reconstructed Energy E™ (GeV) Reconstructed Energy E™ (GeV)
v,V anti-vu — anti-v, Beam cont. NC vy and anti-vu

v mode 1643 15 259 134 7
anti-v mode 206 1183 317 196 4
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HyperK Atmospheric v Oscillations

eutrinos:
The Future

AtmOSpheI’IC neUtI’InOS Matter effect creates
resonance in multi-GeV
e Sensitive to CPV, mass hierarchy and 6, octant region » present for NH

Size of the Vv, flux (relative to no oscillations) at cos8;enin = 0.8
resonance is = ©080,=0.8  NH, 8in%,=0.4, 8in’0,;=0.0 G030,=08  NH, sin’,y=0.8, sin‘s,=0.025,
affected by T 08 e BT ) -/
in2 o 06 ' \
sin®8,, % 04 $06 = NH
% 02 Tr—————— \
0 ETE—
> (T .
55 e
10" 1 1 107" 1 10
| CoRS08 N, ie,z08, sin' 0025 22 | cos0.=08 W si,=08, s, 0 o 4
T8 @ Bcp = 220° — 40° 08 | (©
R 06 | 06
Sub-GeV region S 041 0.4 H
is sensitive to g 02 2 JWAL 0.(2, | P B,
CPV Z 02 ’ 02 )
> 4 04
107 1 0 10" 1 10
Ev(GeV) Ev(GeV)

40/63



~N
¢
Brookhaven

National Laboratory

HyperK Project Status
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The Future

JFY 020 JFY 21 JFY2022 JFY2023 JFY2024 JFY2025 JI'Y2026 JFY2027 JFY2028

Prepar l Tunnel

Cavern

const. II excavation '

PMT production

PMT cases, Mirrors, Electromics etc.

Mixing, Oscillations
and PMNS

Power-upgrade of J-PARC and Neutrino Beam-line
[ | )
Near Detector Facility, R&D, production ND construction

41/63



©

Brookhaven

National Laboratary

Neutrinos:
The Future

Mary Bishai
Brookhaven
Nat
Lat

Mixing, Oscillations
and PMNS

Mass hierarchy

7F bune mo Sensitivity =
Al Systematic: o =
6f-Normal Orde e B
F 100% of 5., v-lues sttt _a

F o -

Y

[ DUNE sensitivity
12| All Systematics
Normal Ordering
sin"20,, = 0.088 + 0.003

100 2t s
o
=t
v e
© 8 L

-4 W
v

A

TR T T AT T TN
21 08060402 0 02 04 06 08
Seplr

DUNE and T2HK/HK sensitivities to Mixing

©

\/Az? Wrong Hierarchy Rejection
» S

L \ | I

|
ol
|
o
ol

7 "8 9 10
Running Time (Years)

HK 10 years (2.70E22 POT 1:3 v:v)

L % Beam (Known MO)
= Beam (Unknown MO)
s Atmospherics (Unknown MO)

= Combined (Known MO)

-2 Combined (Unknown MO)

E

E

5 N

= 7es

] A\Y 2

~ 55

i \

< \ 36

= b R £

7 £ N5 3

0 eI I V A= - I R
-3 -2 -1 0 1 2 3

Hyper-K preliminary True o,

True normal ordering, improved syst. (v¢/V, xsec. error 27%)
<inB.0=N 1R GinB.A=N IR Ami.l= 2 500 ¥ 107 2Vt
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Beyond the v SM in Long Baseline Oscillations

Neutrinos: Experiments probing v oscillations over long baselines act as
The Future interferometers due to the large mixing. Future experiments With
high intensity beams and/or large detectors, large band-width (from
Nation beam and atmospheric), and improved spectral resolution can probe
Laboratory new sources of physics and search for new weak interactions.

15

|, [€ec| € [0:0.1]; 8, ey, Per = [-: 7] (NSI)
1) (SI) IH

NH | i

Mixing, Oscillations
and PMNS

5 6
E[GeV]

(M. Masud, A. Chatterjee, P. Mehta arXiv:1510.08261)

New physics could produce asymmetries that mimic CP violation. A
diverse landscape of experiments is necessary to disentangle 3-flavor
oscilations from new physics. (See following presentation from Joachim Kopp)

43/63


https://arxiv.org/abs/1510.08261

~
Q
Brookhaven

National Laboratary

Neutrinos:
The Future

Mary Bisha

The 3 Generation of neutral leptons: v
The least studied particle in the Standard Model
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Neutrinos:

From the Snowmass Whitepaper on Tau Neutrinos in the Next

Physics Topics Probed by v

U3 AT Decade: from GeV to EeV (arXiv:2203.05501 [hep-ph]):
GeV TeV PeV EeV
3-Flavor T Neutrino Self Interactions j
Z/T NsI Dark Matter
Ph\\l(% Steriles Neutrino Decay PDFs
SR Cross-Section
a7 107
£
e
»/. l(]f.}ﬁ
g
10—:{‘1 :
lentification| PR Dot Skimming
Technique —
10° 10° 10 10°
E, [GeV]
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Unitarity tests of PMNS

Neutrinos:
The Future

The elements of the 3rd row of PMNS matrix elements are the least
well measured. Experiments probing v, physics are key to unitarity
tests of PMNS.

Precision from current experiments (arXiv:2109.14575v2 [hep-ph]):

—

0 01 02 03 04 05
L2z

0.0 01 0.2 03 04 05 06 0.7 08
[Uzs|

It takes a combination of many very different experiments to con-
strain the 3rd row of the PMNS matrix!
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Mary B

The elements of the 3rd row of PMNS matrix elements are the least
Brookha

well measured. Experiments probing v, physics are key to unitarity
tests of PMNS.

Precision from future experiments (arXiv:2109.14575v2 [hep-ph]):

| S~ W
01 02 03 04 05 06 0001 0.2 03 04 05 06 0.7 0.8
|Uszal [Uzs]

It takes a combination of many very different experiments to con-
strain the 3rd row of the PMNS matrix!
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Future DUNE ?(beyond Phase I+11): v,, — v

oscillations

Run in 3.5 () +3.5 (¥) years with v, disappearance, v. appearance
and v, appearance in the default low-energy beam or comb ine all 3

modes with 343 years in LE + 1 year in a 7 optimized beam

10"

v, fluxm?GeV/1.1x10°POT at FD
&

w

0.01

0.00,

— Standard

Tau optimized

U: Unitary matrix, N: non-unitary

matrix

U— NU=

6 8 10 12 14 16 18 20
v, Energy (GeV)

[a351 0 0
Q21 Q2 0
Q31 (32 (33

(L — a3)

u

Ty T T

=

\

T T

v, Disappearance Only

o
=]

T T

AlLC

hannels (3.5 + 3.5)

LN N

Phys. Rev. D. 100, 016004 (2019)
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Neutrinos as Telescopes and Cosmological
Probes

v in
Astrophysics

& Cosmology
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Solar Neutrinos

CNO neutrinos now detected!

From Y. Koshio presentation at Neutrino 2022:

Solar neutrino
Recent results 107
1010 b

Uncertainties (SSM / experiments)
Vinyoles etal. Ap) 835: 202, 2017 T

Borexino

pp £06% —
+10% lEs] =0%

£2.7%

N

pep | +1%
+18%

Neutrino Flux (cm-/sec/MeV)

8B +12%
New observations were +10% 2%
reported one after another.
Its measurement precision

becomes better and better.

10" 1 10
Neutrino energy (MeV)

Current generation will continue to push on precision including SNO+-.
New experiments coming online soon like JUNO and future concepts
include THEIA a 100kton scale water-based liquid-scintillator detec-
tor.
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Neutrinos:

Ulia (At DUNE is uniquely sensitive to the

Mary B Ve component of a supernova

Brookha

neutrino burst:
40 — 40 pox
vet+" Ar - e~ +7 K

argon for a Supernova at 10 kpc:

Expected time-dependent signal in 40 kton of liquid

Events per bin
=

40 kion argon, 10 kpe
& Nedrntztion Aourton Coolg
—+ Noosellations
—f— Normal ordsring
—}— Invertad ordering
di 1 PRI SRS S N L
005 0. 015 025

Tm (seconds)

Supernova Neutrinos: Prospects

HyperK is sensitive to o

Supernova neutrinos - HyperK
00

Stal (2015),1D,30M.BH
Nakazato et al. (2015),1D.20M

BH formation

NS formation

o 0.2 0.4 0.6 0.8 1
Time (sec)
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Supernova Neutrinos: Prospects

Neutrinos:

e R From Yifang Wang summary at neutrino 2020:

Diffused Supernova Neutrinos

* Latest results from SuperK

o Sensitive to 1.5 Ve/cm?/s, Horiuchi+09 model is 1.9
o Combined upper limit of 2.6 Ve/cm?/s
e Most optimistic signals are excluded

¥, Flux Upper Limit [/cm?/sec/MeV]

® Best fit is 1.3+0.90.9 g5 Ve/cm?/s
e 1.50 excess over background expectation 0 5 20 25 30
v, Energy [MeV]
— Signal right at the corner ? JUNO, arXiv:2205.08830v1

* SuperK-Gd successfully operated for 2 years with 0.01%
loading. Phase 2 with 0.03% loading just started

* JUNO can significantly improve the sensitivity
* Future experiments: HyperK, DUNE, THEIA, ...
* Shall be discovered in ~15 years from now !

DSNB ¥, flux [em? 5! MeV'

Mastbaum,Vagins,Zhao
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Overview

v Properties

vSM

v in
Astrophysics
& Cosmology

UHE 1 probes
v Applications

Summary

|CeC U B E'Gen2 (from N. Park at Nu2022)

Neutrino is the best messenger to study
the high-energy hadronic particle interactions in the Universe

v(neutrino)

p-p interaction

Horizon of VHE gdmmd ray (>100 GeV (101 eV)) : z~1
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Neutrinos:
The Future

& High-Energy Astronomical Neutrinos

IceCuse

IceCube has measured the astrophysical neutrino flux with multiple
independent analyses

1070 F i
T
& 10-6
U E
o
b Atmospheric
§ 107 g IceCube (PRD, 202 3
3 T n|‘<1c?(”u'e() .
K - GSE (7.5yT
o U O¥T) feeCube (ICRC 2019)
2 qp-# | Prompty, ™~y v, (10y1) 4
3 -
S
&

107° F 77T _cosmogenic

-~ N
yd AN
10-10 A oL b Lo " "
1018 101 109 10 10" 108 109
EleV]
& Neutrino 2022 F. Halzen and A. Kheirandish (arXiv-2202.00694 )
UHE v probes

(from N. Park at Nu2022
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ICeC U B E_Gen2 (from N. Park at Nu2022

Neutrinos:
The Future

- IceCube Gen-2

Designed to achieve five times better sensitivity than IceCube array

@ Optical array: Eight times larger active volume compared to IceCube filled with improved optical module based
on the R&D studies from IceCube Upgrade

@ Surface air shower array: Matching with the optical array throughput, ~40 times higher coincident events

@ Radio array: ~ 500 km= area of the antenna array for the detection of EeV neutrinos

s e - R
B e T T A A A T T TR T
Enorgy (GaV) Enorgy (Gov)

IceCube-Gen? (arXiv: 2008.04323) 25

UHE 2 probes
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Practical Applications of Neutrino
Technologies

v Applications
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utrinos for Nuclear Security

our result
1101.2663
ILLinversion
simple fi-shape

Source term

To-date the most precise and *
widely used reactor neutrino

e

flux for U-235 and Pu-239, Pu: -
241. P. Huber, Phys. Rev. C 85 (2012) 029901.
Total Statistics — Detector — Model ( **U, **'Pu)
T Pa combo Total Most precise and accurate

£ o measurement of U-235 and Pu reactor
£ 02 fluxes by the Daya Bay experiment
§ (.ﬂ{i (3.2 million inverse beta decay events).
:i::; (TVI J
= ""’SL = Daya Bay collaboration, arXiv:2102.04614

1234567 1234567 12345678
Prompt energy [MeV]

UK-US Academic Network in Nuclear Security and
n Skills Virtual Workshop

Patrick Huber, <pahuber@vt.edu>
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PO
5 %
o o

]
°

Event rate hour”)
&

&
°

415

410

v Applications

CHANDLER

Based on commercially available scintillators EJ-426/260.
3D segmentation, very clean neutron ID.
One of the first detectors to show surface operation, spectral
capabilities and high-efficiency.

445

09AugT7

U
Nonproliferation Skills Virtual Workshop

3-8 MeV +topological cuts
’ Rate
= satciney comocton
— 4 PIBSSUTE COMMECON Reactor on 1000}
tea 18D Excoss |

1BD- ke events (MeV")
g

Reactor on Reactor off Reactor on
29Aug17  19Sepl7  0BOcti7  280ct17

A. Haghighat, P. Huber, S. Li, .M. Link, C. Mariani, J. Park, T. Subedi, Phys. Rev. Appl. 13 (2020) 3 034028

in Nuclear Security and e

trinos for Nuclear Security

550
Observed IBD events 2881

Spectrum

10
E (MeV)

<pahuber@vt.edu>
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Neutrinos and Earth's Geology
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The Future

Plate Tectonics,
Convection,
Geodynamo

Does heat from radioactive decay
drive the Earth’s engine?

v Applications
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BOREXINO 2020

< Total
[ Geoneutrinos

Reactor antineutrinos
W Cosmogenic ’Li
M Accidental coincidences
W (¢, n) background
— Data

Events/ 200 p.e.

. .
2500 3000 3500
Q, [p-e]

500 1000

v Applications

Signal of . from radioactive decays of U/TH in the earth:

Events / 0.2MeV

rinos and Earth's Geology

KamLAND 2019

180 & —e—KamLAND data
160
140 -
120
100 [
80
60

- Best-fit reactor V.
Accidcma+

S )

B¢, n%o

N Besi-fit geo ¥,

40 W — Best-fit reactor V, + BG
20 £ + best-fit geo ¥,
Du-hi M NI N R R s S|

1 12 14 16 18 2 22 24 26
E, (MeV)

60 /63



~
Q
Brookhaven

National Laboratary

Neutrinos:
The Future

Summary and Conclusions

61/63



©

Brookhaven

National Laboratary

Neutrinos:
The Future

m Neutrino experiments span the range from sub eV to EeV energy

Summary and Conclusions

scales and include both experiments probing fundamental properties
of neutrinos and experiments where neutrinos themselves are probes
of other physics

Next gen expts are moving into the discovery phases in the next
2 decades:
m OvDBD and absolute mass measurements < 10 meV range
m Oscillation experiments using MW beams and 100 kton
scale detectors will reach % level precision and
unambiguosly determine the neutrino mass hierarchy, CPV,
resolve the octant and search for beyond the vSM effects
like non-standard interactions, sterile neutrinos ...etc
m Solar metallicity determination with CNO neutrinos has
commenced, diffuse Supernova flux will be discovered and
UHE experiments are entering a new discovery phase.
A wide range of experiments will probe properties of the least
known particle of the Standard Model - the v, from GeV to EeV

The TeV scale accelerator neutrino frontier is commencing at

the LHC and HL-IHC 62/63
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https://www.youtube.com/watch?v=6NhZlCVNfP4
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