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Experimental approaches

and Asian experiments

* Accelerator neutrino:
12K, T2K-ll, T2HK (Japan), T2ZHKK (+Korea)

R r neutrino:
RENO (Korea), Daya Bay, JUNO (China)

» Atmospheric neutrino:
Super-K, SK-Gd, Hyper-K (Japan), INO (India)

* Not covered here: Astro. v (Solar, SN, ...), KamLAND
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T2K results on Ocp

- Compare v .— Ve appearance between v and antl-

LY
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» Using reactor 613 constraint, :
0 =0 or m excluded at 90% C.L.
Ve anti-ve
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* Best-fit
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Hyper-Kamiokande

260kton tank (D74mxH60mM)
190kton fiducial mass (~x10 of Super-K)
40,000 PMTs
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T2HKK (Tokai 2 HK & Korea)

Iy

P — Jle2 |
i . JD+KDat25° |
08 L ....................... ........................ ...... JD+KD at 2.0° —
i | \ — JD+KDat1.5° |

* |dea to build a 2nd tank in Korea
(“lower” Off-Axis beam reaches
Earth surface in Korea)

Fraction of 9§,

0.6F ________________________ ________________________ e _— .

o4l N\ L\

* L~1100km — large matter effect
L Mass Hierarchy sensitivi ty 02_ ________________________ ________________________ _________________________ ____________________ _

- > 50 for any Ocp value - S0

Wrong Ordering Rejection Significance (0)

T2HKK White Paper
1 1B 1611.06118

-

« Also O cp precision improves

OAB 2.5 at HK

PLB 637(2006)266

PRD 76(2007)093002
14
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DUNE

1300 km

South Dakota Chicago
Underground
Research

Facility

Fermiiab

-
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* A long-baseline neutrino experiment designed for studying

e (P violation 1in neutrino oscillation
* Study v, appearance

* Neutrino mass-hierarchy problem

* Precise measurement of mixing angle 0,; and mass splitting Am?,
* Nucleon decay

* Other physics



DUNE: Scientific Reach
CP Violation

Mass Hierarchy
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Moderate preference on NH
SK Atm v+ flxed 013
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Daya Bay: Most Precise 0,

Lule

sin“20,; = 0.0841+0.0027+0.0019

1230 days: PRD 95 (2017) 072006

100 * Ultimate precision = 0.0025, the
098 best in the foreseeable future.
0.96 Experiment Value
oot Daya Bay Fed 0.0841+0.0033
RENO —e—i 0.082+0.010
092 D-CHOOZ nGd+nH —— 0.119+0.016
050 T2K . 0.100%5:017
NH . 0.051+0:938
0.88L MINOS '
880 TH : S ' 0.093*8:029
0.02 0.04 0.06 0.08 0.1 0.12 0.14
sin? 20,3
Experiment Value (1073 eV?)
Am232 = (+2.45+0.06+0.06) x10 eV2 (NH)
Daya Bay —— 2.45+0.08
Am?;, = (-2.56£0.06+0.06) x 10 eV> (IH) oK . 254543
MINOS ————i 2.42+0.09
. . . — 3 9)
Final precision = 0.06 x 10~ eV NOvA : 2 674012
Agreement between the v, and v, Super-K ° R
. IceCube * 2.50%05;
experiments strongly supports 3-flavor FENG i 574021

mixing.

23 24 25 26 27
|AmZ,| (1073eV?)

2.8
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Daya Bay: Reactor Antineutrino

15 55 PRL 118 (2017)251801
_ A Daya Bay
l CPCA1(2017)013002 c = Huber model w/ 68% C.L.
.s — 1 2 '9 5.0
EB S & ‘ S S o a
32 [ Y Joveion = |
E B —— Previous data N\ 4.5 , - T /
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_ 1-c Experiments Unc. 2 4.0 r--
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0.6 ——u —— =, o
10 10° 10° = 3.5 W 68%
Distance (m) é? 95%
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., 020 ® 3.0 [Zz,::=(6. 04 + 0. 60) x 10°* 99.7%
I% - ++++++ CPC41(2017)013002 52 56 60 64 6.8 7.2
%, 0'155“ N .y o935 [10~% cm? / fission]
g o + ., o Precise flux
7 010F Y . . .
T BT -~ * consistent with previous results.
T e pro * disagreed with Huber’s model at
- T— 3.10.
O . . 1 1 1 1 1 - _T_—" .
_ 120F ® ' e yield from 23U may be the key
g ook o contributors to the reactor
i antineutrino anomaly.
o B .
g *%r o Most precise energy spectrum
2 3 4 5 6 7 8 * (Observed excess of events with v

antineutrino energy/MeV

€

enerev between 5 and 7 MeV.



JUNO for Mass Hierarchy
The JUNO Experiment

¢ Jiangmen Underground Neutrino Observatory, a multiple-purpose
neutrino experiment, approved in Feb. 2013. ~ 300 MS.

(L | TTTINTCTETT TR TP Toe

¢ 20 kton LS detector
¢ 3% energy resolution
¢ 700 m underground
¢ Rich physics possibilities
= Reactor neutrino
for Mass hierarchy and

precision measurement of
oscillation parameters

= Supernovae neutrino
= Geoneutrino

= Solar neutrino

= Atmospheric neutrino
= Exotic searches

J. Cao, NuTel 2015 18
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How to access Mass H.?7

R N Non oscillation
« Detect 613 ‘ripple’ at 612 osc. max. (53km) s — Sposillion
3 Inverted hierarchy

- Energy resolution is the key (80% PMT coverage) 1507 05613

0.3
0.2
Normal Inverted
2 2 0.1F / .
m3 P P m5 [/ A - U
solar: 7.5x107 eV? e
C 10 15 20 25 30
b m% } L/E (km/MeV)
atomospheric: Z600
24x107 eV? §s00— Normal Hierarchy

Inverted Hierarchy

atomospheric:

2
m, _ 2 4x107 eV?

colar: 75105 eV True energy
e e s I e “

100

400

300

i I I I Neutélno Energ;y Me\."
G. Ranucm Neutrlno 2016

ngl:Zhow e Esoof—
7 3 SR 3o L g N
hdive’ @hénZhen D :B e Muoonpe Lufeng NP Visible energy: 55"“:
5o @ s “ ayaBay E—
'JZh H %{on{; KonggaGW) G (E)/E — 300%
3 “@ 2001
A i 3%/V/E(MeV) =
4 100

Taishan NPP . . ‘ ‘

(18.4 GW) 1 2 3 4 5

6 7
Positron Energy (MeV)

YéngjiangNPP B o
(17.4 GW) 19
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Near-future of SK: SK-Gd

* Main motivation: Supernova relic v  + Also reduces p-decay BG

S K- G d : 1: hx ve_'po / ) \‘@Gd
eDiscovery of relic SN / (}:2 >j
neutrinos is expected by O(1) . - > 8 M

AT~30ps

Phys. Rev. Let 93(2014)171101

sensitivity improvement

*0.1% Gd loading to tag

_ 8MeV 113 19.9 31.2 5.30
ve+p—e+n, Gd+n—Gd+ys
6Mev 113 13.5 24.8 4.30
AMeV 77 4.8 12.5 2.50

*R&D in test tank and water  we. 51 63 119 210
system construction goingon s 10 24 34 —
-Start SK GGd in a few yIs Model: Phys. Rev. D 79 (2009) 083013.

v ,, 200-ton test tank
¥ (240 50-cm PMTs)

New water system under _
construction

i

[ | \ .-’
\ A water tank
M. Shiozawa, [ = a e :
NuTel 2017 15-ton Gadolinium === ,,ﬂ‘"" =1
Pre-treatment . Filtration System |

Mi)dng Tank

25



Fermilab Neutrino Experiments

Booster v beam Roea

MicroBooNE, SBN program proton.enersy.8 GeV

NuMI v beam
NOvA, MINERvA, MINOS+

Main Injector
proton energy: 120 GeV

DUNE v beam
DUNE

R. Rameika

Luk’
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NOvA: v, Disappearance

p o — ey —— o —— — ——— ——— ——— - —— ——— ——— ——— ——— ——— ——— —— — ——— —— — ——— —— — ———

(=
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Ratio to no
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=550 : L
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- e ata T 35— Normal Hierarchy, 90% CL il
| B Best-fit prediction 6.05x10*° POT-equiv. i NOvA 2();16 |
| [ Background = I - NOVA 2015 !
- emee- Unoscillated . o : ......... T2K 2014 :
L - =,
i T - o S sy, g MINOS 2014 .., .
: Npeq = 473230 - = | ;
. - 25— .
: e : 2h L | & | I |
- - - 0.3 0.4 0.5 0.6 0.7
. ' sin®0,,
3 Con +0.030 +0.022
T * Sin 623 o 0404 _0022 Or0624 _0.030 (NH)
3 Maximal mixing is disflavoured at 2.6 o
r"J )€ o +0.030
econstrucied neutrino ener e — -
ay * Am~, =(4+2.67+£0.11) x 10° eV (NH)

PRL11S (2016)151802 Am?y, = (-2.72+£0.11) x 103 eV?  (IH)



Short-Baseline Neutrino (SBN) Program

WILSON HALL
BOOSTERRING =
)\ b e - »(.‘,;,_“ ‘i-\._, <
BN el SR e e e
e BT e FE S TS ‘
AN TN g iy ! —
——— = 1) = Tz
<1 L] Y = &~
L - , i1 1 ! )
LEDERMAN ) = : !
SCIENCE CENTER 4
' eaume ,‘ SBN NEAR MiniBooNE
\!!_,}« DETECTOR T/Ti@[_'ET
SBN FAR ~
= DETECTOR r b :
= MiniBooNE MicroBooNE/ SciBooNE
DEIECIOR LAITF : DETECTOR =
5 ]
AR e —— = ®
—————————————— T I
————————————
AN

2 ¥
» AT
. 11!. \

476t @ 600m) = -

(112t @ 110 m)

N e e 1 o

* All three detectors are liquid-argon TPCs
— ICARUS and MicroBooNE exist
— Build a DUNE-style detector: SBND
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Sensitivities of the SBN Program

Vv, appearance v, disappearance
— . x -
- appearance - X
B ,:& Yu > Vo aPPE - e v, disappearance
_ . [ Lsnp 90% . N
R ’ ] Lsno o5 [ Global 2017 1o
10 E - [ ] Global 2017 20
= ‘% [ ciobal 2017 0 10E B Global 2017 30
- * G -
B ] Globai 201725 - 4+ Global 2017 best fit
- I Global 2017 30 -
—~~ ~ - - SBN 3¢
N i + Global 2017 best fit 0"“
% ~—— $BN 3¢ > -
~ 1k ==== SBN 50 9, 1
NE = NE - .
< B < : .........
................
10 1 F SBNsenslviles assume exposuresof: - Nl 1 0-1 L SBN sensitivities assume exposures of: T
F 5.80x10,, protons on largel in JGARUS and SBND - 6.60x10%” protons on target in ICARUS and SBND
- 132107 protons ontargetin MicroBooNE N\ - 1:’5.2x102° protons on target in MicroBooNE
- Global 2017: S. Gariazzo et al., arXiv:1703.00860 [hep-ph] ) i Global 2017: S. Gariazzo et al., arXiv:1703.00860 [hep-ph]
Lol Ll Ll o " ’ l
11 1 1 1 1 1 1 Ll
w -3 -2 -1
10 10 10 10 1 102 0 1

Sin‘26 . arXiv:1503.01520 sin?26,,,

* Appearance and disappearance measurements with the same detectors
* SBN has the potential to cover the entire range of interest



Daya Bay: Search For nght Sterlle N eutrlno

g1 1.1F +—:
s 1
W - e
? Bl ] -
> £+— N [
% - e Amg, = 4x10° eV? = Am, = 4x107 eV? - 4+ H
8 0.9 N sin’26,, = 0.05 assumed —0.9 ?
1 2 3 4 5 6 7 8 1 o 3 4 5 6 7 s
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v, disappearance No evidence of a light sterile neutrino
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101 0® 102 107 ] - MINOS and Daya Bay/Bugey 3 i
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The best limit 1n this mass range. sin?26._ = 4lU_PIU P



Ground-based telescopes

GroundBIRD

DASI QUAD

3 All of them employ
BICEP1 g B | _
CAPMAP - v e\ WA - Superconducting
Boomerang  QUIET-W 2 i - .
sensor array ~1000pix

"8 Difference
| W - Target angular scale

BK14

CMB component & _. ‘ *‘{ i (PrimOrdial or |eh8ing)

\phys Rev. Lett. 't b => SCdn ared
116 031302, 2016 | => telescope size

Multipole = 7 ‘ POlaI"
A - Bear

DASI
BICEP3 QUAD
Keck




Future experiments
and expected results

Colored area: [3 0 constraint from oscillation exp. CMB-5S4 (U.S))
2020 ~

Telescope array

-
-~
-~

— 7-6/,— - _
P Sensitivity of next generation

NLDBD experiments - Combination of existing
experiments

-
/ 'NH (Am>>0)

100,000 sensors !
PhysRevD.90.033005

0.4 (.5

Expected sensitivity
If CMB exp. observe the high mass(>0.1eV) neutrino -
Neutrino less double beta decay exp. Ly (Zm’/) = 16 meV
Observe at same mass -> Majorana ! o (Neff) = 0.020
Reject that mass point -> Dirac !
CMB cannot observe -> Normal !!!



