Neutrino Experiments (;
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e Discovery of Neutrino Oscillations
e Completion of mixing angles
e Unexpected and remaining questions
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Disclaimers

« This year is the 20th anniversary of the Super-K experiment: neutrino
oscillation has been discovered for 18 years and physicists are quite

familiar with most of the progresses

« Many people in audience are experts in this field so | will simply try to
entertain you with my version of the story, focusing on neutrino

oscillations and oscillation parameter measurements
« | try to be complete but | must be biased due to personal experiences

* | apologize if | am missing your favorite experiments or results
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Discovery of Neutrino Oscillations and Nobel Prize
Zeni'l‘b'\ angle ded

The Nobel Prize in Physics
2015

Photo © Takaaki Kajita

Takaaki Kajita
Prize share: 1/2

The Nobel Prize in Physics 2015 was awarded jointly to Takaaki Kajita
and Arthur B. McDonald "for the discovery of neutrino oscillations,

Photo: K. MacFarlane.
Q'J een 'sﬂ._. niversity
/SNOLAB

Arthur B. McDonald

Prize share: 1/2

which shows that neutrinos have mass”
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Super-Kamiokande and SNO Detectors

Discovering Mass SUDBURY NEUTRINO OBSERVATORY [SNO)
The farther neutrinos travel, the more time they have to oscillate. By
comparing the ratio of flavors of neutrinos coming "up" through the Earth ONTARIO, CANADA

to those coming from overhead, physicists determined that neutrinos
oscillate, which neutrinos can only do if they have mass.

PROTECTING ROCK

A cosmic ray
(usually a proton)
from space

-~
Both electron neutrinos |
alone and all three types of 2100 m
neutrinos together give sig-
nals in the heavy water tank.

Oscillating
neutrinos

A neutrino strikes another

elementary particle in the -

detector tank. The interaction

is recorded and analyzed by

scientists to identify both the

flavor of the neutrino and its

flight path.
the trajectory and begin
to oscillate as they
pass through the earth

.. CHERENKOV
RADIATION
18m

Cosmic ray Earth’s

atmosphere

The cosmic ray hits the One cycle of an oscillating neutrino
earth's atmosphere, as it passes through earth
making a spray of
secondary particles,

\
someofunichceesy | | @ QG OO OB DD @

University of Hawai'i media graphic
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Sensitivity to Various Parameters of Atmospheric Neutrinos

v, sample 1
e . . — 9 N oscillation params:
Multi-GeV e-like ne > 08F No/N°%  u s
Multi-Ring e-like ne © 0.6F Am’3,=2.1E-3
= | More e for | AM’21= 7.7E-5 1
—_— ‘= 04 sin<0,3;= 0.50
vV, sample S o0of 05<1/2 | sin%0,,~ 0.30 H1.4
Multi-GeV e-like ne © oF 3125013‘ ' |,
Multi-Ring e-like ne - =
82 I ‘—0.9
Multi-Ring other | — | v through the Earth
. _ i .—— Resonance conversion
statistical separation based on —h MH/octant sensitive
« #of d_ecay e i N P — yv|Bpy
« #ofrings 1 10 10° ]
e transverse mom. ‘ More e for n<d.,<2n ‘ Energy (GeV)

+ Matter effect can generate resonance conversion = Mass hierarchy
» Solar oscillation v, & ve = octant sensitivity

* Interference between neutrino and antineutrino = CP phase sensitivity
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Super-K Atmospheric Neutrino Results
2 o S preliminary
15| ,5: 1 5L Inverted _
i i Normal
N: 10:_ 1 sin2623 1 b 6CP N
S :95% 3 __95% i S i.r,% \—/
0'68% . \/ Ll L1 . %:80/.0 L 04\\\0)6/ L 0__8 068%. . ,\\'\.'\._q 4.,//]/
_ _ _ ot raos & . . .
Fit (517 dof) o sin%0,, Ocp sin%0,; | |AmZ,,|eV?
SK (IH) 576.08 |0.0219 (fix) | 4.189 0.575 2.5x10°3
SK (NH) 571.74 |0.0219 (fix) | 4.189 0.587 2.5x10°3
e Ay?(NH-IH)=-4.3: Normal Mass Hierarchy is preferred by SK atm. data
e Weak CP and octant preferences
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Solar Neutrino Oscillations using Reactor Neutrinos

Crane

Rock lining

Kbe| Outer water tank

Inner tank

i Lig.-scinti.
Container

3 B Aluminum sheets

Phototubes

KamLAND,

12k 4 PRL99,021802(2002)
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Combined Results from SNO and KamLAND

SNO, PRC88 (2013) 025501 KamLAND, PRD88 (2013) 033001

x107*
2.00 : : : : : : : 20
SNO-Only (2v) Solar (2v) KL (2v) SRk W WY AR 40
® Minimum ¢  Minimum = Minimum NX 15 :_
= — vovecr T omcr S (V=S W W A RS- .
I 99.73 % C.L. == 99.73%C.L. ©- 99.73%C.L. 5 i—.----.---.--..- YA ‘::,-_'_‘ ________ 20
150 Solar+KL (2v) Er'l'rrl‘r'n'rrh‘l'::.:' = r.I'J.'.-'r‘."F1"‘|'rrh'.'rr|'1'rrr’r'}'|9|-'r — : :
S0F 4 Minimum || C KamLAND+Solar KamLAND b p :
g 6827 % CLL. 2.2 - (a) Moswcr. 95% C.L. e :8) :Lé) g
95.00 % C.L. r I ,
B 99.73 % C.L. 2 C 99% C.L. ===199% CL. : : i \
_ &> 18 - 99.73% CL. == 99.73% C.L. g‘
N% % 1 6 r Y best-fit @ best-fit Z:.
~ < ) N Solar E'
(\l<§1(\l 1.00 o 14« 95% CL. -
NG 12 - 99% C.L. F
R LIETERPEI o E 9973% CL. [
e T T = 1 E_ O best-fit g*
<1 08 -
0.50( 06F "
04 F L
- 0free £ @ ,
0.2 :IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:i-||i||||i||||||i|||
T, 0.1 02 0304 0506070809 1 5 101520
tan? 01, tan2 812 AX2
Global fits: arXiv:1507.05613
2 2 s 2 s 2 )
Ams, |Amz, | sin“ 01 sin“ 013 sin® 03
Dominant Exps. | KamLAND | MINOS SNO Daya Bay | SK/T2K

Individual 1o

2.7% [121]

4.1% [123]

6.7% [109]

6% [122]

14% [124,125]

Global 1o

2.6%

2.7%

4.1%

5.0%

11%
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Adding the Super-K Solar Data till 2016

Moriyama, Neutrino 2016 filled regions: 3o
N 8 3o (A
S 6
g 20 YR ;
v o = sin? 015 = 0.31670 056
o Am, =754
— 16 .
c sin? 1, = 0.308+0.012
Y] &14 A 2 7 49+0.19
g 12 Moy = -29_0.18
10 KamLAND The unit of Am2,,
8 . e 1810%V2
SK+SNO+KamLAND sin® 013 =
4 4\,\ 0.0219 4+ 0.0014
2 Preliminary
lo 20 3o
0.1 0.2 0.3 0.4 > 05 246 82
sin“(6,,) Ay

- SK data has increased the precision in solar mixing parameters significantly; SK spectrum
and day/night data favor a lower Am’,; than KamLAND (2-sigma)

» SK has further lowered threshold to 2.5MeV, better chance to check the transition region

Wei Wang/E % Neutrino Experiments 10



Picture of the Field for a Decade (2002-2012)
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Ve[l Ve[ Vr[]

Invert <g ? = > Normal

States my and m; are differentiated by
solar neutrino data (MSW effect)

Normal hierarchy

v

Solar Sector:
SNO, SK, KamLAND etc

Glashow’s Request of 65 in 2003
(Photo by Kam-Biu Luk)
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* Chooz and Palo Verde were not
sensitive enough to get the lastly
known mixing angle thetal3: bad
liquid scintillator is a factor but we
blamed reactor neutrino flux
uncertainty

— Near-far reactor flux uncertainty
cancellation proposed for Kr2Det in 2000

4 x 20 tons target

* Chooz = Double Chooz, Daya Bay e o o
and RENO entered the competition '
of measuring thetal3

(260m high)

(88m high)

Near
Detector

A

E=E210]: ~100m
b E—

Detector

= 2101 ~600m

o Total ’I\mnel length
150m ~1.5 km ' ~3000 m

A
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The Daya Bay Antineutrino Detector as an Example

* Correlatlon Of 3 zone cylindrical vessels
prompt and Liquid Mass  Function
delayed Inner Gd-doped 20t Antineutrino
S| gna I S acrylic liquid scint. target

Outer Liquid 20 t Gamma
acrylic scintillator catcher
Stainless  Mineral oil 40 t Radiation
) steel shielding
= Fashion

192 8 inch PMTs in each detector
comes Top and bottom reflectors increase light yield

and goes :) and flatten detector response

(7—\/% + 0.9)% energy resolution

Wei Wang/E 4 Neutrino Experiments 13



The Daya Bay Detector Energy Responses

O Neutron from muon spallation A Alpha from natural radioactivity

o Automatic Weekly CalibratiOn e Neutron from IBD ® Gamma from calibration source
¢ Neutron from Am-C source ¢ Gamma from natural radioactivity
° 68Ge, 241Am13C/ 6OCO ) _ .
AD1 0 - AD2

e LED diffuser ball
« Spallation neutrons
« Natural radioactivities _
 Special calibration campaign : AD3 ; s

O a N
|
I

i

2_ L
« 137Cs, >*Mn, 24TAm?Be, 239Pu'3C iE %y 40 . o [ 4 o
. . o—--/-AA--------------O-! ------------- 0. —-A-A-A--? ------- ?---‘- ------------ o --- 9
* Manual 47T calibration 13 £ ~

-<E>) /<E> (107)
R
|
|

14— Data MC ?-
N \ o e Calibration sources 2 0 -
12"_"{‘ "cs m] = IBD neutrons we N
3 . Sy A 4 Natural alphas o o
— n . -
8510— - BeSthttoa"peaks -Illllllllllllllllllllllll//lllllllllll-llllllllllIllllllllllllll//lllllllllll m
- p 68 7/ ~ 7/ X
S - b "Ge e Naked gammas o[ AD6 i 6AD7 @
=} L ~
g 8 1 . L A A ¢ R
e o 2842 Ge-nen neeees oA Q...
5 © -1 m : N #- &
() i A i :
c -2 ¢ F :
w 4 -llllIlllllllllllllllllIlII//lIllIl:lllll-IllllllllllllllllIIIIIIII//lllIIIlIIIl
1 15 2 25 3’75 8 1 15 2 25 37’75 8
2 Reconstructed energy (MeV)
0 11 II IIl Il[IllllIllllllllllllllllllllllI
0 1 2 3 4 5 6 7 8 9 .
o
Reconstructed energy (MeV) Relatlve deteC tor ener gy Scale <0.2%
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Energy Non-Linearity of Daya Bay

500

r 4500
11— =
> F 4000 »
5 - = B decays
1 1,05 > 3500E + Data
o - < 3000E- — %est ‘Flt Model
c L 0 = ---- ‘B signal
5 Naso0E- ¥R e 2N backg.
E) - -
o | Gamma ray data "o 2000
o N S ¢ Single gamma source = =
° 09855 fure ¢ Multiple gamma source Q 1500
= a _— i Ll -
f - Best fit model 1000

E - 1L i o T J oL pu |
.§ "5; 1.2 .:_ ................................................................................................................ * ......... T ..... s
= 8 1E L JUUPC I SO o o ¢An.1++. l l 19
.(_u, X ; - "we o Ll Al b LA e 4 ,T l | | \ 'y
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8 Q : 1 1 L I 1 1 | I 1 1 | I 1 1 1 I | 1 1 I 1 1 1 I | 1 1 l | | 1 I 1 | |
Effective gamma energy (MeV) 0 2 & 6 8 10 12 14 16 18

Reconstructed energy (MeV)

« Two major sources of non-linearity:
« Scintillator response
« Readout electronics

* Energy model for positron is derived

——— Energy Model + 68.3% C.L.

o

©

@
IIIIITIIIIIIIIIIIIITITIlll]l

Reconstructed Energy / True Energy

Z: Crossvalidation from measured gamma and electron
| responses using simulation
0.9 l I S E—T)

4
IBD Positron Energy

~1% uncertainty (correlated among detectors) — A Great Achievement!
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Daya Bay: the Latest Results

1.0}
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RENQO: the Latest Results at ICHEP 2016

Rate Only sin°20,, = 0.087 =0.009(stat.) = 0.007(syst.) =+ 0.011(total)
Rate + Shape
‘Am;e‘ =2.62 jgg (stat.)fg'.ﬁ (syst.) (x10~eV?) +0.26 (total) | 10 % precision

sin“20,, = 0.082 +0.009(stat.) = 0.006(syst.) =+ 0.010(total) | 12 % precision

v oE 3 DeyaBay /' —Rater Spectrum 3 = arXiv:1511.05849.v2
< 2§_DoublcChooz ,' é
- N & = PRL116, 211801 (2016)
i e Rate+Spectrum ]
~ 3L + Rate-only 5
2 [99.7%C.L.
« - 395.5%C.L. ]
S 2.5 I 68.3% C.L. —
Ngg 2:_ ]
<t ]
L5 RENO 500 days 1 | |= PRD to be submitted soon
L b b b s b b L
0 0.05 0.1 0.15 2 4 6
sin22613 Ay?
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Double Chooz: Double Detector Phase Started!

Huge systematic improvements

w

Phys.Rev.Lett. 108
(2012) 131801,

N

Uncertainty (%)
N
W
|

T T T v T T T v T v
Double Chooz Preliminary (CERN seminar Sep.2016)

Phys.Rev. D86 MD
<>

IBD(Gd) IBD(H+Gd)

................................................................

» Far detector (FD) started data taking since 2011; A unique opportunity of

200 400 600 800
Live-time (days)

SD: single detector
MD: relative uncertainties

in multiple detectors

—=— Signal statistics

—e— Reactor flux

------ o Flux (FD-Il - ND relative)
e FluX (FD-=1 = FD-I1 relative)

—eo— Detection

------ < Detection (FD-Il - ND relative)

—e— Background

------ o BG (after oscillation fit)

reactor-off data for better background constrain

Bugey as the flux constrain

 Near detector (ND) started data taking since 2015

Wei Wang/E 4
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Double Chooz: the Latest Results

e

FD-I

—}—— FDIData

. 3 -------------- No oscillation

Best fit: sin “26,, = 0.119

. 2| ] single detector systematic uncertainty

[EZ] Suppressed systematic uncertainty

Far + Near (818.18 and 257.959 live days)

FD-II

—— FDIlData

-------------- No oscl"aﬂon

Best fit: sin *20,, = 0.119

[ ] single detector systematic uncertainty

[ suppressed systematic uncertainty

Far + Near (818.18 and 257.959 live days)

ND

——}— FDIData

.............. No o.c"la‘lon

Best fit: sin *26,, = 0.119

[ ] single detector systematic uncertainty

- Suppressed systematic uncertainty

+
Pagh et

Far + Near (818.18 and 257.959 live days)

0.7 = Double Chooz Preliminary +

Observation / No-oscillation prediction

Observation / No-oscillation prediction
Observation / No-oscillation prediction

0.7F Double Chooz Preliminary 0.7 — Double Chooz Preliminary
I | | | 1 | 3 | | | | | | E | ] | | I | |
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Visible Energy (MeV) Visible Energy (MeV) Visible Energy (MeV)

sin?(20,,) = 0.119 * 0.016 (stat.+syst.) (x2/dof = 236.2/114)

DC Sensitivity

o 0.020 . o g .

& DCAV @ CERN Configuratin o Still statistics dominated
= 0018\ today’s result

© Improved Proton# Uncertainty

0.016

= Will include nH captures

)L
/

0.014 | .

- \ : nominal running - L lmprOvementS are
0.012- | (3years-ND:FD) = . .
ool \\I\ : expected in systematics
oouaf L —— : + Aiming at 3-year MD data
0.006 | - y

RPN S S i taking

Time since MD data-taking start (years)
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Global Results of sin?28,; and Atmospheric Am?

Experiment Value
Daya Bay holds the best results:
Daya Bay - 0.0841£0.0033 . 226 t . tv: 3 90/
RENO . 0.082£0.010 * sIn 13 uncerainty. 5.7%o
D-CHOOZ —— 0.111:£0.018 « |Am?,,| uncertainty: 3.4%
oK NH = - ' 0.1617097%
H : . = 0.18619:953 . e
NE | e 0.051£0.038 A join workshop has been held
* . —0.030
MINOS ™ 1y N 0.003+0.051 for the 3 collaborations in
0 0.05 0.1. 22(;15 0.2 0.25 Seoul in Oct/ 2016
sin® 26013
Experiment NH Value (1073 eV?)
Daya Bay ——e—— 2.4510.08
Daya Bay: T2K ——e—T 2.54575:08
|Am?_ |~ |Am?2,,| £ 0.05 x 1073 eV?2 MINOS ———— 2.42+0.09
NOvA : o = 2.6740.12

NH: Am?,, = [2.45 + 0.08] x 1073 eV? Super-K 2.50+913
IH:  Am?2,, = [-2.55 £ 0.08] x 103 eV2  IceCube 2.5015:52
RENO = . = 2.5710:24
23 24 25 26 27 28
|Am2,| (1073eV?)
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The Reactor Flux Anomaly

= |2 R T T T T T T
= - data/prediction = 0.946 +- 0.021 o :
[ (RENO orelim ] - Huber re-evaluation
3 K preliminary) |
< | | | of the ILL data for
S 11 | 1
é:: - }_’ 'Y l % | * Jf l | 235U, 239Pu, 24 Pu
08_ —e— Other experiments _ ° MU”GI‘ et a/ ab II’)ItIO
O —o— RENO ]
B —— Global average - 238 U
s [ Experiments Unc. -
i | - B Model Une T « Various detector-
| 10 10° 10° side checks carried
Distance (m) .
e 12— ——————— —_— outbutnosmoklng
2 " data/prediction = 0.946 +- 0.020 gun
g  DayaBayPRL) | .
% 10 R—  : ‘ TH f/f{fr/ﬁ? —— ‘?;‘:‘iif/f?%???? » Both RENO and
g : l 1 l —e— Previous data Daya Bay Conflrm
0.8 l Toweee this is correlated
B 3] 1-0 Exp. Unc. I
_ e e with reactor power
0.6 L—un SN S——

10 107 10°
Distance (m)
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The Reactor Flux Spectrum Discrepancy

RENO preliminary

Daya Bay CPC
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10

Blaming fission isotope beta decay calculation/data?

For example, see: Dwyer & Langford, PRL114 (2015)012502; Hayes et al, PRL112 (2014) 202501

Wei Wang/E 4
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Haunting Neutrino Questions

* Are there sterile neutrinos?

* Neutrino mass hierarchy?

« 023 octant?

 CP violation in the lepton sector?
* Majorana or Dirac?

« Absolute neutrino mass scale?

Wei Wang/E % Neutrino Experiments 23



Booming of the Very Short-Baseline Experiments

N. Bowden, Neutrino’16‘

Experiment Reactor Overburden Detection Segmentation Optical Particle ID
Power/Fuel (mwe) Material Readout Capability
DANSS 3000 MW ~50 Inhomogeneous | 2D, ~5mm WLS fibers. Topology only
ussia ue sheets
(Russia) LEU fuel PS & Gd sheet
NEOS 2800 MW ~20 Homogeneous none Direct double | recoil PSD only
outh Korea ue -dope ende
(South K ) LEU fuel Gd-doped LS ded PMT
nulat 40 MW few Homogeneous Quasi-3D, 5cm, | Direct PMT Topology, recoil
ue i dope -axis Opt. Latt capture
(USA) 22U fuel ®Li doped PS 3-axis Opt. L & PSD
Neutrino4 100 MW P10 Homogeneous 2D, ~10cm Direct single | Topology only
ussia ue -dope ende
(Russia) 25U fuel Gd-doped LS ded PMT
PROSPECT 85 MW few Homogeneous 2D, 15cm Direct double | Topology, recoil
(USA) 25 fuel ®Li-doped LS ended PMT | & capture PSD
Solid 72 MW 210 Inhomogeneous | Quasi-3D, 5cm | WLS fibers topology,
(UK Fr Bel US) 25U fuel ®LiznS & PS multiplex capture PSD
Chandler 72 MW ~10 Inhomogeneous | Quasi-3D, 5cm, | Direct PMT/ topology,
(USA) 23 fuel ®LiznS & PS 2-axis Opt. Latt | WLS Scint. capture PSD
Stereo 57 MW ~15 Homogeneous 1D, 25cm Direct single recoil PSD
(France) 23U fuel Gd-doped LS ended PMT

Wei Wang/E %
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NEOS @ [CHEP 2016

» 2.8 GWt commercial reactor
— Hanbit NPP in Yeonggwang,

Korea

— core size: 3.1 m (¢), 3.8 m (H)

— LEU fuel.

* Tendon Gallery
— 24 m baseline
— overburden > 20 mwe

* Homogeneous LS detector

— 5% energy resolution @ 1 MeV

— PSD capability

» Spectral shape analysis with a

single detector/baseline
measurement

— dependence on reference

spectrum

e Shieldings
— 10 cm B-PE, 10 cm Pb
— muon counter

Events /day/100 keV

Ratio to Prediction

60

40

NEQOS Preliminary

—+}— Data signal (ON-OFF)
I Data background (OFF)
- H-M (flux uncertainty)

= H-M + excess fit (1o err)

Full uncertainty

Prompt Energy [MeV]

eV

2
41

Am
N

0.5

Data / (H-M + excess fit)

Data / (H-M)

0.9(—

0.9

| (sin’20,,, Am?, [eV?])
—(0,0)

1 —— (0.142,2.32)

(0.055, 1.35)

y T y T y T
----(0,0)
— — (0.142, 2.32)

14 — (0.089,1.73)

Reactor Anomaly 90% CL a-----===
Reactor Anomaly 95% CL

_____

__ Daya Bay/Bugey-3 LIRS
90% CL excluded =IIo_L

NEOS 95% CL excluded
—— H-M w/o excess
---- H-M + excess fit

10 107 "
sin“20, ,

Wei Wang/E %

Neutrino Experiments

25



What about Sterile Neutrinos?

) + Daya Bay baselines >350m = not as

sensitive to mass-squared sg)littings
greater than or around 1eV

(Measured) / (Expected from EH1)

i1 2 3 4 5 6 7 8
Prompt energy (MeV)

dashed curves assumes sin?260+4= 0.1
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Sterile Neutrino Searches at Daya Bay and Elsewhere

+ Daya Bay, MINOS and Bugey-3

« Daya Bay alone
& T T T T TTTT T T T TTTT 1025 ULIERLLL B I R R B R :‘I TTTT URULLLL T T
> L - — : -
2, - 90% C.L. Allowed ;
10T a L JLSND .
S = 3 10 |— MiniBooNE 22N -
= N ) ] = — MiniBooNE (v mode) 2™ s
i \‘\\\- 15 & 3
102 E > :
- ] Q i )
B 7 — 10" = -
- 7 oL = 3
L B E - :
- i 4 N N
3 10° =
10° F — - Daya Bay 95% C.L. = - 3
- — DayaBay 95%CL, i 4 [ 90% C.L. Excluded y
- —— Daya Bay 95% expected (+10) . 10 = — NOMAD IE
- o - --- KARMEN2 :
-~ - Bugey 90% C.L. . — MINOS and Daya Bay/Bugey-3 §
10-4 L L L1 Ill . . L Illl . . 11 10—4 L1 IIIIII| L1 IIIIII| L1 IIIIII| L1 IIIIII| L1 IIIIII| | L
10° 10 10™ o 1 10° 10° 10* 10° 102 107 A1
sin“20,, . 2 o1 12
sin°20,,, = 41U,,FIU |
Daya Bay arXiv: 1607.01174 )
Daya Bay+MINQOS, arXiv:1607.01177
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Searches for Sterile Neutrinos by lceCUBE

10!

Nature, Aug 6, 2016, “Icy telescope throws
cold water on sterile neutrino theory”

15

—
i

—_
(N

103 i z
S = : |
>~ 18 & mmm Kopp et al. (2013) :U%' S |
o] ]
4 ,
3
2
1 1 1 O
~1.0 -0.8 -0.6 —0.4 —0.2 0.0 0.2 Ve
cost,, 7’ : . :
Matter effect causes oscillation resonants = e | m\
. . . % CL sensitivity | |5 o 1
for certain sterile neutrino parameters — (G - S =
. . . . -2 — ) ' |
distinctive signature T 10~ 10"

IceCube, PRLT17 (2016) 071801 5 21
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Long-Baseline Neutrino Experiments in Japan

« KEK to Super-K (K2K) was . _
the first long-baseline e '
neutrino experiment

confirmed the Super-K
result in 2002

« Tokai to Super-K (T2K) is
the upgraded version: a
completely new neutrino
beam from J-PARC and a
completely new near
detector complex

®  Neutrino to
Kamiokand

Main Ring [
Synchrotron £
(30 GeV) |

3 GeV
Synchrotron

INGRID

1204717 8% 45

+ Aiming at observing

electron neutrino Super-Kamiokande
appearance to measure i
- NEUTRINO BEAM
theta13 and the CP phase . o
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T2K Measurement of Neutrino Oscillation Parameters

023 and Am%z

Off-axis beam experiments

- Consistent with maximal mixing are more precise in

~ 36T T T T T T T T T T T T T T . .
o b 68%CL . : measuring atmospheric
N> 34 00%CL Normal Hierarchy -] . e
N S ] mass-squared splitting
N L CcSt-11 ]
.o - /\ :
N 3 —
< 26 —]
u - I Daya Bay:
24 — v |AmZ,| = (2.45 £ 0.08)x 10 3eV?
- E 90% CL (NH)
~ NOVA (2016) Super-K
: @ T2K Runl 7c prehmmary MINOS+ 7
| | | u

q@-

4 045 05 055 06 065 07
sin’ 823

0. 532i8 i 053475 066

|Am3, [[1073eV?] 2.54519:981 2.51019-981

Wei Wang/E 4 Neutrino Experiments 30



Combining Reactor Results

013 and 6Cp

T2K Result with Reactor Constraint

T2K-Onl :

Only (sin® 2045 = 0.085 + 0.005)
~ [ T T T L~- T, T I T T T I T T T I T T T I —1 ~ [ T T T T I T T T T I T T T T I T T T T I 1
5 u T2K Runl-7c preliminary 5 - T2K Runl-7¢ preliminary ]
S 2 = s - -
= F e 68 27%CL S I T R — 68 27%CL .
< 1 — 90%CL q1 o L -
- *  Best-fit ] C 90%CL :
- PDG 2015 1 C *  Best-fit ]
0 . 0 .
1 - ' . — Normal Hierarchy E 1 - —— Normal Hierarchy A
- i Lo —— Inverted Hierarchy . - —— Inverted Hierarchy -
20 e - 2 -
- Fixed Mass Hierarchy - Fixed Mass Hierarchy
_3 __ 1 1 \“ ': 1 1 I 1 1 1 I 1 1 1 I __ _3 __ 1 1 1 1 1 ’ I 1 1 1 1 I 1 1 1 1 I __
0 0.02 0.04 0.06 0.08 0.1 0.015 0.02 0.025 0.03 0.035
H/_/ sin’ 0,5 T sin’ 0.,

- T2K-only result consistent with the reactor measurement
- Favors the 6., ~ —g region
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Combining with Reactor Results: A CPV Hint?

913 and Scp

Sensitivity (Simulation) Measurement (Data)
2 i L A L o .é14_|' L e B B
= E T2K Runl-7c preliminary 3 = B 5
N 7B —Run 1-7c - NH T - ' o T2K Runl-7c¢ preliminary _'
- -—-Run 1-7c - IH 3 B .
6 —Run1-7b-NH — 1of. ~ — Normal Hierarchy ]
sE - Run 1-7b - TH E - ---Inverted Hierarchy R
= 20 i _ — 2InL_, (90% CL) %
- ' % ] = -2InL;, (20 CL) -
3= 90% CL g : ‘ .
E : 5
L 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I: 1 I:
-1 0 1 2 3 3
dp (radians) dp (radians)

8cp = [—3.13,—0.39](NH),[~2.09,—0.74] (IH) at 90% CL
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NOvVA

Oscillation channels:
V,oV, V,~V,

ViV, V2V,

= v mass hierarchy ?

= §,; octant ? (v, flavor mix)

= Allowed range of §p ?

* Precision measurements of
sin?0,; and Am3, .

* Over-constrain the system
(Deviations from vSM ?)

Also ...

= Sterile neutrinos, CPTv,
NSI, and other exotica
= Supernova neutrinos

= Neutrino-nucleus scattering
at Near Detector

Ryan Patterson, Caltech

Fefmilaﬁ
) SRR\

Chicago;
2

MINOS is the first
long-baseline neutrino

experiment is MINOS
in the U.S.A.

— MINOS provided
the best mass-
squared splitting
measurement
before NOVA

NOVA is an upgraded
long-baseline
experiment

— NuMlI’s off-axis beam

— Segmented liquid
scintillator detectors:
3kt near detector and
14kt far detector

Wei Wang/E %
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Disappearance Channel of NOvVA

Allowed regions - NOvAI\Pr '
compatible with 35— Normal Hierarchy, 90% CL
MINOS, T2K, I Eg"ﬁ 3312
L v
and 2015 NOvVA C;>-\ L e T2K 2014
(ShOWﬂ at righz) o N MINOS 2014
-‘9 i
Non-maximal E 2L ) \
mixing favored at L e e e
2050- C.L. : --------------------
2 | L L L | |
0.3 04 05 0.6 0.7
sin’6,,
[NH case]
Am3, = (2.67 £ 0.12) x 103 eV2 | | sin%(0,) = 0.40703 (0.63')%

already 4.5% uncertainty
(MINOS closed at 3.8%)

Wei Wang/E %
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Appearance Signals of NOvA

For fixed L/E = 0.4 km/MeV

NOvVA
B (810 km)
L N D2 -
SN Am3,| = 2.4x107 eV?
006 B N Y5 §in%(26,,) = 0.96
. 7 V%\ sin®(26, ;) = 0.09
0.05F
> -
T, 0.04F
> N "
& - Am3,<0
0.03F
002:_ O 5:-0 ~~ N
C e 0=1/2 Am}::>0 8
0.01F o 8= £
- = 3=3n/2 S
OOO_IIIIIlIIlIIllllllllllllllllllllllllIlll
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

P(v“—>ve)

Pv,—v,) vs. P(v,—v,)

plotted for a single neutrino
energy and baseline

— Strong dependence on §
and v mass hierarchy

- P« sin2923 [approx.]

Total prediction:

~17 to 42 v, candidates

(depending on osc. pars.)

Includes 8.2 background

(~independent of osc. pars.)

Syst. uncertainty:
+5% signal
+10% background

Observed in FD data:

33 v, candidates

>80 observation of v, appearance
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NOVA Preliminary Tries of MH, CP and Octant

Measure signal in 2D bins of E, x CVN NOVA Preliminary
4 ! ' ! ! | ! ! ' ' | ! ! ! ! | ! ! ! !
NOVA Preliminary 07
B (l).75 I< C\'/N <‘ 0.87I (I)‘87 '< C\I/N <I 0.95I ’ 0‘95; < (I)VN '< 1 e
20~ N 7]
~ -4-FD Data . 0.6
-c% : — Best Fit Prediction :
> 15 —l Total Background —]
8 | | Cosmic Background i = 3
o [ 80 0% POT equiv. - : *:
S 1o = : > < E
gt : Em————
& [ ] i ]
@ sf- , “r31oc 20 i
- 4 @830 . | NH ]
[ ] T T 3n 21
0 2 3 1 2 '3 1 2 2 0 2
Reconstructed neutrino energy (GeV) CP

In terms of allowed physical parameters —>

NH preference not signif.: Ay*=0.46 CE
7))

>30 exclusion of region in
IH, lower octant, around d=m/2

Feldman-Cousins corrections not included here 05—
(will appear in forthcoming journal article)

NI
a
w
a
N
a
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|
2

o)
[ ]

Inverted hierarchy

Vi []

V3 [ I |
A
2
Arnatm
Y
v | | I2
A
VA sol
V1 | [ ]

Normal hierarchy

Vr [ ]

v'Mass hierarchy is reflected in the spectrum
v Signal independent of the unknown CP phase
Vv Suitable baseline is ~60km

Wei Wang/E %
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." . ‘bl". )

Sun Yat-Sen Univ

»

: i 2 ‘ : . - )
: A S f [ KamLAND
Jiangmen Gity Y o B g Daya Bay . ~53km Kam
) ! £ . : Near Site JUNO
. . A l Far Site
o'} e
Caded TR ¢ dhadh ik JV
\ “A gl g
Y F s o ILL
! l ‘ bl L Macau Savannah River

Bugey

BOD> & XO Xp

¢ ol : i : L Rovno
.; o ) = l! ‘ AT, Goesgen
’ J : X Krasnoyark
. : man e Palo Verde
i ' Chooz ® KamLAND
. s";" i
A 2 5

10* 10
Distance to Reactor (m)

-

ﬂ.’

&@‘gii;ng
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Expected Significance to Mass Hierarchy

— e ~3-sigma if only a relative

25 — T T T 1
| Normal true MH spectral measurement without
20 - external atmospheric mass-
) squared splitting
N [ R | R Y -
- 15F - : :
- *~4-sigma with an external Am?
g 0 measured to ~1% level in v,
W beam oscillation experiments
< = = True MH (G, = )
5L |- - FalseMH (o, =) i - ~1% in Am? is reachable based on
e i o, = 1.0% the combined T2K+NOVA analysis
False MH (o, = 1.0%)
0 N A A L A L | . | 1 by
234 236 238 240 242 244 246 248 250 S.K. Agarwalla, S. Prakash, WW,
-3 2 e
|Amzee| (X10 eV ) arXiv:1312.1477

v Realistic reactor distributions considered
v 20kt valid target mass, 36 GW reactor power, 6-year running
v 3% energy resolution and 1% energy scale uncertainty assumed
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JUNO Precision Measurements Warranted

Am%l \A’m%l\ Sin2 912 Sil’l2 013 Sin2 (923
Global Dominant Exps. | KamLAND | MINOS SNO Daya Bay | SK/T2K
arXiv:1507.05613 Individual 1o 2.7% [121] 4.1% [123] | 6.7% [109] | 6% [122] 14% [124,125]
Global 1o 2.6% 2.7% 4.1% 5.0% 11%
1.0 T T T
arXiv:1507.05613 —ﬁmizﬂ Consistent conclusion from an independent study by A.B.
s 081 - A_ng Balantekin et al, Snowmass’13, arXiv:1307.7419
o —-=8IN"Usz
T os|
QO |ormrmrmrmrmim e e e e - L
Sl « Precision <1% measurements are warranted
o . in a experiment like JUNO
| | — Enable a future ~1% level PMNS unitarity test
0 ' 3 ' 4 5 — Neutrinoless double beta decay needs precise 0,
E_res [Y%/sqrt(E)]
Nominal | + B2B (1%) | + BG | + EL (1%) | + NL (1%)
sin? 015 | 0.54% 0.60% 0.62% | 0.64% 0.67% JUNO: 100k evts
Am3s; | 0.24% 0.27% 0.29% | 0.44% 0.59% arXiv:1507.05613
IAm?2,| | 0.27% 0.31% 0.31% | 0.35% 0.44%
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lceCube-DeepCore

Top View

IceCube Lab . Lo

_\.-.{.{:.:.-‘.- = IceTop . o .' e

e ::/ 81 Stations . e . e

50mMm[—w. T - - - - = = 324 optical sensors * « °

- T . * DeepCo™® o *
. 0 ° * * * x N ) ° °
IceCube Array . Gy .
86 strings including 8 DeepCore strings * . CINE ) R
5160 optical sensors .« . o
. f [ o IceCube Strings

% HQE DeepCore Strings
A DeepCore Infill Strings

K (Mix of HQE and
| H normal DOMs)
1450 m
g 3
g (]
DeepCore S S B P
i / 8 strings-spacing optimized for lower energies R I
480 Optlcal sensors U_) E E H E DeepCore strings
‘5l H H s | have 10 DOMs with a
H H B + | DOM-to-DOM spacing
+ | of 10 meters
Eiffel Tower P :
u ,4] 324m Poiod P
ééééé@iﬁ?éiﬁ%&é RIS &ééé&é%éé%&%&%&%éi
2450 m A BRRIIIILBIRSGIIILLLL Dust Layer ¢
2R R R R R GRS ARRRIRRRRRRIERRRRGRRRRRRIIZERERERERER
2820 m -
H H : : ;_T 50 HQE DOMSs with an
H H DOM-to-DOM
@ /8 strings, 125 m string P £ SOt 00w pacin
Spaci ng s e : ] 21 Normal DOMs with
H H 3 DOM-to-DOM spacing
H H H of 17 meters

Blodliogh @ 17 m modules vertical-spacing

Good for atmospheric ~ © 85!ngs, 40-75 m string Threshold energy too

. . spacin . )
oscillation parameters PRETs . _ high for mass hierarchy
@ 7 m modules vertical-spacing
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lceCube-Gen2/PINGU

'§1 00 e IceCube

* Resonance ; ; . ® = DeepCore
oscillation dueto  *F RN 0
C // + + T }\ O ¢
MSW effect for of- Sl \ 1
atmospheric I A I
mass-squared ; \.*\+ sy ® o °
_r 1001 Gt
§pl|tt|ng happens : ~-17 ° l 1
in Earth for few 500 . o glg :
Gevneutrinos _200:|IIII|IIII|IIII|IIII||||||||||| ¢ :
-100 -50 0 50 100 150 X2[21C]) . . P4
+ Under different Current "
. . . [
mass hierarchies, 26 strings o
the resonance 192 DOMs/string
_ . 1.5 m DOM-DOM spacing
energies differ =
event differences = Need large statistics = lceCube
tell mass = Need to lower the energy threshold =

hierarchy lceCube-Gen2/PINGU
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10 T T T | |
8 [ NN — NUFit V2.0 ("Free + RSBLY) i ]
: NO—|O ..................... i

0.35 0.40 0.45 0.50 0.55 0.60 0.65
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Summary

« Exciting and steady progresses have been made in the past 20 years in
neutrino experiments since Super-K turned on — New physics beyond
the Standard Model

* The current generation Long-baseline neutrino experiments are
showing potential in measuring CP and mass hierarchy: expecting more
data from beam upgrades and planning more data taking

 Non-accelerator neutrinos provide great potential in resolving the
neutrino mass hierarchy: JUNO, RENO-50, IceCube-Gen2/PINGU

 Unanswered questions in neutrino sector might hold the keys to many

profound questions — Stay tuned and expect unexpected!
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The Detector Performance Goals

Daya Bay BOREXINO KamLAND JUNO

Target Mass 20t ~300t ~1kt ~20kt
~160 ~500 ~250 ~1200

HE Callizoize PE/MeV PE/MeV PE/MeV PE/MeV
Hhotoeainge ~12% ~34% ~34% ~80%
Coverage
Energy ~7.5%/E ~5%/E ~6%/E 3% /NE
Resolution
Energy 1 ro ~10 ~00 Y
Calibration 1.5% 1 /o 2% <1%

= An unprecedented LS detector is under development for the JUNO
project —> a great step in detector technology
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Challenges in Resolving MH using Reactor Sources

* Energy resolution: ~3%/sqrt(E) w0 | Nt
. L Best Fit to data —
- Bad resolution leads to smeared spectrum 00 i;i;f? t
and the MH signal practically disappears £ "
S W0 AR,
- Energy scale uncertainty: <1% L) S
) S o | S-F Geetal s

- Bad control of energy scale could lead to &, | JHEP 1305 (2013) 131 74 N
NO answer, or even worse, a wrong 4000 | BB = 6%NEy / ‘
answer 3000 & /

/’_\_’/
. . . . 2000
« Statistics (who doesn’t like it?) 2 ; 4 s 6
E, [MeV]

- ~36GW thermal power, a 20kt detector s
plus precise muon tracking to get the best | YFE Lieta 6 years
statistics ,0| PRD88(2013)013008 L =52 km |

I E_res =3%
* Reactor distribution: <~0.5km T .
=

- If too spread out, the signal could go away ~—

due to cancellation of different baselines sz 10

- JUNO baseline differences are within half 5_
kilometer.
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lceCube-DeepCore Results

PRD 91, 072004 (2015) + Updates in 2016
EN| @ Improved simulation,
oy _ systematics, and MC/Data

38l | — IC2014[NO] reV|5ed SKIV2015 [NO] | | agreement results.
36l =+ MINOS w/atm [NO] NOwvA 2015 [NO] | |
34| o7 T2K2014NO] IceCube Preliminary| | | @ Improved: detector noise
3 32| P L R, | f model, tighter cut for atm.
s | * muon rejection, flux
" 26 prediction, PE charge
= 2 calibration, etc.
2.0F o o
s+ Results competitive w/ SK
sin? (653) —2AInL
2 |__ +0.184 -3 4\/2 @ Using only events with E,gco < 56 GeV
@ Fitting to data done in 2D space (E, 0)

2
- B 1012 > X /ndf:52.4/56
sin“(f23) = 0.527 515 @ Observed ~5200 events in 953 days
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