The Jiangmen Underground
Neutrino Observatory

Yu-Feng LI (ZFEILE)
liyufeng@ihep.ac.cn

Institute of High Energy Physics, Beijing
May 23, 2016 @IGG/CAS

The 4th Geo-neutrino Joint Meeting
- S @ =T EST=r



Discovery of Neutrino Oscillations

1998: Oscillations of atmospheric ~ 2002: Oscillations of solar neutrinos
neutrinos observed by the observed by the SNO experiment

Super-Kamiokande experiment Krthid B. MeDonald

Takaaki Kajita 2015 Physics Nobel Prize
2015 Physics Nobel Prize

"for the discovery of neutrino oscillations, which shows that neutrinos have mass"
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GAUGE BOSONS

Standard Model of
Elementary Particles:

a) Three generations
of quarks and leptons

b) Gauge bosons as
force carriers:

strong interaction
(8 gluons)

Weak interaction
(W & 2)

Electromagnetic
interaction (y)

Gravitation
(Graviton?)

Massive neutrinos are already the Physics beyond the Standard Model
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Neutrino Oscillation Theory

v —sinf@ cos@

Two-flavor mixing (VZ) = ( cosf  sin 8) G:;)

Pontecorvo, 1957; Maki, Nakagawa, Sakata, 1962
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Neutrino Oscillations:
quantum phenomena of
eV ? massive neutrinos at the

) macroscopic distances

Oscillation 4mTE
5 = 2.5m
Length dm MeV \ém




Neutrino Oscillation Parameters
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Neutrino sources




Neutrinos oscillate
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Observation of geo-neutrinos

First observed in 2005 by KamLAND, then in 2010 by Borexino

KamLAND, Japan (1kt) Borexino, Italy (0.6kt)
L | e

~1 event/30 days




Current experimental status

KamLAND Borexino
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TNU: one event per 1032 free protons (a kiloton) per year
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Spectral information: U v.s. Th
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JUNO Experiment

O Jiangmen Underground Neutrino Observatory

> 20 kton LS detector, 3%/VE energy resolution

O A multiple-purpose neutrino experiment J. Phys. G 43: 030401 (2016)
(arXiv:1507.05613)

_ Rich Physics
© @po0sc. | e | - » Reactor neutrinos:

T maximum 18 o S E B i hou

. . Mass hierarchy &
Axim = Liia (N) = xk, (DI,

§ Precision measurement
(2013)

of mixing parameters
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» Geo-neutrinos
» Solar neutrinos
» Sterile neutrinos

» Atmospheric neutrinos
» Exotic searches




JUNO detector concept

Liquid Scintillator (Anti)neutrino Detector 2 Key parameters:
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Supernova v Neutrino Rates /
~ 5k in 10s for 10kpc /i

Atmospheric v B
several/day
A _ o o
Solar v i Wi
(10-1000)/day \ I 700 m Cosmic muons
: ~ 250k/day
I 0.003 Hz/m?, 215 GeV
: 10% multiple-muon

Geo-neutrinos

R 1-2/day

LA

A!Ii! e 1




Event rate and spectra of antineutrinos
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Selection IBD efficiency | IBD | Geo-vs | Accidental | Li/®He | Fast n | (a,n)
- - 83 15 | ~5.7x10* 84 . -
Fiducial volume 91.8% 76 1.4 77 0.1 0.05
Energy cut 97.8% 410
Time cut 99.1% 73 1.3 71
Vertex cut 98.7% 1.1
Muon veto 83% 60 1.1 0.9 1.6
Combined 73% 60 3.8
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Mass hierarchy and precision measurement

2 Current JUNO
L Mormal true MH
B Am2,, 3% 0.59%
? '___________ - Am223 5% 044%
& ®l sin20,, 6% 0.67%
~op SinZ0,, 20% N/A
== | .
< | e sin0,; | 14%=» 4% | ~ 15%
— True MH (o, = 1.0%}
— New physics searches:
(- - - - - - S—— i ..
234 236 238 240 242 244 246 248 2.50 Check the unitary of mixing

|AMZee| (X107 eV°) matrix to ~1%

MH sensitivity with 6 years® data of JUNO (PRD88, 013008 (2013))

Ideal case: 4o with relative measurement, 5o with absolute Am?
measurement

Taking into account the spread of reactor cores, uncertainties from energy
non-linearity, etc. 3o with relative measurement, 4o with absolute Am?
measurement
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Detector overview

Calibration Room

Muon Veto

—— Jop Iracker
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Largest photocathode density ever built (~78% coverage)
Largest light level ever detected ~1200 pe/MeV

(Daya Bay 160 pe/MeV - Borexino 500 pe/MeV - KamLAND 250 pe/MeV)
Highest precision calorimetry ever built
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20-inch PMT

Large PMTs: 207, /8% coverage - 30% quantum efficiency at 420 nm

Meant for calorimetry

2 different producers NNVC (China) 15000 units & Hamamatsu (Japan) 5000 units

Characteristics unit LEER AL RlEID
(IHEP) (Hamamatsu)
Electron Multiplier - MCP Dynode
Photocathode mode — | reflection+transmission transmission
Quantum Efficiency (400 nm) % 26 (T),30(T+R) 30(T) Resolution
Relativity Detection Efficiency | % ~110% ~100% Resolution
P/V of SPE >3 >3 Reconstruction
TTS on the top point ns ~12 ~3 Vertex
Rise time/Fall time ns R~2, F~10 R~7,F~17
Anode Dark Count Hz ~30K ~30K Trigger
After Pulse Time Distribution s 4.5 4,17
After Pulse Rate % 3 10
Glass - Low-Potassium Glass Hario-32 Background
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Liquid Scintillator

20 kton Liquid Scintillator

*+ Cocktail: LAB + PPO + bisMSB (no Gd Loading)

*Increase light yield

Light output, relative units

“*Fluor concentration optimisation ongoing

OI L] 1 U T L) )
00 01 02 03 04 05 06 07

“* |ncrease transparency
PPQO mass fraction, %

*Improve the production process of

raw solvent (LAB)
LAB Attenuation Length
+onsite purification [m] at 430nm
* Reduce radioactivity AW 14.2
Vacuum Distillation 19.5
#no Gd Loading SiO2 Column 18.6
+K/U/Th contamination < 1015 g/g Al203 Column 25

o ' e



Progress and Plan

Decided Central Detector Scheme: 2015.07
Finished PMT bidding: 2015.12 (production: 2016-2019)

Finish the engineering design of detector structure:
2016.07
Bidding for acrylic production: end of 2016

Civil construction: 2015-2017

Detector component production: 2016-2017
Build detector onsite: 2018-2019

PMT installation, Veto, cleaning, filling : 2019 2020
Data taking: 2020 T Tay
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The terrestrial mater effects and
precise density profile




(1) The mass hierarchy and at JUNO needs very
precise measurement of the oscillation behavior.

(2) The neutrino trajectories are mostly in matter,
which contribute ~1% of the oscillation.

(3) We need a relative precise knowledge of the
density profile along the neutrino path:

straight lines from the reactor cores to the detector




Current assumptions

(1) All the neutrino trajectories are in matter
(neglect the small parts in vacuum)

(2) Matter density is constant
(may have variations)

(3) Matter density is 2.6 g/cm?
(may be smaller)




Numerical estimates

0.010 v T r T ' T ' T r 0.04 [
w/o smearing i — 0.03 L wl/o smearing
------ w/ smearing E ======w/ smearing
__ 0,005 g 002 ]
E Baseline = 52.5 km E Baseline = 52.5 km
: —
s}
a = 0.01
@
= =
— =1
o 0.000 - g 0.00
= 2
= % 201
E S
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-0.005 © .0.02
£
o
= .0.03
-0.010 1 i (1 i 1 i 1 M 1 i -0.04 1 i i i i M
2 4 6 8 10 12 2 4 6 8 10 12
Antineutrino Energy (MeV) Antineutrino Energy (MeV)

The largest correction is 0.7% (absolute) and 4% (relative)
Dominate contributions are for the solar parameters.

Large residual solar oscillations + small wiggles
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Mass hierarchy

With six years of running, the Ay? of mass ordering
measurements will reduce from 10.28 (vacuum) to
9.64 (matter).

25

v I v ! ¥ e

478 480 482 484 486 488 490 492 494 496 498

Ay | (107 eV?)

(1) Possible reason for
the reduction is from
the suppression of
theta(12).

(2) Increase of A, will

compensate parts of the
reduction.

(3) A reduction of 0.6 is
comparable to other
systematic uncertainties.
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Variations of matter density

The baseline from reactors to the detector is only
~50 km, the neutrino trajectories are expected to
include a large proportion of the sedimentary layer.

12.0

11.5 |

11.0 |

8.0

0.0

1
0.2

[ M [ M 1
0.4 0.6 0.8
Matter Potential Index (n)

!
1.0

1.2

The matter density
could be smaller than
the typical assumed
2.6 g/cm? of the crust.

The reduction would
be from 10.28 to 9.79
if 2.0 g/cm3 is taken.
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Precision measurement

Assume matter density of 2.6 g/cm3 in the measurements:
left(w/ matter effects), right (w/o matter effects)
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3c

*

7.45

7.50 . 7.55 - 7.60
Aa1 (107° eV?)

(1) Including matter effects, the fitted values are identical to the true values,
with the precision of 0.58% and 0.23% (they are 0.54% and 0.24% in vacuum);

with additional systematics as the Yellow Book, they are 0.72% and 0.60%
(0.67% and 0.59% in vacuum).

(2) Without matter effects, the fitted values will shift by 1o - 20.

B 28




What we need for the inputs?

Previous assumptions:
(1) All the neutrino trajectories are in matter:
How large is the neutrino path in vacuum?

(2) Matter density is constant
What is the variation of the density along the path?

(3) Matter density is 2.6 g/cm3
What is the real density values?

To what accuracy? 10% (baseline)
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JUNO is a multi-purpose neutrino experiment, which
Is planed to resolve the neutrino mass hierarchy
using reactor antineutrinos.

Geo-neutrino is one of the most important targets in
the JUNO program, which will be beneficial to both
the neutrino physicists and geo scientists.

The progress is very good, and data taking by
~2020.




e Welcome to JUNO
= @Kaiping, Jiangmen
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JUNO Yellow Book: 1507.05613

Neutrino Physics with JUNO

Abstract

The Jiangmen Underground Neutrino Observatory (JUNO), a 20 kton multi-purpose under-
ground liquid scintillator detector, was recently proposed with the determination of the neutrino
mass hierarchy as a primary physics goal. The excellent energy resolution and the large fiducial
volume anticipated for the JUNO detector offer exciting opportunities for addressing many im-
portant topics in neutrino and astro-particle physics. In this document, we present the physics
motivations and the anticipated performance of the JUNO detector for various proposed mea-
surements.

1507.05613vl1

a) Reactor antineutrino physics:

Mass hierarchy, precision measurement, search for new physics
b) Astrophysical neutrinos:

supernova burst neutrinos, DSNB, solar neutrinos, geo-neutrinos
c) Search for High energy events:

atmospheric neutrinos, nucleon decays, indirect dark matter search

arxiv
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Antlneutrmos from Reactor (Propagatlon)
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Spectral information

é e :_ ------- Non oscillation FCT spectrum - -NH
" - —— 0, oscillation 0.004 P i
£ o<F 2 052 I -
= 05 Normal hierarchy B
ﬁ E —— Inverted hierarchy 0.002 :_
0.4 .
: op
0.3F -
. \ -0.002
0.2 0004 . . . o .o,
. 0.002 0.0022  0.0024  0.0026  0.0028
0.1 dmilev?
< . 10 - 15 - 20 — 25 - 30 0.004 :— FST spectrum —NH
L/E (km/MeV) E -
0.002|
How the interference happens? of
Fourier transform to L/E spectrum: -0.002
L/E spectrum<—->Am? '“-““4:F s |
spectrum(osc”laﬂon frequen Cy) 0.002 0.0022  0.0024  0.0026  0.0028

smieV?
J. Learned et. al. hep-ex/0612022
L. Zhan et. al. 0807.3203
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Supernova burst neutrinos

Events for different (£, ) values

Channel Type 12 MeV 14 MeV 16 MeV
Te+p—>e +n CC 4.3 x< 107 5.0 x 10° 5.7 x 103
v+p—v+p NC 6.0 x 102 1.2 x 103 2.0 < 103
v+e—>v—+te NC 3.6 x 102 3.6 x 102 3.6 x 102
v+ 12C > v+ 12¢* NC 1.7 x 102 3.2 x 102 5.2 x 102
ve + 12C — e + 2N CcC 4.7 x 101 9.4 x 10t 1.6 < 102
7. + 12C — et + 12B CC 6.0 x 10! 1.1 x 102 1.6 x 102

>For a SN@10 kpc, JUNO will register about ~5000 events
from inverse beta decay (IBD), ~2000 events from all-flavor
elastic neutrino-proton scattering (>0.2 MeV).

High statistics, different flavors, good energy resolution
> particle physics:

a) neutrino mass scale: 0.7 ev@95% C.L. [10 kpc]
> astrophysics:

b) precision of SN parameters (luminosity & ave. energy):

nu_e bar: 1%, nu_x: 5%, nu_e: 10%

I ' e



Diffuse Supernova Neutrino Background

—w== ¢ DSNB: Past core-collapse events

sum of backgrounds
— CCaimaphenc, = Cosmic star-formation rate
_— OSPNEnc v
—— fasl neutrons

T — = Core-collapse neutrino spectrum
~ = Rate of failed SNe

il

rate in 17kt [per MeV10yrs]

=

/

Item Rate (no PSD) PSD efficiency Rate (PSD)
02 Signal (Ep.) = 12MeV 12.2 g, =50% 6.1
1FD 1 1 1 ) 1 1|5 1 1 1 1 2'{) 1 1 1 1 2|“5 1 1 1 1 3'0 1 1 1 1 3'5 1 1 1 (Eyr) — 15 hlle\ll' 2‘5-4 12.?
antineutrine energy [MeV] {Evc> = 18 MeV 42.4 21.2
(Ep. ) = 21 MeV 61.2 30.8
_ Background reactor 7, 1.6 g, = 50% 0.8
? 2'5:_ atm. CC 1.5 g, = 50% 0.8
% - atm. NC 716 enc = 1.1% 7.5
o 2 fast neutrons 12 erN = 1.3% 0.15
X t by 9.2
F
2 1.5
g8 ) cre .
N * 10 Years' sensitivity
= - 50
o> I S~ T~ Syst. uncertainty BG 5% 20 %
Zc{ 0 5:; T2 (Eg.) rate only spectral fit | rate only spectral fit
'5'5 C - T 12 MeV 1L7g 190 150 1L70
I :| | I | | 1111 | 1111 I 1111 | 1111 I_I_: T I_l_I:I_l_I I_I-I—l—ll_l |_| 15 -.\IC‘F 3.30 3.‘56 3“.00 3.20
i2 13 14 15 16 17 18 19 _ 20 2 ] -
<E(%,)> [MeV] 18 MeV 510 540 160 170
21 MeV 6.90 730 6.20 6.40

B
w
\l



Geo-neutrinos

(1) Current measurements: statistics dominates
KamLAND: 3027 TNU & Borexino: 38.8+12.2 TNU

(2) JUNO: 40 TNU, with x20 statistics, but huge reactor
backgrounds

Source Events/year uz'; :: =

Geoncutrinos 408 4+ 60 8 LE

U chain 311 4+ 55 [

Th chain 92 £ 37 - 250F-

Reactors 16100 + 900 200

Fast neutrons 36.5 £ 36.5 1505~

Li - ®He 657 £ 130 1005

BC(a,n)*0 18.24+9.1 "R
Accidental coincidences 401 £+ 4 N AT

Visible energy [MeV]

(3) accurate reactor spectra: a precision of 3 TNU (10 years) to test
geophysical models.

(4) accurate local crust geology study: separate the mantle signals
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Schedule

Complete civil
Complete construction. Complete detector
conceptual design. Start detector assembly,
Complete civil PMT production construction and installation and LS
design and bidding  line manufacturing assembly filling
P L - ] ] o =
2013 » 2014 » 2015 » 2016 » 2017 » 2018 P 2019 P 2020 _
r — T =
Start civil construction. Start PMT Start LS production  Start data taking

Complete prototyping production.
(PMT & detector). Start detector
International collaboration production or
established bidding




Overburden

720 m Rock Overburden (1900 mwe)

611 m vertical shaft (digging...)




