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New era of neutrino experiments

Main focus: Mass hierarchy and

CP phase
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Future sensitivity of ongoing reactor experiments
Mass Hierarchy by reactor neutrinos

The Jiangmen Underground Neutrino Observatory
(JUNO)

RENO-50
Summary
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Arbitrary unit
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Mass Hierarchy by Reactor neutrinos

S.T. Petcov et al., PLB533(2002)94
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Mass hierarchy: sensitivity

Thanks to a large 0,5
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Detector size: 20kt
Energy resolution: 3%/VE
Thermal power: 36 GW
Baseline 58 km

L. Zhan, Y.F. Wang, et al.,
PRD78:111103,2008; PRD79:073007,2009
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Taking into account Am?,,

MH sensitivity improved by taking into account
the Am2llll from T2K and Nova in the future

Improved by precision 1.5%
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Improved by precision 1%
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Yu-Feng Li, Jun Cao, Yifang Wang, Liang Zhan, arXiv:1303.6733



Optimum baseline

Optimum at the oscillation maximum of 0,

Multiple reactors may cancel the oscillation
structure

= Baseline difference cannot be more than 500 m
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Arbitrary unit

Energy scale can be self-calibrated

If we have a residual non-linearity in data, and add a
guadratic non-linear function in the fitting process:
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The Jiangmen Underground Neutrino Observatory
(JUNO, known as Daya Bay lIl)

60 km KamLAND

14F DayaBay — jyn0

Near Site 20 kton LS detector
L2 % l Far Site 3% energy resolution
1.0 —-*# #ﬁ—*i$ = — = = Rich physics possibilities
- =  Mass hierarchy

Nobs/N exp

A ILL _ =  Precision measurement
¥ Savannah River £ 4 mixi t
0.6F o Rugey of 4 mixing parameters
X Rovno =  Supernovae neutrino
04r- o Goesgen :
A Krasnoyark =  (Geoneutrino
021 0O PaloVerde =  Sterile neutrino
B Chooz ® KamLAND _ _
0.0k =  Atmospheric neutrinos
4 | | | | |
1 2 3 4 5 =  EXxotic searches
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Talk by Y.F. Wang at ICFA seminar 2008, Neutel 2011; by J. Cao at Nutel 2009, NuTurn 2012 ;
Paper by L. Zhan, Y.F. Wang, J. Cao, L.J. Wen, PRD78:111103,2008; PRD79:073007,2009



Physics prospective of JUNO

) Y.F Li et al, arXiv:1303.6733 Probing the unitarity of Upyys t0 ~1%
i Normal true M Current JUNO
T N T Am?, ~3% ~0.6%
?:—: Am2,, 5% ~0.6%
= sin%0,, ~6% ~0.7%
| -2 e sin20,, ~20% N/A
= B sin20,, | ~14%> ~4% | ~15%

0
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|AMZee| (X107 eV?)
MH sensitivity with 6 years' data of JUNO (arXiv:1303.6733):

Ideal case: Ay>>16 with relative measurement, Ay*>25 with absolute Am?
measurement (if accelerator experiments, e.g NOvA, T2K, can measure
Amzuu to ~1% level)

Taking into account the spread of reactor cores, uncertainties from
energy non-linearity, etc. Ay°>9 with relative measurement, Ay*>16 with

absolute Am2 measurement
11



Experiment site: Kaiping county, Jiangmen city

Status  Operational  Planned approved Under construction Under construction
Power 17.4 GW 174 GW 17.4GW 17.4GW 18.4 GW
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Detector Concept (Traditional)
Muon tracking/r._ i
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Stainless steel tank

Water Seal
Water Buffer 10kt

Oil buffer okt

~15000 20” PMTs
optical coverage: 70-80%

VETO PMTs

¢ Extremely difficult to b‘uﬂd both “““““
the stainless steel tank emd the S e
acryllc tank .;r S O 3 ra YL e

u"'h
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¢ o6 o

Option 1: no steel tank

No more interference
“Easy” for PMT holding

Water replaces oil buffer
=»cheap

Difficulties:

= Larger pressure difference for the
acrylic tank.




Option 2: acrylic box
Connect to
¢ Mineral oil in the optical modules
¢ Pipe for filling MO and cabling

¢ Concerns: leakage through cables
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Option 3: balloon

“Cheap” for construction & quick for installation
Experience from Borexino (0.5kt) & KamLAND (1kt)

Need to consider film materials(mechanics, transparency,
compatibility, welding technique, radon permeability, ...)
, cleanness, leak check, deployment, backup plan if fails,
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Option 4: steel tank only

¢ No problem for construction
¢ A fall back plan of the balloon option

¢ But
= PMT protection
= Trigger rate by backgrounds
= Resolution affected by backgrounds

If the PMT glass is the same as
Daya Bay, radioactivity will be
44 Bg/PMT, or 3.3 MHz in total

If better glass is used, it may be
reduced to 1 MHz




Online background suppression

ratio_max:gen_pos_r

Divide PMTs to 1476 regions .. ot

Look at the charge ratio oa

Qi/Qyoty (17 the region ID) o

= Cut charge ratio < 0.16 osE-

= Cutalso N, <500(~0.4 MeV)

Event rates is reduced to ] M
0.6kHz o6~ 13606060 8000 Tt e #4006 16000 100>

Resolution is affected:

No Background Mix Background(1MHz, 500ns)
(vertex corrected) (vertex corrected)
Energy(MeV) sigma mean sigma mean
2*0.511 0.030 1 0.035 0.94
2.22 0.024 1 0.027 0.97
1.173+1.333 0.021 1 0.024 0.97
6.13 0.016 1 0.017 0.99




VETO

¢ Water

= A MC simulation show that ~ 2m water, 1500 20 PMT 1s

good enough

¢ Top VETO Options:

= RPC

= Plastic scintillator
= Liquid scintillator

= Two layers?

(@))
-m
X
(@)
o
j —
)
_
@)
>
=
(¢D)
-B
(@)
(¢D)
| -
o
AN



Technical Challenges

Requirements:

= Large detector: 20 kt LS

= Energy resolution: 3%/VE = 1200 p.e./MeV
Ongoing R&D:

= Low cost, high QE “PMT”

= Highly transparent LS: 15m =» 30m

KamLAND JUNO
LS mass ~1 kt 20 kt
Energy Resolution 6%/\E 3%/\E
Light yield 250 p.e./MeV 1200 p.e./MeV

20



QUANTUM EFFICIENCY (%)
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More Photoelectrons -- PMT

0
200 260 300 350 400 450 S5O0 550 S00 G650 T

WAVELEMNGTH (rnm)

No clearance: coverage 86.5%

1cm clearance: coverage: 83%

Photon

1.Insulated trestle table
2.Anode

3.MCP dodule

4 Bracket of the cables
! 5.Transmission Photoca
6.Glass shell
7.Reflection Photocatho

8.Glass joint

MCP PMT with reflection
photocathode at bottom

2

MCP-PMT prototype
F —.

Transmission PC
g

20" + 8" PMT
8" PMT better timing
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More Photoelectrons -- reflection

Two thin acrylic panels with air gap — Total internal reflection

For uniformly distributed events, MC simulation shows ~6% increase
on p.e. in average.

Reflecting to local PMTs won't impact on vertex reconstruction
22



More Photoelectrons-- LS

¢ Attenuation length.
¢ Low temperature (4 degree)

¢ Fluor concentration optimization
(especially at low temperature)

Relative Light Yield

100L LAB sample from Nanjing
LAB factory. Attenuation length: 104
20.5m @430nm £ 0s
% 0,6

Al,O, column 2
; 3 0.4
Molecular distillation %02
= 50

- R = 0,0

"00 01 02 03 04 05 06 07
PPO mass fraction, %

AlLO,
24m @430nm
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Energy Resolution from MC

JUNO MC, based on DYB MC (p.e. tuned to data), except
= JUNO Geometry and 80% photocathode coverage

High QE Bialkali. QE: from 25% -> 35%

Increase the LS light yield by 13%

LS attenuation length (1m-tube measurement@430nm)
v from 15m = absorption 24m + Raylay scattering 40 m
v to 20 m = absorption 40 m + Raylay scattering 40m

4 4 ¥
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Signal and Backgrounds

Signal
‘76 +p— e* +n (IBD) Daya Bay JUNO
Mass (ton) 20 20,000
N+ p—d+y (2.2MeV, ~200ps) (ton)
_ E, (Gev) ~57 ~211
= : ~
Estimated IBD rate: ~40/day L, (m) 13 93
_ R, (Hz)  -~21 ~3.8
Assump_tlons for backgrounds Reingies (H2) =50 10
calculation
= Overburden is 700m B/S @ B/S @
v E,~211GeV,R,~3.8Hz DYB EH1 JUNO
= Single rates from LS and PMT are Accidentals ~ ~1.4% ~10%
5Hz, respectively
= Good muon tracking and vertex Fast neutron ~0.1% ~0.4%
reconstruction 9 i/8He ~0.4% ~0.8%

= Similar muon efficiency as DYB

25



Project status

Funding

= @reat support from CAS: “special fund for advancement”
= Approved on Feb.1, 2013

Brief schedule
= Construction: 2013-2019
= Filling & data taking: 2020

Collaboration
= Two get-together meetings in Jan. and Jul. 2013

= Next meeting in Jiangmen (experimental site), Jan. 2014.
= Welcome collaborators

26
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Overview of RENO-50

= RENO-50 : An underground detector consisting of 18 kton ultra-
low-radioactivity liquid scintillator & 15,000 20" PMTs, at 50 km away
from the Hanbit(Yonggwang) nuclear power plant

» Goals : - High-precision measurement of 8,, and Am2,,
- Determination of neutrino mass hierarchy
- Study neutrinos from reactors, (the Sun), the Earth,
Supernova, and any possible stellar objects

= Budget : $ 100M for 6 year construction
(Civil engineering: $ 15M, Detector: $ 85M)

= Schedule : 2013 ~ 2018 : Facility and detector construction
2019 ~ . Operation and experiment




Conceptual Design of RENO-50 I

w /g

W Z¢

1000 20" OD PMTs Water

MAsEO

LS (18 kton)
15000 20" PMTs (67%)

w oe

30 m

32 m

37 m
29



Summary

Ongoing reactor experiments can measure sin‘20,,
to <4% precision

Next generation reactor neutrino experiments focus
on mass hierarchy determination and precision
measurement of mixing parameters. Science case IS
strong with significant technical challenges.

JUNO was proposed a few years ago, now boosted
by the large 0,5;. Funding is approved from CAS.

A similar proposal from RENO-50
Start data taking: around 2020

30
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Future Plan for Precision Measurement of 6,

ARENO 20,, =0. 100 +0.010(star.) £ 0.015(syst.)
| (402 days) 0.100£0.018 (560)| W =0.01/(100)| (3 years)

“_"‘DDBE'III IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIIIIII

ﬁ r RENO Uncertainty Projection
£ o030 -
C PRL (2012) ]
0,025 [y = 0019 This result E
0.020 / _E W/ 3 years of data:
C L ]
0.015 [ E Stat. error: 0.006
- 2 Sys. error: <0.010
a.ota - GsysFDDDE e
- | 1 Tot. error: <0.011
D.EIEIEI:'— : —
DDD%D CIIE- 1|CI 1|5 2|D 2|5 I E-IEI 3|5 4|ﬂ 4|5 I E-D

Years
52



Fourier transformation

L/E spectrum<$ém? spectrum
(6m? ~oscillation frequency)

of L/E spectrum

Take Am? 5, as reference |

= NH: Am? 4 >Am?,,, Am? 5, peak
at the right of Am? ,,

= IH: Am? 5, <Am?,,, Am? 5, peak
at the left of Am? ,,

The Fourier formalism:

—NH
1 =IH
10" Am3, = Am3, + Am3,
NH : |Am§1| = |Am§2| + |Am§1|
2 . 2 o 2 2
> 10 IH: |Am3,| = |Am3,| — |Am3,|
107
10*

i
1.5...n|....|n.n..l....l.
%.000 0.001 0.002 0.003 0.004

dmZeV?
FCT spectrum /. -MNH
0.004 i
C ==1H
0.002

o S

tmax
FCT(w) = / F'(t)cos(wt)dt |
t

Wolimdn

No pre-condition of Am?,,

> -0.002} .

-0.004k

" " " 1 " " " 1 " " " 1 " " "
0.002 0.0022 0.0024 0.0028 0.0028

tﬂt-l‘l:l:
FST(w) = / F(t)sin(wt)dt smeV?
tmin -
Distinctive features \ SR A

0.002f

K g P
]
0 AN h [l

-0.002-
-0.004— oo . .
0.002 0.0022 0.0024 0.0026 u.nogg

amleV?




Quantitative Features of FCT and FST

To quantify the symmetry
breaking, we define:

RV -LV
RV 4LV’

yo PV
- P4V

RL

RV/LV: amplitude of the right/left valley
in FCT

P/V: amplitude of the peak/valley in FST
For asymmetric P,

= NH: RL>0 and PV>0

= IH: RL<0 and PV<0

Two clusters of RL and PV values show
the sensitivity of mass hierarchy
determination

o

PV parameter

Baseline: 46-72 km

sin?(20,5): 0.005-0.05
Others from global fit

0.6
- _ NH Space
- ® Baseline : NH
AT .
-+ sin%(20,5) : NH S A
0.2 A
i e
0 |
- @':'
-0 7 #
0'2: N ' Baseline : IH
-0 A L eipl .
0.4 H space sin“(20,4) : IH
— _I | 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1
06305 o0 05 1

RL parameter

L. Zhan et al., PRD78:111103,2008
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Experimental requirements based on the
latest 8,, measurement

Un-binned Fourier transform of N detected

events .
FST( Z'%ll’l wL/E) FCT(w) = Z cos(wL/EY),

i=1

Energy resolution is very important for Am?,,
and Am?;, oscillation measurement.

lg
095 New default parameters:
02:? = Detector size: 20kt

osE = Energy resolution: 3%
075 IR = Thermal power: 36 GW
b ) s [ o Baseline 53 km
065 gt —6— resolutmn 4%NE

0.6 _3years 20' 6years 3@

()5:IllillllillllillllilllIillIlillllillllillllilll><]_03
' 20 30 40 50 60 70 80 90 100
Number of events 35




Alternative method: x? fit
Assume the truth is NH/IH, and calculate the truth
spectrum.

Calculate the spectra for NH and IH case and fit them to
the truth spectrum respectively.

Energy resolution is taking into account.

-'"""Ibi n

. (M, —T:(1+>", CLE-;;E;;)]Q €2 30
X%‘.EA:Z - +Z_g -
] 4'1-{1 J.I; 6 years
=1 k % Ideal distribution
: : i L=52km
NH spectrum fits to NH || IH spectrum fits to NH =
20 NH
7 S wob N
“‘Em 15 - - _ 5|
b i Yu-Feng LI, Jun Cao,
b * _ — : _ Yifang Wang: I—Iaﬂg | 25 | 30 3.5 ' 4.0
N [ i by Zhan, arXiv:1303.6733 E_res (%)
——False MH (ideal) | g
— S ]| If truth is NH, NH spectrum may fit it better.

|AM?Zee| (X107 eV?) Am? is fitted without constrain. 36




Taking into account Am?,,

MH sensitivity improved by taking into account
the Am?;, from T2K and Nova in the future

Improved by precision 1.5% Improved by precision 1%
40 - T I . \ 40
35 | \ , 351
ot 11 J’J 0 K
N$ 25 s ~‘{ : IfI Ng 25 -—-T ------ T S N Al I ——
"EECJ 20 —-——FalsaMHI ' ’ % 20| FalseMHI ]
~— [ollMpy) =1.5% ~ [o@mun=1% \ el
1o 150 1o 15
<] 10f <l NS
5k R A A
e T ae . am T Y ¥ Sy~ a—
|AMZee| (X107 eV?) |AMZee| (X10° eV?)

Yu-Feng L1i, Jun Cao, Yifang Wang, Liang Zhan, arXiv:1303.6733
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Supernova neutrinos

Less than 20 events observed so far
Assumptions:
= Distance: 10 kpc (our Galaxy center)

I:> Energy: 3)(1053 erg \ — Energy Spectrum of LL Model at DYB Il

= Ln the same for all types

= Tem. & energy
T(v,) = 3.5 MeV, <E(v,)> = 11 MeV
T(V,)=5MeV, <E(Vv,)>=16 MeV
T(v,) =8 MeV, <E(v,)>=25MeV

Many types of events:

v, + p = n+e* ~ 3000 correlated events

v, +12C 2 1B + e*, ~10-100 correlated events
v, +1?C 2 2N + e, ~10-100 correlated events
v, + 2C 2v + ?C*, single events

v, +p =2 v, +p,single events

v, + e =2 v, + e, single events

v, + & 2>v_+ e, single events

403030030

M | S I
0 20

L . . N L™ L 'l
40 60 80 100
Neutrino Energy (MeV)

Water Cerenkov
detectors can not see
these correlated
events
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Geoneutrinos

Current results:
= KamLAND:
40.0+10.5+11.5 TNU
= Borexino:
64+25+2 TNU

Desire to reach an error
of 3 TNU: statistically
dominant

JUNO: > X 10 statistics,
but difficult on
systematics

Background to reactor
neutrinos

Events/10 keV (10%%p y)™

- Daya Bay |

4 6
Neutrino energy (MeV)

Stephen Dye

-------------- Total
. Reactor
Geo-nu
—— Th
— U

10
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A new type of PMT: higher photon detection eff.

| (BRRTHE)
g RGBS )

# \ 2 CRAEER)

3 (R7EEss)

' 4 (fam)

5 (R EEE)

6 (SEERSTIRAT)
§ (ZREXE)

9 (RS LHEAR)

Top: transmitted photocathode
Bottom: reflective photocathode
additional QE: ~ 70%*25% 2. Blind channels;

1. asymmetric surface;
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Two main achievements
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