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“ Neutrino mass ordering
o motivation
o experimental methods

“ JUNO experiment
o signature of mass ordering
o detector layout
1 systematic effects
o other experimental inputs
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Status of 3-flavor oscillations
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Open issues in 3-flavor mixing?

norma! inverted
m?  ordering , ordering
1 " What is the W
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A > o ? 1/2
= octant of 0,; (245°): A,
Am2, = value of CP-phase? 2
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Implications of neutrino mass ordering  IG|

LBL: degeneracy of MO and 6
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Implications of neutrino mass ordering  IG|

Lightest vs. effective ff neutrino mass
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Implications of neutrino mass ordering

effective ffneutrino mass

LBL: degeneracy of MO and 6
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Concepts for MO measurement

Very-Long Baseline
Neutrino Beams
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Concepts for MO measurement
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Concepts for MO measurement

3 Mid-baseline reactor
neutrino oscillations
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JUNO in a nutshell

Physics objectives
" neutrino mass hierarchy

" sub-% measurement of
solar oscillation parameters
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Reactor antineutrino oscillations

Common three-flavor reactor electron-antineutrino survival probability:

2
Am3,

Am3, )

Poe = 1= sin?(2013) sin? (
sin“(26;3) sin o

) ~ sin2(26;2) sin? (

1F

FIavchr fraction

]
1

neutrino source:

— - : ! neutrino detector:
only v, created 1 10 100 only Vv, interact

Distance (km)

—> oscillation parameters are extracted from v, disappearance pattern

- however, the formula above implicitly assumes Am?;, = Am?,,
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Reactor V oscillations: full 3-flavor picture JG|U

Survival probability
Psg =1 — Py1 — P31 — Ps

P21 = COS4 913 SiIl2 2(912 SiIl2 Agl

P31 = COS2 (912 Sin2 2(913 Sin2 Agl

Pee
1 0 P32 = Sin2 (912 Siﬂ2 2(913 Sin2 Agg
Am?jL
Az’j =
4F
- >
distance
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Reactor V oscillations: full 3-flavor picture JG|U

Survival probability
Pse =1 — Py1 — P31 — Ps

P21 = COS4 (913 Sin2 2912 sin2 A21

p P31 = COS2 (912 Sin2 2(913 Sin2 Agl
ee
1 _A L, P32 = Sin2 912 Siﬂ2 2(913 Sin2 Agg
Am?2.L
4F
- >
distance
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Reactor V oscillations: full 3-flavor picture JG|U

: —_ rvival pr ili
- subdominant oscillation pattern Su al probability

depends on phase terms of P;,/P5, Pee =1 — Py — P31 — P

— depends on relative sizes of
Am?;, and Am?;,
Pee

L
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Oscillation pattern at 15t solar maximum

P;e =1— Py — P31 — Py

P21 = COS4 913 Sin2 2912 SiIl2 A21

P31 = COS2 912 SiIl2 2913 SiIl2 Agl

—

P32 = SiIl2 012 SiIl2 2913 SiIl2 A32
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Oscillation pattern at 15t solar maximum

Pee =1 —Po1 — P31 — P3o . JUNO

P21 = COS4 913 Sin2 2912 SiIl2 Agl

/i/l ,,,,,,
P31 = cos® 012 sin” 263 sin” A i

i i
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S
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reactors at > oscillations
»Yangjiang § “normal hierarchy
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- MH from spectral wiggles
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Basic detector requirements for JUNO JG|U

reactor antineutrinos at MeV energies
- Liquid-scintillator detector
- Detection by inverse beta decay

17e—|—p—>n+eJr

signature in position of spectral wiggles
-> ~3% energy resolution at 1 MeV
- photoelectron yield: ~1,100 pe/MeV

large distance to source and
high-statistics measurement
- large target mass: 20 kilotons of LAB

cosmogenic background
- rock overburden of ~700 m




JUNO Experimental Setup
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JUNO Experimental Setup
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New underground laboratory JG|U

Slope tunnel
1340m

Vertical shaft‘
581 m

¢

T
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g)"\. .,
_— 3

) footprint:
~5600 m?

—
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JUNO Detector layout

Top muon veto
Outer water tank Scintillator panels

Muon Cherenkov veto X:

Steel support structure

optical separation

17,000 PMTs (20*)

Water buffer

Acrylic sphere
diameter: 35.4m

Liquid scintillator — == SUNACR/ZAR A LA 40 B0
20 kt of LAB TON |\ ,
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Sensitivity to mass ordering ’

Sensitivity to mass hierarchy
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Energy resolution: Photon statistics JG|U

Scintillator light yield:
>10% photons per MeV

Michael Wurm (Mainz)
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Energy resolution: Photon statistics JG|U

Scintillator light yield: 15mg/I
>10% photons per MeV bisMSB
l 430nm

Light absorption in the
liquid scintillator
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Energy resolution: Photon statistics JG|U

15mg/I
bisMSB

Scintillator light yield:
>10% photons per MeV

Light absorption in the E g
liquid scintillator / oY
w1 Wt (VS WO o 't
/) 'h‘i E{!ux §
N T L= Ll A
.Yl'l NN ER / N
AT i )
li!l |a'ﬂl a N

PMT coverage (75%)
detection efficiency (>30%)

\}

transmission

1 (BART )

7 CESAXHE)
2 (R

3 (TFEnes)

4 (Fatk)

5 (AR MSE)

6 (IR
reflection 8 (LMERE)

cathode
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Energy resolution: Photon statistics JG|U

Scintillator light yield: 15mg/I
>10% photons per MeV bisMSB
430nm
Light absorption in the Y 1"’ AT
9 g 5 . T SN\ l.
liquid scintillator / /IIIAWN!A_
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PMT coverage (75%)
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2 (R
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Photoelectron yield:

Energy resolution: (/
>1100 pe/MeV

AE 1 - 3%
E Npe a 2V, E[MeV]

—tction
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Energy resolution: Systematic effects

Energy resolution function

T 11
AFE a? . c? S r
— =\l = +t b0+ = “R10f-
E E E? < r
9
a term: -
stochastic term (photon statistics) 8E
b & c terms: 3
systematic contributions (detector effects) 6
= PMT dark noise -

" linearity of electronics ° | | | |

0 0.5 1 15 2

= position reconstruction uncertainty

b term [%]

— calibrations w/ radioactive sources deployed in LS (y’s, et, AmBe for n’s etc.)
- multi-calorimetry with small PMTs ...
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Energy scale non-linearities

- potentially very dangerous

example of non-linearity curves
canceling the signature of MO

g : IH IH
S I o Er‘*‘=/Ereal
%1.02-
u.r . I i ENH ENH
I rec/ real
0.98[
096 . .
2 4 6 8 10
EVis(Mev)

E,. : reconstructed energy
E,cq - true energy

however, relative position of peaks
constrained by oscillation physics
—> active test for energy non-linearities

2000
1800
1600
1400
1200
1000
800
600
400
200

Antineutrinos

- systematic studies show that effect can be largely avoided by self-calibration
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Cosmogenic backgrounds ’
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Neutrino mass ordering in JUNO

Cosmic background levels

= rock shielding: 700 m

= 1L rate in Central Detector: ~3 s
= showering p rate: ~0.5 st

- radioisotopes from *2C spallation

Most dangerous: Bn-emitters
"Ii>%Be+e +v, [t(Li)~257ms]

|—>20L+n

—> prompt electron signal
+ delayed neutron capture

— mimics neutrino (IBD) signature!

Expected °Li rate: ~80 d!
- signal to background < 1:1

— veto based on parent p mandatory!

30



Cosmogenic backgrounds 2

Possibilities for vetoing °Li

H " radial cut around muon track
= jdentification of showering muons
o cuts relative to neutron vertices
B - o local (?) dE/dx of muons
Lo W) “w [~ v v - - I |:| .
7 current veto: °Li/8He: 77d1> 1.6 d-!
. > 17% loss of exposure
b 2000
——— Antineutrinos
3 - 1800 Accidental
Fast neutron
| 7\ L 1600 e 9Li/gHe
+ 1400 a-n
lt : / ! Geo-neutrino
b o 1200
e
- i \\ \\ ‘\ li ‘1 ! I | | 1000
IR Y Y 1 ! 1 I J N
T A WY ] 1 1 = 800
I R emmm—— / 600
| < . \% 1‘&\1}; 1‘]1 > 400
200
i . T e e . s AN By
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53km baseline

exact distance
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i Ideal distribution 1
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=
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Systematics from oscillation baselines 2
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6 years
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difference
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Ay’ (MH)
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individual reactors
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53km baseline

JUNO

difference
between
oscillation
baselines

background from
neighboring reactors

(e.q. Daya Bay)
spread between g s

individual reactors
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Sensitivity to mass ordering ?

JUNO, arXiv:1507.05613

— 10— 50% vs. 50% . . ]
E — VETinoprior  —— 1.1%vs. 98.9% defining factors:

I —— 37%10% vs. 1 " E resolution: 3% at 1MeV
i = statistics: 100,000 ev

Sensitivity budget Ax>
Statistics only +16

different core distances -3

AR TN TN N TN SO TN (NN TR TN SR (SN TR TR SN SN SR S S

0 2 4 6 8 10 reactor background -1.7

Years spectral shape -1
JUNO's expected sensitivity level S/B ratio (rate) -0.6

(assuming 3% energy resolution) .

S/B ratio (shape) -0.1

= JUNO alone based on 6 years: ~30
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Input from accelerator/atmospheric v's  JG|U

= JUNO measures reactor antineutrino
disappearance v,— Vv, via effective 25 ——————

. Normal true MH

Am?2, = cos? 01oAm3, + sin? f10Am3, 201

= Accelerator/atmospheric experiments
measure v, — Vv, disappearance:

“ = True MH (,, » )
Am?, ~ sin®615Am3, + cos® 015Am3, - = Faiso MH (G, = ) _
= True MH (o,, = 1.0%)

-+ sin 2912 sin 913 tan 923 CcOSs (SAmgl - False MH (a,, = 1.0%)
0 i 1 " 1 " L

L

234 236 238 240 242 244 246 248 250

0 NOVA/T2K > [Am? [ ~ 1% IAMZ,e| (X10° eV?)

1

= effective Am? values can be linked via

|Amge| — |Am = iAm%l (cos 2612 — sin 2015 sin f13 tan O3 cos d)

ol
[t
= inclusion of accurate measurement of IAmzwl as prior in the analysis
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Sensitivity to mass ordering 3

JUNO, arXiv:1507.05613

— 10— —V&T: 1% a m2, prior 50% vs. 50% . . .
g - — V&T: o prior —— 1.1% vs. 98.9% deﬁmng factors:
: W 68% of exp. JUNO 3.7%10° vs. 1 = E resolution: 3% at 1MeV
85% of exp. JUNO = statistics: 100,000 ev

Sensitivity budget Ax>

Statistics only +16

different core distances -3

reactor background -1.7

Years spectral shape -1

JUNO's expected sensitivity level S/B ratio (rate) -0.6
(assuming 3% energy resolution) .

S/B ratio (shape) -0.1
= JUNO alone based on 6 years: ~30

information on Am? +8

+ precise data by T2K/NOvA on Am? : 4o
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Global effort on Mass Ordering

7} 7

6} 6
D D
v 5t v St
1 1
&’ 5
g3l €3l

1+ 1

T 2020 2025 2030 0

Date

different techniques mode
" reactor neutrinos: JUNO VDV,
= atmospheric v‘s: INO,PINGU,ORCA VoV,
" long-baseline beam: LBNE->DUNE VDV,

Michael Wurm (Mainz) Neutrino mass ordering in JUNO

main uncertainties

energy res. (3-3.5%)
value of 8,;=40-50°

value of 6,
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JUNO + future atmospheric v results

Blennow, Schwetz, arXiv:1306.3988

example assuming very poor Am? measurements
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JUNO will offer a rich physics program!

- Yellow Book, arXiv:1507.05613

“ Reactor neutrino oscillations

o mass ordering: 30 =2 40 (with input on Am?

O

sub-% measurement of osc. parameters

“ Neutrinos from natural sources

O

Galactic Supernova neutrinos

Diffuse Supernova Neutrino Background
Solar neutrinos

Geoneutrinos

Neutrinos from dark matter annihilation
Atmospheric neutrinos

= Short-baseline oscillations (sterile v’s)

“ Proton decay into K*V

Michael Wurm JUNO

uu)
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JUNO Collaboration

553 collaborators from 72 institutions

g rarieanads

AUND Collaboration Meetigg Ah e

&

P e Al y
e il f','.fi P Yo <+ i 2w

Germany, Finland, France, Italy, Latvia, Pakistan, Russia,
Slovakia, Thailand, Taiwan, and the United States

Michael Wurm JUNO

German institutes

Armenia, Belgium, Brazil, Chile, China, Czech Repubilic,

UH
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TUTI

Technische Universitat Minchen
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Matter effects, mass hierarchy, CP violation/G|

Oscillation probability for v, appearance effects of weak
in av, neutrino beam: matter potential
atmospheric oscillations > T2K /

A1z’ ByL
P,ue(ﬁé) = SiIl2 923 SiIl2 2(913 (B—f) SiIl2 (%)

solar oscillations ) leptonic
+ cos? fy3 sin® 26,5 (£> sin? ( ﬂ ) -0 CP violation
A 9 /
JrJA12 Aqs sin (ﬂ) sin (E) cos( D A13L>
A By 2 2 9

neutrino-antineutrino asymmetry term

J = cos (913 sin 2912 sin 2(913 sin 2923

A2 weak matter potential A
m=.
Ajj = 2Ew By =[A+ A3l  A=V2GFpN,

—— vy < v asymmetry if A ~ Aq3!
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Oscillation patterns for long-baseline beamiG|u

" Oscillation probabilities differ for v, > v, vs. v, > v,

" Enhanced electron-flavor appearance for: neutrinos — normal hierarchy
antineutrinos =2 inverted

P(v,2v,) for 130 km P(v,2v,) for 2300 km

g. 0.2 ! ' ! 0.2 T T T T

a NH NH |
> - |z| — H
= 015 | D=0 —— 0.15 NH,0p=0 —— -
o IH,865=0 IH,0g,=0 ———
S

2 o1 ] » 0.1 -
c

o

B 0.05 0.05 /\ _
E N
(8]

g o ' ' 1 0 l '

0 02 04 06 08 1 6 8 10
Energy [GeV] Energy [GeV]

= Far detector at first atmospheric oscillation maximum:
longer baseline = larger energy = larger matter effect!
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MH from atmospheric neutrinos

D. Grant
Source: Atmospheric p-neutrinos P{v,—v,) with Travel Trough the Earh - 10 GeV, 179
& 1r

" Energies: 2-20 GeV Eop T
v 3 12_ —— Invorted Hiorarchy

= Baselines: 20-13000 km 1 % o -

. 8 r 09 §

= Matter potential: £ o 08

Earth core & mantle

|

<
A

rllllll

MH signature W
8000 10000 12000
Length (km)

g

matter effects in
" VoV, disappearance
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= relatively low energy threshold - o
= good angular resolution " E—
M L M ! ~— Inverted Hierarchy 0.2
= flavor identification 05 01
. 0 [ T Lo b baaaa g
" nice to have: lepton charge ID (v/V) P TR S0 A0 S0 gt (km)
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Atmospheric v signal observed in PINGU  JG|U

Event statistics Normal-Inverted

" v,:5.0x10% yrt
" v, 3.8x10% yr? 1.0
- detectable difference

o
n

5
g
2 g
©)
= ] [
Detector resolution " Normal-inverted .2
= energy resolution: 16 ‘ E
-1.0
~20% above 10 GeV 12
: . : . -1.5
= directional resolution 08 &
>
improving with energy = loa g50 20
O
g {0.0 %
Particle identification 3 ol
= v, (CC): tracks 088
= v, (CC) + v, (NC): cascades 1.2
- distinction of event types 0 1o
1079 =08 -06 -04 -02 00

cos 07»1\“ h
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JUNOSs liquid scintillator

Required properties:

= Light transport over >17m
- solvent LAB very transparent
— no addition of gadolinium
—> Al,O, column purification

= High light yield: >10* ph/MeV
— pure LAB, no addition of paraffins
- large fluor (PPO) concentration

= Radiopurity:
- reactor neutrinos: <101 g/gin U/Th
- solar neutrinos: <1017 g/g
— vacuum distillation

for free:

» Fast fluorescence times
— good spatial resolution

= Good pulse shaping properties
- background discrimination, e.g. e*/e”

Michael Wurm JUNO

LENA-style liguid scintillator

Linear alkylbenzene
(LAB) as solvent

non-radiative
+ - 280nm
3g/LPPO
+
non-radiative
- 390nm
15 mg/L
bis-MSB

""";;hf emission
> 430nm, t=4.4ns
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vield vs. scintillator transparency

Number of detected photoelectrons
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Light detection

Light collection required:

= optical coverage: 75%
— 17,000 large PMTs (20“)
— additional small PMTs (3*)
(double calorimetry + timing)

Michael Wurm

JUNO

Supper layer arrangement method 77.8%

Do Y N\ W N S S
b A AL L L L 4 AAALAAL Ao b bd

SELECTED
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Light detection

Light collection required:
= optical coverage: 75%

= quantum efficiency QE x
collection efficiency CE = 35%

- photons detected: ~26%

.
Hamamatsu R12860 (20“PMT)

Parameter Hamamatsu new MCP-PMT b e X12,00
20 front cathod ‘ B 5 e 3
t:gzsr;?ssi%ne B
Photocathode transmission transmission : '
+ reflection
MCP doublet
QE (400nm) 30%(T) 26%(T) + 4%(R) back-to-back
relative CE 100% 110% back cathode
reflection
peak-to-valley ratio >3 >3
transit time spread ~3ns ~12ns
dark rate ~30kHz ~30kHz MCP-PMT 8 orototype
afterpulsing 10% 3%
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Influence of Am?  , accuracy
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Influence of energy scale linearity
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Reactor anomaly: 5 MeV bump

Daya Bay ND
) e - Data MH Fourier analysis
20000:— EE *“L .Full unoertainty FCT spectrum ‘,\" =-NH
E - -~ s Reactor uncertainty 0.004
o 15000— = ~.  —ILL+Vogel
g : - ‘--.:.:
~ | “‘_._
3 10000— - -
5 - . I d
5000:_ . ntegrate
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82 :
oy e :
2% 0o -"
c = 08fF ;
— 1 '
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3~ ° 3 1028 ¥
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s~ LF 1043 0.002  0.0022 0.0024  0.0026  0.0028
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Implications of sgn(Am?;,)

= Arrangement of the neutrino masses
o normal ordering: m; <m, <ms
o inverted ordering: m3;<m;<m,

o quasi-degenerate:  m;=m,=m;,

" resolving the degeneracy in the
interpretation of 6., measurements

= target range for sensitivity of
OvBPB decay experiments

= combination with cosmology
to resolve neutrino masses

Michael Wurm (Mainz)
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Implications of sgn(Am?;,)

= Arrangement of the neutrino masses NOvA: degeneracy of MH and 6,

o normal ordering: m,<m,<m,; & *® NOVA
) ) ‘S C |Am,,2| = 2.32 107 eV?
o inverted ordering: my<m;<m, @ 008 [ sin’(26,,) = 0.095
2 : sin%(26,,) = 1.00
o quasi-degenerate:  m;=m,=m;, g_ 007 |
m -
: . S 006 [ o
" resolving the degeneracy in the = i SN
. . S o E
interpretation of 6. measurements o 005 I
o : NH &
ogs o (] C
= target range for sensitivity of 0 004 1
OvBPB decay experiments I’I‘:L 003 F IH
> C
= combination with cosmology 002 1o g:glz
to resolve neutrino masses 001 LCOO=T
' " § =372
0 : 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 l 1
0 0.02 0.04 0.06 0.08

v,~>V, appearance probability
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Implications of sgn(Am?;,)

= Arrangement of the neutrino masses

o normal ordering: m,<m,<m, Lightest vs. effective BB neutrino mass
1 - LR | L o rrrr

o inverted ordering: m3;<m;<m,

Current Bound

o quasi-degenerate:  myEm,xmy B oo
- . 2 107
" resolving the degeneracy in the ©
interpretation of 6., measurements § :
2 inverted scale S
£ 9
= target range for sensitivity of ‘q:'; 102 3
OvpBB decay experiments ;_ S,
O
‘ﬁ- normal B
- . . . :
combination with cosmology 2 scale 5
to resolve neutrino masses 0 -
% — 1o ]
—_ 20:
30
10-4 sl o

107 107° 1072 107 1
lightest neutrino mass [eV]

Michael Wurm (Mainz) Neutrino mass ordering in JUNO 56



Implications of sgn(Am?;,)

= Arrangement of the neutrino masses
o normal ordering: m; <m, <ms
o inverted ordering: m3;<m;<m,

o quasi-degenerate:  m;=m,=m;,

" resolving the degeneracy in the
interpretation of 6., measurements

= target range for sensitivity of
OvBPB decay experiments

= combination with cosmology
to resolve neutrino masses

sum of neutrino masses [eV]

—
o
o

=
o
—

Cosmological neutrino mass vs. MH

Current Cosmology (95% U.L.)

KATRIN
c. 2020
(95% U.L.)

-Future Cosmology - - TAsm s

---------- Future Cosmology - -

——————

10° 10 10"

lightest neutrino mass [eV]
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