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JUNO reach
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JUNO Detector

@ Default: acrylic tank (D~35m)
+ SS structure
€ Backup option: SS tank (D~38m)

— Muon detector

Steel Tank

Water seal
okt water + acrylic structure + balloon
okt MO € 20 kT of LAB+PPO+BisMSB:
L ~15000 20 P'!'Ts = Signal event rate: ~60/day
eoverage: ~80% = Need 30 m attenuation length
| 1500 20°VETOPMTs = Small bkg with 700 m overburden
®] # Design & prototyping underway

= Liquid scintillator R&D
= PMT R&D (novel ideas)

A LR R D W P | “VA

\ 'mmmum NN
!:I’!Al AI!EI T~/

€ JUNO Schedule:
= Civil, R&D --> 2018
= Detector assembly & installation:
2018-2019
= Filling & data taking: 2020
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RENO-50

1000 20” OD PMTs Water
i \V/ITaT=12=1 1 0 | E—

LS (18 kton)

QSIS 15000 20" PMTs (67%)
EAEL ) B
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Need Op < &
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RENO-50

v

o $ 100M for 6 year construction:
Civil engineering: $15M
Detector: $85M

" o Construction: 2015 ~ 2019
o Data taking: 2020 --> ..

FAR Detector:

o 47 km from Yonggwang reactors

o Mt. Guemseong (450 m)
~900 m.w.e. overburden
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IceCube Lab £ 100 E
S
>

s p E
—a ion:
50 m :\'_—_.—_—‘_—'_—___-_—‘_-' 324 optical sensol rs B
Il | T 50
1/

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

1450 m —

DeepCore "
8 strings-sl:,acing optimized for lower energies -50 4
480 optical sensors

4]

Eiffel Tower
324 m

2450 m
2820 m

IceCube _1~06' -
o 78 Strings
o 125m string spacing

o 17m DOM spacing PINGU , .
6 Eyopors ~ 200 TeV o Add 40 strings (baseline target)

~20m string spacing

3-5m DOM spacing

~20x higher photocathode density
Eirreshos ~ few GeV

DeepCore

o Add 8 strings

o 75m string spacing
o 7m DOM spacing
O Ethreshold ~ 10 GeV

O O O O
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PINGU — mass hierarchy conceptually

Inverted Mass Hierarchy (True)

Normal Mass Hierarchy (True)

= g
% > B
O Y g
> 10 2 10 £
5 5 s
: ; 2
1 18 S
S
12 .
6 6
10°
~1.0 —0.8 —-0.6 -0.4 -0.2 0.0 10°

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
cos(9,)

@ Statistical separation of

neutrinos and antineutrinos _ | |
® Exploit differences in €4 Combine counting of neutrinos

and antineutrinos
= Flux

= Kinematics

€ Rates for one year
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PINGU arXiv:1401.2046

Events ID'd as tracks (v, CC) Ny =Ny Events ID’d as cascades (v, or NC)
30 . . . . 30 T T . .
0.20
25 Preliminary | IO-15 Namr Preliminary | !““
Ly | H0.10 % — 1 H0.16 E
% 20 < > 20 2,
8 40.05 Z 8 410.08 R
R ‘ ~ e ~~
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o | = S =
v -0.05 L o {-0.08 N
= 1010 =7 w2 | ~0.16 2,
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cos(") cos(v)

o Distinctive hierarchy-dependent signatures
are visible in both the track and cascade
channels

)]

JAX2

1st Octant, IH true _
|| — Tracks U R Vit - T -
— Cascades - :
|| =— Multichannel| : :

u

E

o Full MC for detector efficiency,
reconstruction, and particle ID included

NMH significance [¢]

o PINGU is part of IceCube upgrade proposal
o NSF MREFC Proposal in the works

jany

: i i
0 2 4 6 8 10

o Could be quick (late this decade) PINGU livetime [yrs]
o Results early next decade

o
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ORCA at KM3Net
and ICAL at India-based Neutrino Observatory

® ORCA is a feasibility study for a
measurement of the mass hierarchy of
neutrinos with the KM3NeT research
infrastructure

= Investigated: 50 strings, 20 OMs each
= 20 m horizontal distance
= 6 m vertical distance

€ Instrumented volume: 1.75 Mton water
€ Time scale and sensitivity similar to PINGU

o 31x3"PMTs
o Low power HV
D=17" o FPGA readout

€ 52 kt, contain 20 GeV muons

€ RPC active readout

¢ 1.5TBfield, 5.6 cm thick plates
€ Operations will start in 2020’s

K. Lang, U. of Texas at Austin, Prospects for measurements of mass hierarchy and CP violation, TAU 2014, Aachen, September 17, 2014
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Mass hierarchy and o.p experiments

Accelerator v’'s: Hyper-K, LBNO, LBNE
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Hyper-Kamiokande

¢ 2x0.5Mt

SuperK R&D HyperK
Dynode structure | oSN | poy g line | APD
Blind
> quantum eff. (QE) 22% 30% 30%
= collection eff. (CE) 80% 93% 95%
timing resolution
(FWHM) 5.5 nsec 2.7 nsec | nsec
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Hyper-K: dcp dependence of observables

0=0
0=90°
0=180°
6=-90°

Sensitive to all values of & 7 29 _
With counting + shape 7.5MWx10’s (1.56%x104< POT) ~ 10 years
79}
2
3 5=0
2 0=90°
W 6=180°
- 5=-90°
o
T
Ze)
- 0=90°
g 0=180°
o 0=-90
o
C
o
=
)]
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Hyper-K sensitivities

7.5MWx107s (1.56%10%2 POT) 8°5-0I 9° depending on the true value of §
45
40
35
30
25
20
15
10
5
0- P S NS | TR S S SR S ST SR S
Mass hierarchy assumed to be known 0 2 4 6 8 10
Integrated beam power (MW 107 sec)

—3=0
—8=90

IIIIIIl[llI|IIIIlllllIIIIIIIIIIlI[IIlIIIIIIII

IIIIH]]]YITTITI”IIIII]IIIIII”I]IYI'ITTIII”I

1o error of O (degree)

& Exclude of d=0
= >3 s for 76% of d
= > 5 s for 58% of d

¥ Atmospheric measurements will
be also conducted and will help.
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LAGUNA-LBNO

€ CERN Neutrinos 2 PYhasalmi mine

Pyhasalmi

€ Phase 1:
= proton beam extracted beam from SPS Qsée
= 400 GeV, max v
= 7.0 10 '3 protons every 6 sec, CERN
= ~750 kW nominal beam power,

= 10 ys pulse O

€ Phase 2:
= use the proton beam from a new HP-PS
= 50(75) GeV, 1 Hz, 2.5 10 '* ppp,
= 2 MW nominal beam power, 4 ys pulse O
= alternative option: upgraded SPS O
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LBNO strategy

€ (Very) Long baseline of 2300 km o Two caverns at -1400 m

o Phase 1: LBNO20
v’ 24 kton DLAr TPC

o Phase 2: LBNO70
v" Addition of 50 kton det.

® Determine neutrino MH

€ Determine CPV by measuring

€ Staged approach: Phase 1 and 2

¢ LBNOZ20:
= 24 kt LAr TPC (2 phase) + CERN SPS
= Cover 46% of . and 3o
= Nucleon decay + neutrino astronomy

¢ LBNO70:
= 70 kt LAr TPC + HPPS (new)

= Cover 80% % of d.pand 3o
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LBNO spectra

SPS beam, 0.75 x 15E+20 POT

2" max _
883 signal
events
SPS beam
HPPS beam, 0.75 x 30E+21 POT
2" max

1355
signal

HPPS beam events

K. Lang, U. of Texas at Austin, Prospects for measurements of mass hierarchy and CP violation, TAU 2014, Aachen, September 17, 2014

24



LBNO sensitivities
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LBNE

K. Lang, U. of Texas at Austin, Prospects for measurements of mass hierarchy and CP violation, TAU 2014, Aachen, September 17, 2014 26



LBNE beam hill

€ Novel approach to reduce the cost

€ Beam features
= Primary proton beamline 60 — 90 GeV
= Initially power 1.2 MW
= Upgradeable to 2.3 MW

@ LAr TPC far detector — 34 kt
@ Fine-grained near detector
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LBNE
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LBNE sensitivity

€ 34 kt LAr TPC, for 6 years
€ Beam power 1.2 MW
® 50% neutrinos 50% antineutrinos

€ The CPV sensitivity
= > 3.5 o for 60% of d.p
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New initiative 1: Exploiting existing NuMI

® The CHIP idea:

= Large Water Cherenkov in a deep
water reservoir (here: a mine pit) —
needs > 40 m overburden

= Exploit 700 kW NuMI beam available
soon (late 2015)

Inexpensive deployment (use fishing
industry technique) — proposed early
for LBNE

No high-cost civil construction
Only beam physics

Fast and possibly $200k/kt
First prototype submerged
Simulations being developed
Design of a 10kt underway

In the future, can be re-deployed in
the LBNF beam

Green light for R&D from DOE and
Fermilab

4

ce €)

= NOvVA + T2K
- CHIPS
NOvA + T2K + CHIPS

sion significand

chy exclu:

[ (3] w £ w =2y
TTT TTTT T T[T T T T [TTT

Wrong hierar

-150  -100 -50 60}9(0) 50 100 150

® 6606090900
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New initiative 2: Exploiting planned
(non-hep) infrastructure ESS

European Spallation Source (ESS) , 5 mw average beam power in the linac

o 125 MW peak power
o 14 Hz repetition rate (2.86 ms pulse duration,

10"° protons)

upgrade - 28 Hz
o 4% duty cycle
o 2.0 GeV protons
up to 3.5 GeV with linac upgrades
v ~ 300 MeV

>2.7x10%3 p.o.t/year

2nd oscillation max.
well covered by
the ESS neutrino
spectrum

<

st pscillation max.
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Concluding remarks

@ Vigorous world-wide effort to nail MH and &, and neutrino mixing
= Reactors
= Atmospheric
—IIIIIIIIIIIIIIIIIIII—
= Accelerators 0.5 u, U :

Z=-

¢ Technically challenging =
= Accelerator/beam frontier £
= Detector frontier

()
I I 1 1 1 I P 1 1 1 |
(OPT) 1D OF ‘%66 ‘%56 ‘%06 ‘Ol

-0.5
‘Fundingfrontier —IlllIIIIIIl ] IIIIII-
. L 0 0.5 1 1.5 2
= World-wide optimization Re(z)
= |nternational collaborations
(LBNE+LBNO)
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EXTRA INFO
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From PS5
Steve Ritz @ Fermilab Users Meeting

€ Increase investment in construction.
= |n constrained scenarios, this implies increased fraction of budget toward construction**

€ Reformulate the long-baseline neutrino program as an internationally designed and funded
program, with Fermilab as host.

€ Upgrade the Fermilab proton accelerator complex to produce the world’s most powerful
neutrino beam, redirecting former Project-X activities and temporarily redirecting some
existing accelerator R&D toward this effort (a.k.a. PIP-II).

€ Recommendation 13:

= Form a new international collaboration to design and execute a highly capable Long-Baseline
Neutrino Facility (LBNF) hosted by the U.S. To proceed, a project plan and identified resources
must exist to meet the minimum requirements in the text. LBNF is the highest-priority large project
in its timeframe.

€ A change in approach is therefore required: The activity should be reformulated under the
auspices of a new international collaboration, as an internationally coordinated and
internationally funded program, with Fermilab as host. There should be international
participation in defining the program’s scope and capabilities. The experiment should be
designed, constructed, and operated by the international collaboration. The goal should be
to achieve, and even exceed if physics eventually demands, the target requirements
through the broadest possible international participation.
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New initiative 1: Exploiting existing
NuMiI

€ The CHIP idea:

= Large Water Cherenkov in a
deep water reservoir (here: a
mine pit) — needs > 40 m
overburden

= Exploit 700 kW NuMI| beam
available soon (late 2015)

Inexpensive deployment (use
fishing industry technique) —
proposed early for LBNE

No high-cost civil construction
Only beam physics

Fast and possibly $200k/kt
First prototype submerged
Simulations being developed
Design of a 10kt underway

In the future, can be re-deployed
in the LBNF beam

Green light for R&D from DOE
and Fermilab

L 2R 28 2R 2B 2R 2R - 4

4
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CHIPS reach arXiv:1307.5918

100 kt CHIPS in the NuMI beam: 3 years neutrino, 3 years antineutrino beam

€120 NOVA + T2K

+ CHIPS (slow)
+ CHIPS (fast)

—
o
o

(o]
o

10kt

N
o

N
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Assuming normal hierarchy
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INTRODUCTION
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JUNO and RENO 50 - the concept

Jiangmen Underground Neutrino Observatory

> Phys.Rev.D78:111103,2008

% J U N 0 g e N — Non oscillation

< E —— 0, oscillation

® = 05 —— Normal hierarchy
g Inverted hierarchy

P..(L/E) = 1— Py — P3; — Py
Py = cos*1(913)si112(2912)sin2

Daya Bay Agy)

Independaqt of & and Oy
Energy reso]utjpn is the key

@<

e
~
-~
.~
-
~
e
>~

10 15 20 25 30
L/E (km/MeV)

@ Interference effect > driven by Am?,, & Am?,, ¢ Rich phyS|.Cs program
® Needstats - 20 kT Lig. Scint. = Mass hierarchy

: = Steril tri
@ Need resolution > o = 3% / \/E(Mev) erie neutrnos
_ 2/ 5 = Improve mixing of 4 par.
: : Op = Am?y /| Amy) o sin?0,, sin%0,, Am2,, Am?
¥ Need optimum distance --> 53 km 12, 13 21 32

€ CR suppression = 700 m overburden = Supernovae
= Atmospheric

= Exotics
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Key formulas

€ Muon-neutrino disappearance

€ Electron-neutrino appearance

€ Electron-neutrino disappearance

P..(L/F)

1 — Py — P3; — Py
cos?(613) sin®(2612) sin®( Aoy )
cos?(#12) sin®(26-4) sin*(Ag;)

sin”(f12) sin” (2613 ) sin”(Asz) |
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Atmospheric neutrinos
oscillograms

Normal
hierarchy

Am, =2.32x107eV?

sin”(6,3) = %

- Am*L
Increasing ) . 2
Y density P(v —>v/3)—sm (6)sin [ 2 ]

Earth’s outer core

Inverted
hierarchy
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Future LBL experiments: MH and CPV

Reactor medium baseline

1 — Py — P33 — Py

cos?(613) sin®(2612) sin®

cos?(6,2) sin’ (26
si112(912) si112(291

Accelerator long baseline

0.15

E,(GeV)

0.15)

L =2300 km

6=0,IH
0=0,NH

r L=295km  §=0,1H 0.15) L=295km  §=n/2
6=0,NH 6=0
6=—n/2
- o1of 4 0.3 GeV
] &
R
0053 \
1 1 1 0.00 1 1 1 1 1 1 1
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L=1290km 6=0,1H 0.15 L=1290km &=n/2
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1.2 GeV S=nf2

0.15

2 7 3
E,(GeV)

E,(GeV)
L =2300km d=n/2
~1.7. GeV 6=0
n 6=-n/2

E,(GeV)

€ Mass hierarchy and CP modulate oscillation probability:
= Need to measure as a function of L/E [measure E spectrum]
€ MH sensitivity grows with L [matter effect]

¢ CP modulation grows with L/E [measure E spectrum]
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