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Outline

» Flavor Physics in the Lepton Sector and what we can learn
- The pattern of neutrino masses
- Whether they violate CP conservation
- Something even more unexpected
* Flavor Measurements at new facilities
- ICECUBE — PINGU
- Hyper-K
- DUNE
» Big goals mean big challenges
- Learning to build bigger better detectors
- Learning to make more precise predictions for Far Detectors
- Learning about the nucleus (see K. McFarland’s talk)
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Flavor Physics with Neutrinos

When the weak and mass eigenstates are not the same:
3x3 Unitary matrix, defined by 3 mixing angles and one phase

Call them 619, 693, 613,0  if 5;; = sinb;;, ¢;; = cos §;4, then

(1 0 0 €13 0 8136":6\ ¢19 S192 0)
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» Alot more complicated than 2v’s: P(v, »v,)=sin’ 29sm2((’"2
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Why look for CP violation with
leptons?

¢ Same reason you have

looked for it in quark CKM PMNS
sector: why is there no d s b v, v, v
antimatter today?
_ u | V. - =
* Maybe neutrinos
oscillate differently from ¢ m : v [ .

anti-neutrinos!

t : \,t..

https://arxiv.org/abs/1212.6374
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What else do we want to know?

Do neutrino mass states have the same mass structure as the

charged fermions?
AMg22 AM4,2=8x10°eV?2  Am 22> Am,32=2.5x10-3eV?

A
ViTT V2 } Am?
i vy 'y sol
o) figures courtesy B. Kayser
(Mass)? Am atm Or Am2
atm
Vs A J o)
v; } Am? v—¥

» By sending neutrinos through the earth, you can
become sensitive to this difference because
the earth is full of electrons
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Measuring Mass Ordering

Electrons in the earth act on v, and v.’s differently from
eachother, and from v, or v,

A% : e 7 _ 4V Wolfenstein,
e /\ V. e

e
2 2
- For 2 generations... PV, = v.) =sin’ wsm{(mz 4211 )LJ = 2\/§GF?6EU
Am
sin’ 20 n =€ density

sin®20,, =

sin” 20 + (+x — c0s20)’

L,, = Lx+/sin’ 20 + (£x — c0s 20)

Bad news: this complicates search for CP violation,
Good news: it means you can measure the mass ordering
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3-generation v,—v, Probabilities
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Much more complicated than 2-generation mixing

Interference between atmospheric and solar terms is where CP

violation arises

Size of that interference is function of all angles, including 05

Measurement at one L and E is not enough!

~
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Why make new facilities?

» Today’s accelerator v experiments
cover narrow energy bands,
statistics come slowly...

* What to see precision

across broad energy range

Antineutrino mode 1Re candidates

- Need intense beam & huge detectors

- Need to distinguish neutrino flavor

- Need to understand much better how

neutrinos leave energy in a detector!

» Three strategies:

- All Mass ordering, noQﬁ: PINGU
- AII,Q15, almost no mass ordering: Hyper-K
- Sensitivity to both: DUNE
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Neutrino Sources

* Atmosphere * Accelerator Beams
- Protons hit upper atmosphere - Protons hit a C or Be target
- Pions and Kaons are - Pions and Kaons produced and
produced and decay are focused then decay
- Flavor Ratio: 2 v, per v, - Flavor Ratio: ~100 v, per v,
- v/anti-v ratio: depends on the - v/anti-v ratio: depends on

neutrino energy focusmg, but ~95% pure at peak
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Flavor Physics in PINGU

= PREM B Crust

« By separating out muon NI e ©
neutrinos by energy and zenith 7, g
angle, try to distinguish between § - S
normal and inverted mass 5] ]
ordering 3 <
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Neutrino Detectors

« |CECUBE, Hyper-Kamiokande, DUNE: 3
very different detectors, different sizes,
different granularity

IceCube Lab
5 .-’::::':‘::;;;:::'i:{“::"_;/ Igi?;l;?gmls H yper- K
m[—— P _-..:.-'_ __________ optical sensors 6 O m t a ”
’

74m diameter

]| e

50cm PMTs, 40% coverage

IceCube Array
86 stringi including
8 DeepCore strings
5160 optical sensors
DeepCore
8 strings-spacing optimized
for lower energies
i 480 optical sensors
Eiffel Tower
324 m

1450m |

2450 m

2820 m DeepCore: 4 modules of
42m string separation alk liquid Argon,
7m between each PMT Active: 60m x 12m x 14m
PINGU: 2.4 and 7m PMT separation Wire pitch ~4.7mm.
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What can you do in 40m?

* | got to see the world’s §

y largest free-standing $
.,_,,,x.zm.;wm.-,.'....;;;,‘.‘%_% to_tem pole in Beacon %
Hill Park yesterday: 3

40m tall g
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Neutrino Interactions

* v, charged current interactions, 3 very different ways

Deep Core
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Neutrino Detection: Cerenkov

° - ~100
ICECUBE and Hyper-K 100m
- Use Cerenkov radiation in ICECUBE, TeV-PeV v, interaction

water or ice to see secondary
charged particles produced by
neutrinos interacting on nuclei

- ICECUBE sees high energy
showers and muons that
extend past those showers

15 6 May 2019 D. Harris | Future Neutrino Facilities



Neutrino Detection: Cerenkov

- |[CECUBE and Hyper-K

- Use Cerenkov radiation in
water or ice to see secondary
charged particles produced by
neutrinos interacting on nuclei

- ICECUBE sees high energy
showers and muons that
extend past those showers

49|13 ddijiyd Asa1unod sAe|dsip Juanj a10) dasQ
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From ICECUBE to PINGU

1000
- PINGU e m
- 7 for phase |, but ’
then... o
o0®’ i
- 26 strings, 100 ‘c000® =
optical modules o0 Je® :
each 2:. o ®
. . o0°®
- Different optical ¢ s
modules . e
. . —ml -
- New Calibration o
system .
-9 @ !
IceCube DeepCore PINGU ;Z;igm glggm gl}gm
Instrumented Depth
Graphics courtesy P. Eller
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PINGU Preparations

* Focus on Optical performance and string separation

* New Calibration strategies: add new strings but with more calibration
devices on board (LED’s to get better inner-PMT spacing

Penetrator HV Divider

New Multi-PMT Design

Current Design

EGG-2 Design

18 6 May 2019 D. Harris | Future Neutrino Facilities 2= Fermilab YORK[I

vvvvvvvvvv



Neutrino Detection: Cerenkov

ICECUBE and Hyper-K

- Use Cerenkov radiation in
water or ice to see secondary
charged particles produced by
neutrinos interacting on nuclei

- Hyper-K running at energies
where you see final lepton and
maybe evidence of a pion
through 1 — u — e decay
chain

Hyper-K 700MeV v, interaction

19
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Hyper-K Preparations

« Improvements in Optics:
- Multi-PMT investigations for Near and Far Detectors

- make sure phototubes can survive an an
implosion in the tank

- Higher efficiency photocathodes

- Improve electronics readout to take
high rate from supernovae

« Aside....Gd doping: better neutron detection,
better sensitivity to reactor antineutrinos

- Super-K was emptied in 2018, leaks repaired, filled with pure water
- Preparing Super-K detector for addition of Gd

- Ultimately if this went into Hyper-K the low energy physics reach
would be enormous (solar and reactor neutrinos)
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Neutrino Detection: TPC

* Electronic bubble chamber "

that lets you see most final |,
state particles (except g
neutrons) - +

-III|III'IlIIII|IIVII#IﬁhIllilllllllll-

III|IIII|IIlI'lIIII|IIII|III'I|IIII|IIII

PR SR S [N SN S SR RS TR SR S (N SR A SR SR R ST S S’
40 kL 5] Lt L L] [[ETT]

st

* Liquid Argon gives you
lonization electrons (slow) Simulated ve+Ar to e+p+X event
and scintillation light (fast)

E
|

Electron and
pion test beam
events in
ProtoDUNE at
CERN

1 GeV - Electron (EM shower) T
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The role of Near Detectors
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Near Detector for Hyper-Kamiokande

« T2K near detector complex still there!

4.0° Off-axis Flux

 NuPRISM: keep water Cerenkov technology,
but look at event spectra at different angles

« Decouple flux and interaction uncertainties by
adding known change to flux

« Challenge: how do you make sure the detector
acceptance differences can be predicted?

E, (GeV)

‘f“‘ 1.0° Off-axis Flux

10m wide pit ’ —
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Near Detector for DUNE

Challenge for TPC
with wire plane
readout: Fora
4x3x5m3 of LAr
at ~1km: each
color is different
v, 37M Charged
Currentv,

interactions/year
(80 GeV p, 1.5x102! POT)

« Beam is so intense in near detector hall, need design change

« Challenge: still need to measure how well the far detector design can
identify interactions!
« Solution: Modular design, pixels instead of wires to read out signals

25
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Near Detector for DUNE

Challenge for TPC
with wire plane
readout: Fora
4x3x5m3 of LAr
at ~1km: each
color is different
v, 37M Charged
Currentv,

interactions/year
(80 GeV p, 1.5x102%1 POT)

« Beam is so intense in near detector hall, need design change

« Challenge: still need to measure how well the far detector design can
identify interactions!
« Solution: Modular design, pixels instead of wires to read out signals

26
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From wires to pixels ina TPC

- Pileup is reduced if you are Cosmic ray interactions in test system using

reading out much less pixels across a 4.8x9.6cm? area, 60cm drift
Argon per channel Raw events shown

L
-

« Challenge: exponential
growth of number of

L
]
% W
L T
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- .y

o

O

=

. Ca e ~('<D

readout channels e ST iRy o
e, : o Yase ~
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readout channel to not boil e 5 ) % =
the argon! e el : 9
. = =
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Near term: Testing soon in current 6GeV v beam!
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PINGU Physics Reach

* PINGU is 26 strings, 7m and 2.4m separation

« Small mixing enhances matter effects, can exclude wrong mass ordering

Super-K 2017 b—————

OPERA 2018

Mass Ordering Sensitivity v, Appearance
8 ! : i ! : 2.00
w— NO (Asimov) - @ NO (LLR) s { lceCube Upgrade | 95%]|range
T 10 (Asimov) e IO (LLR) P 1 1.75 ] Projgction " 68% range
6| : -
: 150‘
w5t L i |
=1 PINGU (4y) g 125
s : 2 100 I I i
i o
s = 0.75] = Rl
2t : oo e . | ] = e =
5 : : z i 1 mRe B
Lo PRELIMINARY: - _ 2 €53
: i ] i 0.25 v VU = R
0 : : i L i 1 o o
0.35 0.40 0.45 0.50 0.55 0.60 0.65 ] S
. 9 0.00 . . | . | 2
sin“ 0 05 1.0 15 20 25 3.0 ]
23 livetime (years) o

https://arxiv.org/abs/1401.2046
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https://arxiv.org/abs/1401.2046

6CP [degree]

Hyper-Kamiokande Physics Reach

+ Sensitivity shown assumes mass ordering is known, sensitivity
IS comparable for either mass ordering

Normal mass hierarchy
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arXiv:1805.04163, Hyper-K Design Report
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DUNE Physics Reach

« Mass Ordering: should get to see this in first few years

« CP Violation: definitive test over 50% of parameter space!

 Able to test the framework with broad energy range

« Sensitive to supernovae burst, expect 1000’s of events

Ayoiesaly sse\

30

- DUNE Sensitivity
" Normal Ordering
| sin®20,, = 0.085 + 0.003

\f Ay?
—r
o

iy
o

)]

0

25 6,.: NuFit 2016 (90% C.L. range) ===+ sin%0,, = 0.441 + 0.042

~1 0.8-06-0.4-02 0 0.2 0.4 0.6 0.8 1

7 years (staged)
[ 10 years (staged)

cp/T
arXiv:1807.10334, DUNE Interim Design Report

10

DUNE Sensitivity

Normal Ordering

sin®26,, = 0.085 + 0.003

6,,: NuFit 2016 (90% C.L. range)

C

7 years (staged)
77 10 years (staged)
...... Siflzen = 0.441 £ 0.042

dcp/T

30
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Conclusions

« Several new facilities on the horizon for v Flavor Physics, mid-
2020’s start dates for all

 Very different detectors and
beams provide most complete
picture: equivalent unitarity triangle

- PINGU —Mass Ordering
- Hyper-K —CP Violation at 0.6GeV

- DUNE—CP Violation and
Mass Ordering over broad energies

« We have our work cut out for us: e o 08

- New exciting ideas for Near Detectors to make sure we can meet the
high statistics at the far detector with precise predictions
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Thank you!
Merci!

Ca'scade (25GeV)

Thanks to Phillip Eller and Masashi Yokoyama for information and graphics
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Backup Slides




ICECUBE TIMELINE

 7-string upgrade approved by National Science
Foundation, deployment planned for 2022/23

* Rough timeline (here for “full” PINGU = even more strings)

[ Drill Engineering and Refurbishment j
Firn Drill
Transport
Main Drill
Transport

[ Optical Module Production ]

[ Optical Module Transport j

[ Site Preparation ]
[ Deployment ]

| | | | | |
I | | | | 1
Project Year | Project Year 2 Project Year 3 Project Year 4 Project Year 5
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Hyper-K Construction Timeline

JFY
2019 2020 2021 2022 2023 2024 2025 2026 2027

PMT
' ‘ i ' ‘ Tank--support—Water
Geosurvey Design Cavern excavation lining installation filling
design

Preparatory ~ Access Approach
construction  tunnel tunnel

Preparatory
construction for
excavated rock Excavated rock disposal
disposal
Tank
design

System SEE]

Electronics Production :
Tests tion

PMT Production

Beam Upgrade

Near and Intermediate Detector

« 2018: Japanese seed funding, U. Tokyo commits to 2020 start

« 2019: start of funding applications in participating countries

UNIVERSITY



Hyper-K in Korea?

« Considering putting second detector at 1100km, which puts
the first maximum at 2GeV, 2" Maximum at 750MeV

OAB 2.5 at HK




DUNE Timeline

018: protoDUN
CERN

Sa

DUNE Far Detector
Interim Design

Report (2018
¥ port ( )

arXiv:

2019: Technical Design
Report

Physics data as soon as 1%t ] :
module complete 2019: Far Site Primary
«  Atmospheric vs Excavation Begins

e SNB and solar vs
* Baryon number
violation

() : viodaule
* Detector calibration Installation Begins

O E. Worcester, v2018
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DUNE and Supernova Burst

 In DUNE, the
signal
dominated by
electron
neutrinos:

* Events per 0.5

MeV per ms, 40

kton @10 kpc

Neutronization

v, +%Ar — e +40K*

Accretion Cooling

Energy (MeV)
8 & 8

g &
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Z 50F i o -3
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Time (seconds) . .
DUNE Simulation 30 MeV v
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Neutrino Interactions at a few GeV

« Optics analogy: the wavelength of your probe determines what
you can see

» High energy neutrinos can transfer more momentum, which
means they can see smaller structure (quarks)

Quasielastic ~ Resonance DIS
w+ wt w
. b T d u
+
\j, — © K,x°
pr’
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Measuring Neutrino Energy

« Should be easy, right?
- Assume neutron at rest
- |IF you know initial direction of neutrino...

- Final direction and energy of electron should suffice to get to the
neutrino energy

2 (M, — Ep) E, — [(M,, — Ep)* +mZ — M|

Ve \/ € B = 2[(Mn—EB)—E,,+‘/Eﬁ—mﬁcoseu]

W
: Mn, Mp, my Neutron, Proton, Muon Mass

Es Binding Energy (~30 MeV)
n p Oy Muon Angle w.r.t. Neutrino Direction
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Components of DUNE’s Near Detector

« Several different detector technologies to play different roles

« Similar design concept as T2K’s near detector suite

Fig. from Symmetry Magazine

Scintillator detector

Liquid argon TPC

Graphics courtesy S. Manly

Liquid argon and
maybe other parts
can move off-axis

High pressure
gaseous argon TPC

To South
Dakota
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Near detector on and off axis

* Neutrinos mostly made from
2-body decays: specific
relationship between neutrino
energy and pion energy and

Off-axis position (m)
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« Test model of neutrino energy
showing up in detector by
having same detector in many
off axis angles
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