A forum for neutrino physics discussions at Nikhef



Why this meeting?

Neutrino physics is superinteresting.

Neutrino mass: solid evidence for beyond-the-original-SM physics
Window towards new physics: leptogenesis/flavour puzzle/sterile v/DM...

Lots of activity in past years, but much more to come.

There is much more to explore (for discussion!)

The international field is very dynamic.
How should Nikhef stand in this?
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Experimental landscape (personal impression...)
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Goal: an informal forum to discuss:

. neutrino physics

. our ambitions

. detector technology

. simulation/reconstruction/analysis software
. new ideas

and benefit from each other - strengthen the neutrino community @ Nikhef

Informal: no need for slick presentations
no questions are taboo

Format: meetings < 2 hours, 1 or 2 presentations/meeting, once per 2 (?) months

Nikhef strategy discussion spring next year.
Would be nice if this forum could connect to the strategy discussion

| did not invite PhD students/postdocs today, but could join in the future



Today: introducing DUNE and protoDUNE

Future topics:

e status of the field after Neutrino 2016

 how does better knowledge of certain parameters influence the
determination of other parameters?

* ORCA developments

e KM3NeT — DUNE — HyperK complementarity

e KM3NeT PMT technology transfer

... (your input here) (CMB expts? UHE cosmicv ?)



DUNE and protoDUNE
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The Long Baseline Neutrino Facility (LBNF)

e P5 Recommendation: US Strategy Document

— 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 [of
the report]. LBNF is the highest-priority large project in its
timeframe.

In short, asks Fermilab

SANFORD UNDERGROUND RESEARCH FACILITY

Lead, South Dakota to do for neutrinos
il what CERN did for the
Batavia, lllinois Higgs boson, involving
the worldwide
community
April 7 2016 DWNE Euro-meet LBNF



European Strategy Document

“‘Rapid progress in neutrino oscillation physics, with
significant European involvement, has established a
strong scientific case for a long-baseline neutrino
programme exploring CP violation and the mass
hierarchy In the neutrino sector. CERN should

develop a neutrino program to pave the way for a
substantial European role in future long-baseline
experiments. Europe should explore the possibility of
major participation in leading long-baseline neutrino
projects in the US and Japan.”



CERN Interpretation

v' no vbeams at CERN !

v’ vbeams in the US and in Japan

v’ A structure at CERN to foster an active
Involvement of Europe and CERN in the US
and Japanese new facilities

- Neutrino Platform as a project at CERN



Baseline
Protons power

Beam focusing

Far detector

Far detector
technologies

Near detector design

——

LBNE (FNAL)
1300 km
1.2 MW

NUMI-style

10+30 kton

single phase
LAr TPC

Magnetised fine
grained tracker
(FGT)

LBNO (CERN)
2300 km
0.75 &2 MW

CP-optimised

20+50 kton

dual phase
LAr TPC

HP GAr TPC

LBNF/DUNE
1300 km

1.2 MW then upgrade to 2.4 MW

NUMI-style or
CP-optimised

4x10 kton

single and/or dual phase
LAr TPC

Magnetised FGT and/or
LAr TPC and/or
HP GAr TPC
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DUNE Primary Science Program

Focus on fundamental open questions in particle
physics and astroparticle physics:

« 1) Neutrino Oscillation Physics
- Discover CP Violation in the I R

leptonic sector A3,

- Mass Hierarchy —_—

2 1
Amis ‘ —_—2 V4

“OAm%

|Am3;|

vy

- Precision Oscillation Physics:
e.g. parameter measurement, 6,5 octant, testing the 3-flavor paradigm

« 2) Nucleon Decay
- e.g.targeting SUSY-favoredmodes, p — K*v

- 3) Supernova burst physics & astrophysics

- @Galactic core collapse supernova, sensitivity to v,

11



The Standard 3-Flavour Paradigm

* Unitary PNMS matrix =) mixing described by:
= three “Euler angles”: (612, 613, 623)
= andone complex phase: ¢ «_

—
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_—

Uet Uy Ues 1 0 0 size C|\( c12 s12 0
Upmns = | Upt Uz Uz | =10 c23 523 0 —s12 ¢12 0
Un Up Ug 0 —s23 €23 C13 0 01

with Sijj = Sin@;j ; ¢jj = cos b;;
* If 0 # {0, m} then SM leptonic sector =» CP violation (CPV)
= CPV effects oc Sin 63
= now know that @3 is relatively large

# CPV is observable with conventional v beams

= LBNF/DUNE
Hyper-Kamiokande
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DUNE: oscillation length 1300 km -> large matter effects

Chosen solution: wide band beam, access to first and second oscillation maximum

muon-neutrino beam and muon-antineutrino beam
muon v disappearance as well as electron v appearance
disentangle mass hierarchy from 6 by energy dependence

L :
60:5 3 Horn Optimized a
T _ w2 Horn Optimized
o’ - 1
E ;;:./“LL—J"'P_H Reference ]
. Improvement from
, ™ ' . optimization
°
o
s
3
-
C
D ' " ,
o2

v, Energy (GeV)

(Compare Hyper-K: oscillation length 295 km, small matter effects
narrow band off-axis beam
lower energy, first oscillation maximum)
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2-generation osc probabilty:

. . 2
Vacuum: P = sin? 20 sin? AZZ?L
. ~ = 2
Matter: P = sin® 20 sin? AZ‘EL
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Three V generations

Octant 923 > 450 ?
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P(v, = v,), IH, 8,,=0
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DUNE Ancillary Science Program

Enabled by the intense LBNF beam and the DUNE near
and far detectors

- Other neutrino oscillation physics with BSM sensitivity
- Neutrino non-standard interactions (NSIs)
- Sterile Neutrinos at the near and far sites
- Measurements of tau neutrino appearance

Benefit from wide
band beam

a |

- Oscillation physics with atmospheric neutrinos
- Neutrino Physics in the near detector

- Neutrino cross section measurements > 100M neutrino
- Studies of nuclear effects, FSl etc. | interactions in
- Measurements of the structure of nucleons a few years of

. . operation
- Neutrino-based measurements of sin26y, 0

- Search for signatures of Dark Matter
18



Supernova vs

A core collapse supernova produces

an incredibly intense burst of neutrinos
« Measure energies and times of neutrinos from

galactic supernovabursts

- In argon (uniquely) the largestsensitivity is to v,
_ *
Ve + PAr —» e + 4K

, , 2 S B
- ~3000 interactions éw’ (i
@ 10 kpc i
gw’
Channel Events E102
“Livermore" model =
Ve +O0 AT — e K" 2720 10
Ve +0 Ar — et +40 C1* 230 ! Indicative likely
Ve +€ —U.+e 350 10 distance range
Total 3300 B Y L .
L Lo Dista1nct’:ze to supernova (Icpt‘:)03
35 09/03/2016  Mark Thomson | DUNE :.: }_’_i{t{ﬂ:&&%{?{ (\
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Supernova vs

A core collapse supernova produces

an incredibly intense burst of neutrinos
« Measure energies and times of neutrinos from
galactic supernovabursts

- In argon (uniquely) the largest sensitivity is to v,
_ *
Ve + PAr —» e + 4K

Energy

M Ees
W~ CAr
&=, “Ar

Events per bin

Evaerts per 0.5 MaV

L JE~0O(0MeV)

-

Physics Highlights include:
= Possibility to “see” neutron star formation stage

= Even the potential to see black hole formation !

10* 107

Time (seconda)

36 09/03/2016 Mark Thomson | DUNE UNIVERSITY OF (\

CAMBRIDGE
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APEX OF
EMBANKMENT
MAX. HEIGHT = 60'+

New neutrino beamline at FNAL

MIN. MI-10 POINT OF —
LBNF20 25 sOIL BEEY, 200% EXTRACTION
LBNF 40 LBNF 30 TARGETHALL  SHIELDING
NEAR DETECTOR ABSORBER HALL COMPLEX LBNF 5 - PRIMARY BEAM
SURFACE BUILDING SURFACE BUILDING

SERVICE BUILDING
EXISTING ELEV. 751+

EXISTING
ELEV. 756+

ROCK/SOIL

EXISTING
ELEV. 741+

BEAM
ENCLOSURE

1.2 - 2.4 MW 60-120 GeV proton accelerator

21



i
l
- o4 ’ .

LBNE Neutrino Beamline

T R

'

~

) = , .

Proposed LBNE Service Buildings

Protons from Main Injector

.,

Main Injector Road




Experimental facilities at a level ™ :_-
of 1478 m, located in South Dakota
Two vertlcal access shafts currently

being refurbshed =5
Will allovi allow large excavation
at SURF in 2017

1478 m
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Former Homestake goldmine in Lead, South Dakota

24
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& % Future Laboratories
P o » Experiment Hall

Q;Jp - L7 —+ Proposed third generation dark matter and/or

LUX/ZEPLIN 1 T neutrinoless double-beta decay
Proposed second generation dark matter

R&D opportunities *DUNE at LBNF
Proposed Deep Underground Neutrino Experiment

ong-Baseline Neutrino Facility
[ evel —four 10kT liquid argon detectors

eneration dark matter

MaJoraNA DEMONSTRATOR
Neutrinoless double-beta decay

Ross Campus
* BHSU Underground Campus

Low-Background Counting

+ CASPAR

Compact Accelerator System
for Performing Astrophysical Research

4850 Level (4300 mwe) + WD

MaJoraNA DEMONSTRATOR
Electroforming laboratory
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Caverns for 4 detectors (each 10 kton LAr TPC) + infrastructure

DOE approval of first 2 caverns, excavation to start in 2017/2018
DUNE far detectors (first two modules) ready 2025, beam 2026



Time Projection Chamber (TPC)

ArgoNeuT

Anade wire planes:

U V Y
Liquid Argon TPC p N
i
/‘/‘?ﬂ 1
m.l.p.lonizatlon: TN T
6000 e/mm p g?éan il
il ‘”Wﬁ'az 3
Wgriniianins
AR
Wi
)i
17 /i il “ H
s / ggg%égégzzgfggg Il « “Bubble chamber” like
{/ ‘nﬂ "a' L . . . -
170 kV :2 ,ﬂgggggéé%ééggﬁ a1 - imaging capabllltles (few
i mmresolution).
7 géggazagggggg, 11"« Excellent energy
i gzuggéég%é‘ = measurement.
7 Eégaggg“ — + Excellent e-y separation.
77 nggg’ o - Particle identification
- :;:/ = through dE/dx, range,..
Earire~ 500V/cm /s time »  Timing through scintillation
3.4m > 2.13ms light

single-phase readout 27



6m

12 m

Mounting Rails

wrapped wires
2 induction & 1
collection plane

Field Cage

Field Cage

Anode
Plane
Assembly
(APA)

Cathode
Plane

Assembly
(CPA)

X" Membrane
¥ cryostat
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Far Detector Prototyping Program

e Basic technologies demonstrated by ICARUS, ArgoNEUT/LArIAT, MicroBooNE,
WA105 but DUNE scale is very different (each module is 40x ICARUS) and
different in many details — need strong prototyping

e DUNE has well-developed plans for a series of detector prototypes that will
provide input to the process leading to the final design(s) for the DUNE far

detector modules.

® ProtoDUNE single- and dual-phase 300 tons prototypes to operate in 2018.

protoDUNE single
35T @ FNAL hase @CERN ’

YT e
‘\ _ﬁ.}.
v\ "’-1

[ Falid. |

protoDUNE dual
WA ~3x.1 x1@CERN phase@CERN

f‘:-_** :

Mitigation of risks associated with
current detector designs

Establishment of construction facilities
required for full-scale production of
detector components

Early detection of potential issues with
construction methods and detector
performance

Provide required calibration of detector
response to particle interactions in

charged particle test beams
29



Step by step (LAr TPCs)

.. the large scale is a big and new challenge

18'000 t

4 X

first step

15t [ Ko\

'l 1 ,:i A\ »
[ e g S 1 ,f;
- :
| |
l‘ / 1-0h 1-ph 1-ph
1-ph \  Zph M.(:mm SBND - ? 2.ph 1-ph
LArTPC LAr TPC atos protoDUNE
\ wat05 /
(| e CERNY—
Short — Platform

s : Minerva
—— R&D Baseline

To succeed we need to proceed in steps (for

cryostats, cryogenics and detectors) 30



Increasing Purity

MicroBoone:
1. Can achieve high purity in fully-instrumented cryostats
thanks to well-designed recirculating filtration system

2. Stable operations with high detector uptime possible with
LArTPC experiments

3. Can achieve low noise levels in LArTPCs thanks to cold
electronics

4. Robust signal calibration scheme important to correctly
measure ionization charge with LArTPC technology

5. Space charge effects observable in LArTPC data when
operating on surface

6. LArTPC experiments capable of producing high-level
physics results with automated reconstruction

Reconstructed cosmic tracks in MicroBooNE data
(assuming to = trigger)

Run 1542, Event 137
08/18/2015 00:59 AM

uBooNl} ~

POST- ‘\t:nggsf
window  One drift time Pre-
after the trigger window

Beauty of LArTPCs:
Automated reconstruction of

MicroBooNE Preliminary Volume Exchanges
5 6 7 8 9 10

7171 T T T T T 1 T T T T T

17 Electron lifetime
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Days from Start of Filtration

bubble-chamber-like images
Scales to large masses!




v future landscape (oscillation physics)

Neutrino Platform at CERN LAr
technology
SBN (short baselme)

Super- KAMIOKANDE

LBNF/DUNE




CERN EHN1 test beam extension

| NPO04

!

EHN1: 23/2/20164

WA105
6x6x6 will be here

QUADs CPL+OPS
forge aparure (200 vy

+ Use exsting large-
apertura magrets

= Baselne with
“‘standard” availables
beam instrumentation

equipment

» Cend-2

Aoteptance colt o : ) <
Qusdnpoies g KA K B € cporment
Norvertun 24§ 4 >
Selector e le Y
oo e s i
_> Incterieg beam £0 Calle; . SPCY b Cheserkoy
rign nesesty (<107)
L ) TOr3
i AManiared neaming heam ' 04 G Q5 |. )
Tprcinmeter for B PSS v "
—  LOW @Y DYM Deam fr oMM Partiods
reasunnem y o
Fra —
foaong

TABLE XIX: Kequrements for particles ond their momenta. The paricle rate heve (3 the rate unthn a spill,
regordless of the spdl length, slow exfraction ¥s assumed,
Ty pe Momentum [GeV/c] Rate [kHz] Total Time est. [hrs]

Muon tracks

L 008, 10, 1.8 2.0, 5.0, 100,200 0.1 g x10%%14 200

Shower resonstruction

wi= 08,07, 1.0,2.0,8.0,100, 200 0 Ex10%x14 200
e 05, 0.7,1.0,2.0,80,10, 20,0 01 B 10%%7 100

33




CERN North Area: 27/4/2016
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single-phase proto-DUNE in the CERN SPS test beam in 2018

Particle Momenta (GeV /c) Sample | Purpose
Size
nt 0.2,0.3,0.4,05,0.7,1,2,3,5 7| 10k | hadronic cal, 7’ content
T 0.2, 0.3, 04, 0.5,0.7, 1 10k hadronic cal, 7° content
at 2 600k | 7/~ sample
proton 0.7,1,2,3 10k response, PID
proton 1 1M mis-ID, PD, recombination
et ore” 0.2,03,04,05,1,2,3,5, 7 10k e-y separation/EM shower
o (0.2), 0.5, 1, 2 10k E,, charge sign
put (0.2), 0.5, 1, 2 10k | E,, Michel el.,charge sign
o oor ut 3,5, 7 5k E,, MCS
anti-proton low-energy tune (100) | anti-proton stars
K™ 1 (13k) | response, PID, PD
K+ 0.5, 0.7 (5k) | response, PID, PD
[, €, proton 1 (vary angle x5) 10k | reconstruction

Table 1: Requirements summary for particle types and momenta.

The sample size

column indicates the number of particles for each momentum point. Items in parenthesis
indicate lower priority (see text).
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Another Challenge: Event Reconstruction

Highly complex event
topologies that require
sophisticated reconstruction

algorithms.

18 GeV v, CC

Need to reconstruct tracks and showers, measure their energy
and perform particle identification. Automatisation a major challenge.

36



The DUNE Collaboration

162
As of today: from 149 Institutions in
856 Collaborators 29 Nations

900 | “usA , _ ,
UK Armenia, Belgium, Brazil,
ey Bulgaria, Canada, Colombia,
o Czech Republic, Finland,
mSwizedand France, Greece, India, Iran,
= spain ltaly, Japan, Madagascar,
o Mexico, Netherlands, Peru,
= Americas Poland, Romania, Russia,
Pohnd Spain, Sweden, Switzerland,

e Turkey, UK, USA, Ukraine

DUNE has broad international support and is growing
~70 new collaborators this calendar year

6 17/05/2016  Mark Thomson | Rapid City lémlié!lilﬂgé)g W
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The DUNE Collaboration

162
As of today: from 149 Institutions in
856 Collaborators 29 Nations
900 | A . : :

U Armenia, Belgium, Brazil,
:':: Bulgaria, Canada, Colombia,
. Czech Republic, Finland,
= switzertand France, Greece, India, lran,
= Polend Spain, Sweden, Switzerland,

e Turkey, UK, USA, Ukraine

DUNE has broad international support and is growing
~70 new collaborators this calendar year

6 17/05/2016  Mark Thomson | Rapid City lémlié!lilﬂgé)g W
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DUNE Strategic Goals 2016 - 2019

Top-level goals for 2016 - 2019

= Construction and operation of large-scale prototypes at CERN

« Critical for demonstrating the ability of the DUNE collaboration to
implement a major construction activity

Preparation of DUNE TDR for CD-2

« Along with the protoDUNE programme, this is the major scientific and
technical goalfor the collaboration

Enlarging the Collaboration

« To meetthe technicalchallenges aheadour goalis to enlarge the DUNE
collaboration, with particular focus on further internationalization. CD-3a
approval will presenta major opportunity

Identification of the resources for construction of DUNE

- DUNE TDR will presentinstitutional responsibilities for DUNE
construction. Fundingfor TDR scope needsto be in place by 2019

27  17/05/2016  Mark Thomson | Rapid City CAMBRIDGE (N

—

i—
-
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Far Site Facilities Scope and Requirements

Scope Element Funding Source

Excavation of 4850L detector and utility caverns and drifts DOE CD-3a
Surface buildings, utility infrastructure, cavern outfitting DOE Scope
LN2 cryogenic systems DOE
Four 10kt fiducial cryostats Non-DOE

I cryogenic systems Non-DOE

rand LN2 c\yogenic fluids procurement DOE and Non-DOE
l ¢
CERN takinglead in design of cryostats DOE review now
CERN funds donstruction of one cryostat If pass: start excavation

Opportunities for European (including Dutch) industry

40



What could Nikhef contribute?

We want to focus on the single-phase readout TPC technology.

TPC readout chain Trig hit Trieger farm
finder —_
Trigger

Anode Dagitisation ./
Plane Full—da od o\
"] !
Pl Buffer Collecter
or
Charge PhotoDet readout Trig hit
Charge fing ol Data farm

Plane
Daigitisation Collecter
Full—data}
Buffer

DAQ and trigger concepts still being developed
* Multiple streams

* Multiple types of trigger

* Multi-level triggering




Cryostat

Warm
Interface
Board ‘
FELIX
COLDATA FPGA
Front-end Boards

GBT

Host PC

CPU

MEM

Network Interface
card

l CPU farm

High speed
ethernet

FELIX is being developed in ATLAS for the phase 1 (LS-2) upgrade, and afterwards
Get data in computer memory, COTS networking equipment downstream
Essentially on a PCl-e card in a host PC, equipped with a FPGA

Nikhef is one of the major developers in ATLAS

protoDUNE plan: at least APA read out with FELIX. Test setup in ATLAS test room.
PhD student Milo Vermeulen, staff Frank Filthaut, Patrick Decowski, Paul de Jong
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FELIX plans

Proposed hardware setup

| FELIX PC (SuperMicro)

< single CPU (3.6 GHz E5-1650v4 or 3.5 GHz E5-1650v2), 6 cores,

hyperthreading; 16 or 32 GB memory (2 hosts available; upgrade from 16 GB
to 32 GB possible)

# 8-lane PCle Gen3 ™ measured max. throughput > 6 GB/s

© HTG710 board, 6 input links ™ input rate 57.6 Gb/s (payload: 45 Gb/s)
@ emulate 6 WIB links usingVC709 (optical splitter to create 6 links from 4)

< dual port 40 Gb/s Ethernet (or 56 Gb/s Infiniband) NIC (Mellanox), 8-lane
PCle Gen3 (3 available)

| event builder PC
< data sink
BoardReader PC
< (if needed)

All hardware available (Nikhef DAQ test lab)

2

VC709 CPU

UDP
WIB link custom

emulator  full

— Reader
mode I

FELIX PC trigger

CPU

artDAQ
Event

Builder

PC
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DUNE oscillation analysis:

Documented in CDR: arXiv:1512.06148, arXiv:1606.09550

* LBNF beamline simulator = fast MC using GENIE = GLOBES for fit (assumed syst.)

120

100

80

60

40

ITIIITIIITIIITIII

Events/0.25 GeV

L

20

2
Reconstructed Energy (GeV)

DUNE v, appearance
150 kt-MW-yr v mode
Normal MH,
sin’(ea)=0.45

— Signal (V,+v,) CC
— Boam (V,+v,) CC
— NC

(v.4v) CC

e (Ftv,) CC

= COR Reference Design
wemms Optimized Design

4 5 6 7

800

700
600
>
& 500
n
~N
o 400
8
S 300
>
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200

100

Next: more realistic simulation/reconstruction
Technical Design Report 2019

IlllrrrrTTlllL'IllllTllll'l-l—l—rT-
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r1DUNE v, disappearance
1150 kt-MW-yr v mode
isin’(e”)=o.45 —— Signalv, CC
= NC

(v.+v) CC

J e Bkgd V, CC
= COR Reference Design

semms Optimized Design

1 2 3 4 5 6 7
Reconstructed Energy (GeV)



Assumptions in CDR

Particle type Detection Energy/Momentum Angular
Threshold (KE) Resolution Resolution
p= 30 MeV Contained track: track length 1°
Exiting track: 30%
T+ 100 MeV p-like contained track: track length 1°

m-like contained track: 5%
Showering or exiting: 30%

e* /v 30 MeV 2% & 15%/VE[GeV] 1°
p 50 MeV p<400 MeV /c: 10% 5°
p>400 MeV/c: 5% @ 30%/v/E[GeV]

n 50 MeV 40%/VE[GeV] 5°
other 50 MeV 5% & 30%/vE[GeV] 5°
Source of MINOS T2K DUNE Comments
Uncertainty v, v, V,
Beam Flux 0.3% 3.2% 2% See “Flux Uncertainties” in Section 3.6.2
after N/F
extrapolation
Interaction 2.7% 5.3% ~ 2%  See “Interaction Model Uncertainties”
Model in Section 3.6.2
Energy scale 35% included  (2%) Included in 5% v, sample normalization
(V) above uncertainty in DUNE 3-flavor fit.
Energy scale 2.7% 2.5% 2% See “v, Energy-Scale Uncertainties”
(ve) includes in Section3.6.2

all FD

effects
Fiducial 2.4% 1% 1% Larger detectors = smaller uncertainty.
volume
Total 5.7% 6.8% 36 %
Used in DUNE 5% @ 2% Residual v, uncertainty: 2%
Sensitivity

Calculations



Mass Hierarchy Sensitivity

Mass Hierarchy Sensitivity
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M. Mezzetto, Neutrino 2016 6 DUNE 890 kt-MW-years

» DUNE CPV Sensitivity - siffhzgz=g.3§
' [ Normal Hierarchy —S =0
1LNH | e o -~ sitan-0s
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* DUNE curve is our 300 kt-MW-year exposure: ~1100 expected appearance events
« HK curve is a 10-year staged exposure -- 6 years with 15t tank (190 kt fiducial) + 4

years with both tanks (380 kt fiducial): ~4000 expected appearance events

DUNE: 300 kt-MW-year = about 8 years of running, with current staging estimates
890 kt-MW-year = 11 years with full detector and upgraded proton beam
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Encrgy Resolution (%)

Role of energy resolution

3D||k‘lll|||||l|l||||||||||l|l||||l|||||_
A ve CCevents .
30 \A » DUNECDR —
AA‘ [] Ankowskietal| -
25 N — LBNE 2013 ]
*‘.“ e This work -
20 s —
n e, .
C e,
15—
106
S
D&

Events/ 0.125 GeV

60

40

20

1 T
[CDR-like

5, -0"'v+\ cC
e B -% \ov CC

------ oc,,_ 90° v .+ CC
B Beam v +7, CC
B v+ NC

[ vav.CC

B v+, CC

Events/ 0.05 GeV

30

20

Ey (GeV) DUNE

100

arXiv:1607.00293

NH

CPV discovery potential

This work
memmmmm CDR-like

o

0

ocp (7)

| I I I I I

This work .

b,=0° \ovCC
--——b _90°v+\ cc

------- 8W= -90° v +,CC | A
I Beam v +v, CC
I v+ NC
[Jvav.CC

[ v.+v, CC

48



sin’0,, Resolution
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DUNE is more than &p:

86,, Resolution (degrees)

dcp Resolution
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DUNE Sensitivity
Normal Hierarchy
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sin’d,, = 0.45

200 400 600 800 1000 1200 1400
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Determination of mixing angles and Am?; consistency 3-generation picture,
BSM physics: non-standard neutrino interactions, proton decay,

Huge sample of neutrino interactions in near detector: SF, EW physics
Supernova neutrinos
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LBNF/DUNE - Construction Summary

Calendar Year 2017 2018

Pre-Excavation

ProtoDUNES running

2019

2020

2021 2022 2023

Shaft Utilities

Cryostat #1, Cryo Equip & Piping &

Commission Plant

Cryostat #2, Cryo Eq

——— L. . . s . o . . . ) . . S s S . . . .

PRMY BEAMLINE, HALLS & DECAY REGION

NEAR DET!

2024 2025

BEAMLINE

ECTOR HALL

2026 2027

Tes TPC/
LAr FILL

2028

Commission

——— . . ——— —————

2029

2030

LBNF
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DUNE Top Level Management Team
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Matter Effects

* Even in the absence of CPV
P(vy = Vve) = P(vy = Ve) #0

Neutrinos travel through material that is not CP symmetric, i.e.

matter not antimatter

* Complicates the simple picture !!!!

P(vy = Vo) = PV, & V) =

What we measure

2 I
1 16A . ,(AmyLY) , 5 2
gty ) N Sy a
reeEEEEm=m-=-= Z__l
i 2AL . (Amg3 L),
ME 1 — ——sin L IC135735%3(1 — 2513) <——] Proportional to L
B 4E )
CPV :--_8_5"-1%-12-_;-5’;1311---_6] e What we want
I — 8—————sIn“ | ——— |SInd } §13C1:C23523C12S
| 2 AE | 13€13€23523C12512
with A = 2V2GenE = 76 x 10%ev?. —£__._E
gem3  GeV
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Experimental Strategy
EITHER:

* Keep L small (~200 km): so that matter effects are insignificant

= First oscillation maximum:
AmglL T

2o~ 2 2 Ey<1GeV

= Since 0 o E, need a high flux at oscillation maximum
> Off-axis beam: narrow range of neutrino energies

OR:
* Make L large (>1000 km): measure the matter effects (i.e. MH)
= First oscillation maximum:
Amz L g

2.2 5 E,>2GeV

= Unfold CPV from Matter Effects through E dependence
> On-axis beam: wide range of neutrino energies
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Experimental Strategy

EITHER:
* Keep L small (~¥200 km): so that matter
= First oscillation maximum:

re insignificant

Am?2. L
4E
= Since igh flux at oscillation maximum
—» Of : narrow range of neutrino energies
OR:
* Make L large (>1000 km): meas tter effects (i.e. MIH)
= First oscillation maxip
Am3, L
AE 2
= Unfold CPV fro Arough E dependence
> On-axis bea ~=range of neutrino energies
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Separating MH & CPV

DUNE: Determine MH and probe CPV in a single experiment
Recall: - A = P(Vu — Ve) — P(Vu — Vo) = Acp + Amater

with different energy dependence

v, spectrum (IH) Vv, spectrum (IH)

(’
150 Q\O" T T T T
Ny 34 kion LAr @ 1300 km nLAr @ 1300 km = Signal, 8, =0
\,% 3 yrs v mode rs V mode Signal, 8, =90
80 GeV p beam, 1.2 MW 0 GeV p beam, 1.2 MW = Signal, 8, = -90°
sin*(2e,.) = 0.09 sin”(2e,.,) = 0.09 NC
e .) CC
3 bttty I 7 0
@ ignal, oqp = © hé
8 — Signal, 8, = -90° o ' =3 Beam (V.+v,) CC
o NG S
2 Vi gg 2
2 B g
50 20
0 2 4 . 8 i
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (Gev)



Separating MH & CPV
DUNE: Determine MH and probe CPV in a single experiment
Recall: ﬂ = P(VP« — Ve) — P(Vll — Ve) = ﬂcp + ﬂMa[ter
with different energy dependence

v, spectrum (NH) v, spectrum (NH)

150 Q\o\. i [ 60 0\,‘9 l '
N2 34 kton LAr @ 1300 km QO6h LA @ 1300 km = Signal, 3¢, =
\,% 3 yrs v mode $<<, sV mode Signal, 5 =90°
80 GeV p beam, 1.2 MW & GeV p beam, 1.2 MW — Signal, scp =-90°
sin’(28,,) = 0.09 sin(28,,) = 0.09 ~ZINC
— — 5 nal 6 = OO — - (Vu+vu) CcC
%100 ‘%lgnal Bep = 90° 2 . B ¥.+v) CC
% . Slgnal — 90 O EX) Beam (v.+v,) CC
; S
g 5 ay
5o -BeamveCC _ e i ||1 B
0% A 6 8 0 2 4 5 3
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MH and CPV Sensitivities

* Sensitivitiesdepend on multiple factors:
= Other parameters, e€.g.
= Details of beam spectrum, ...

12
- CDR Reference Design - CDR Reference Design C V
10 ——{| Optimized Design
Q Q %%
o (&)
c = =
S 3 ’
= E z”/l 50%
cC o el
T o 20 1= p=
‘B - v g =
I > llllll
2 Q‘ f——
Q =
100% [ 7 75%
U
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
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