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By Inductiveload
https://lbnf.fnal.gov/beam.html 

Nuclear  decay

Xianguo Lu, Oxford

Neutrino 

Rev. Mod. Phys. 84, 1307 (2012)

mass of a 
proton

 Neutrino beams from accelerators→ Directional 
“ decay” of energetic collision products 

(mostly 

 from )

https://lbnf.fnal.gov/beam.html
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D. Beavis, et al., P889: long baseline 
neutrino oscillation experiment at the 
AGS, Report No. BNL-52459, April, 1995

Xianguo Lu, Oxford

Phys. Rev. D 87, 012001  (2013)

T2K flux

● Charge selection on  
→ or  beams

● Quasi-pure beams

Phys.Rev.Lett. 116 (2016) no.18, 181801 

(OA)

Accelerator Neutrino
– A unique source

● Off-axis 
→Narrow-band beam 

● Quasi-mono-energetic 
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PMNS matrix
Pontecorvo–Maki–Nakagawa–Sakata

● What is the absolute neutrino mass and 
why is this mass so small?

● How is the different mass ordered?
→ 3 hint for NH from global fit 

“Normal” or “Inverted” 
Hierarchy/ordering

NH 
  

(See Susanne Mertens' talk for 
neutrino mass measurements)

Neutrino Mass
– Physics Beyond Standard Model

IH

1

~30

~30

1

(difference in 
squared mass)

[de Salas et al., Status of neutrino oscillations 2018: 3σ hint for normal 
mass ordering and improved CP sensitivity, Phys.Lett. B782, 633 (2018)]
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– Charge-Parity Symmetry (CP) Violation?

Matter   Antimatter 

Xianguo Lu, Oxford

NASA-HQ-GRIN NGC 4414
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If only 2 flavors, same oscillation pattern
→ CP violation not accessible 

Oscillation between flavor states as 
a function of time 
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Xianguo Lu, Oxford

Neutrino Oscillation
– 2-flavor
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→ CP violation 
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Xianguo Lu, Oxford

*3-flavor paradigm *3-flavor paradigm

Oscillation between flavor states as 
a function of time 

Neutrino Oscillation
– 3-flavor and CP violation
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☛VISOS (VISualisation of OScillation)

3-flavor oscillation in Nature: two different-scale (fast and slow30) oscillations

Neutrino Oscillation
– 3-flavor

(Click on figure to open web browser to view animation)

http://www-pnp.physics.ox.ac.uk/~luxi/visos/
http://www-pnp.physics.ox.ac.uk/~luxi/visos/kamlandcrustantinuecponmhnor_nframe440.mp4
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☛VISOS (VISualisation of OScillation)

CP conserved CP violated

Neutrino Oscillation
– 3-flavor and CP violation

(Click on figure to open web browser to view animation) (Click on figure to open web browser to view animation)

http://www-pnp.physics.ox.ac.uk/~luxi/visos/
http://www-pnp.physics.ox.ac.uk/~luxi/visos/vacuumnumuantinumu_cpoff_nframe600.mp4
http://www-pnp.physics.ox.ac.uk/~luxi/visos/vacuumnumuantinumu_cpon_nframe600.mp4
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PMNS matrix

Xianguo Lu, Oxford

Neutrino oscillations depend on mixing parameters and mass differences.  

CP Violation
– with accelerator neutrinos


13 

0 → 
CP

 can be observed
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PMNS matrixPMNS matrix

* neglecting matter effects

Xianguo Lu, Oxford

Neutrino oscillations depend on mixing parameters and mass differences.  

Fast oscillation

Oscillation probability
of 


 beam to 

e


13

CP Violation
– with accelerator neutrinos


13 

0 → 
CP

 can be observed

Phase ~ m2L/E
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PMNS matrixPMNS matrix

* neglecting matter effects

Xianguo Lu, Oxford

Neutrino oscillations depend on mixing parameters and mass differences.  

CP-odd term

CP Violation
– with accelerator neutrinos


13 

0 → 
CP

 can be observed

Phase ~ m2L/E

Oscillation probability
of 


 beam to 

e
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PMNS matrixPMNS matrix

by CPT symmetry

* neglecting matter effects

Xianguo Lu, Oxford

Neutrino oscillations depend on mixing parameters and mass differences.  


CP

→CP violation 

flip sign

CP Violation
– with accelerator neutrinos

Oscillation probability
of 


 beam to 

e


13 

0 → 
CP

 can be observed

Phase ~ m2L/E
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PMNS matrixPMNS matrix

by CPT symmetry

* neglecting matter effects

Xianguo Lu, Oxford

Neutrino oscillations depend on mixing parameters and mass differences.  

Slow oscillation


CP

13

Very small signal!!

CP Violation
– with accelerator neutrinos


13 

0 → 
CP

 can be observed

Phase ~ m2L/E

Oscillation probability
of 


 beam to 

e
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PMNS matrixPMNS matrix

by CPT symmetry

* neglecting matter effects

Xianguo Lu, Oxford

Neutrino oscillations depend on mixing parameters and mass differences.  


CP

13

CP Violation
– with accelerator neutrinos

“2nd oscillation 
maximum”

Slow oscillation


13 

0 → 
CP

 can be observed

Phase ~ m2L/E

increase with L/E

Oscillation probability
of 


 beam to 

e
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Oscillation Measurements in a Nut Shell
– Accelerator neutrino experiments

T2K (Tokai to 
Kamioka, Japan)

Xianguo Lu, Oxford

J.Phys.Conf.Ser. 396 (2012) 012034
NOvA (NuMI Off-Axis νe Appearance, US) 
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 and  beams

Oscillation Measurements in a Nut Shell
– Accelerator neutrino experiments

T2K

Far Detector

Xianguo Lu, Oxford

Proton beam energy 30 GeV
Power 50 – 480 kW

Phys.Rev.Lett. 116 (2016) no.18, 181801 
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Source: http://www-sk.icrr.u-tokyo.ac.jp/sk/detector/image-e.html

T2K far detector:
Super-Kamiokande

● 50 kt water-Cherenkov
● 11129 20-inch PMTs in inner 

detector; 1885 8-inch PMTs in 
outer veto detector

Xianguo Lu, Oxford

http://www-sk.icrr.u-tokyo.ac.jp/sk/detector/image-e.html
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Source: http://www.ps.uci.edu/~tomba/sk/tscan/th

e

, e identification
→ detect propagated  from J-PARC
→ E


 rec. from /e kinematics

Xianguo Lu, Oxford

http://www.ps.uci.edu/~tomba/sk/tscan/th
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DUNE (from 2026)

Oscillation Measurements in a Nut Shell
– Oscillation probability

T2K

Produced 


~ beam flux  interaction rate

Measured 


P (

 → 


 )

Xianguo Lu, Oxford

T2K, Phys.Rev. D96,  092006 (2017)

P (

 → 

e
 )

T2K, Phys.Rev. D96,  092006 (2017)

Measured 
e

Oscillation probability P = #measured/ #produced
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Oscillation Measurements in a Nut Shell
– and  measurements before oscillation

Near Detectors
@280m

T2K

Xianguo Lu, Oxford

See Kate Scholberg's talk for neutrino 
interaction measurements
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Off-axis
beam

Dipole magnet (0.2T)

T2K off-axis near detector (ND280)

Xianguo Lu, Oxford
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TPC

TPC

TPC

FGD1

FGD2

T2K off-axis near detector (ND280)

P0D

Xianguo Lu, Oxford

P0D: 0 Detector
Scintillator-based ECal

Tracker:
● FGD: Fine-Grained Detector

1. Active target
● Time Projection Chamber (TPC)

Constrain beam flux and 
interaction rate for 
oscillation analysis

arXiv:1910.03887
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+-

neutrino antineutrino

Intrinsic difference in even without CP violation

proton neutron

Xianguo Lu, Oxford

Cartoon by Marco Del Tutto

Oscillation Measurements in a Nut Shell
– and  interaction measurement
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+

proton

proton neutron

neutron

Nuclear effects like “2p2h” make it worse
Nuclear effects: all effects due to target A>1
Proton and neutron have VERY different experimental signatures

neutrino antineutrino

Xianguo Lu, Oxford

Cartoon by Marco Del Tutto

Oscillation Measurements in a Nut Shell
– and  interaction measurement
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Mock measurement with
perfect knowledge of interactions

arXiv:1801.09643
Xianguo Lu, Oxford

Coloma, Huber, Phys.Rev.Lett. 111 (2013), 221802

Mixing between 
 and  flavors

Oscillation Measurements in a Nut Shell
– and  interaction measurement
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arXiv:1801.09643

Xianguo Lu, Oxford

Coloma, Huber, Phys.Rev.Lett. 111 (2013), 221802

Mock measurement
ignoring nuclear effects of interactions

Mixing between 
 and  flavors

Oscillation Measurements in a Nut Shell
– and  interaction measurement
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MINERvA (Main Injector Experiment for ν-A, US)

Oscillation Measurements in a Nut Shell
– Dedicated and  interaction measurement

Charged-current coherent pion production:
Background of oscillation measurement

Various targets: He, CH, O, Fe, Pb

Xianguo Lu, Oxford

A A'

Pomeron exchange
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Phys. Rev. Lett. 113, 261802 (2014)

Constrain models used in oscillation measurements

Various targets: He, CH, O, Fe, Pb

Xianguo Lu, Oxford

MINERvA (Main Injector Experiment for ν-A, US)

Oscillation Measurements in a Nut Shell
– Dedicated and  interaction measurement
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Wascko, Morgan. (2018, June). T2K Status, Results, and Plans. Zenodo. 
http://doi.org/10.5281/zenodo.1286752

Sanchez, Mayly. (2018, June). NOvA Results and Prospects. 
Zenodo. http://doi.org/10.5281/zenodo.1286758

Xianguo Lu, Oxford

anticorrelation

Where Do We Stand?
– T2K and NOvA @Neutrino2018

T2K

NOvA

sin
CP

= +1

sin
CP

= 0

P (

 → 

e
 ) + P (


 → 

e
 )  

CP
-independent

Bi-event/probability plot [JHEP 0110, 001 (2001)]

sin
CP

= -1

http://doi.org/10.5281/zenodo.1286752
http://doi.org/10.5281/zenodo.1286758
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Where Do We Stand?
– T2K and NOvA @Neutrino2018

Wascko, Morgan. (2018, June). T2K Status, Results, and Plans. Zenodo. 
http://doi.org/10.5281/zenodo.1286752

Sanchez, Mayly. (2018, June). NOvA Results and Prospects. 
Zenodo. http://doi.org/10.5281/zenodo.1286758

δ
CP

 = −π/2 and sin2θ
23

 = 0.45(6) 

normal hierarchy

Xianguo Lu, Oxford NH 
  

T2K

NOvA

sin
CP

= -1

sin
CP

= +1

http://doi.org/10.5281/zenodo.1286752
http://doi.org/10.5281/zenodo.1286758
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Where Do We Stand?
– T2K and NOvA @Neutrino2018

Wascko, Morgan. (2018, June). T2K Status, Results, and Plans. Zenodo. 
http://doi.org/10.5281/zenodo.1286752

Sanchez, Mayly. (2018, June). NOvA Results and Prospects. 
Zenodo. http://doi.org/10.5281/zenodo.1286758

Data
Both statistically limited

Xianguo Lu, Oxford

T2K

NOvA

sin
CP

= +1

sin
CP

= -1

http://doi.org/10.5281/zenodo.1286752
http://doi.org/10.5281/zenodo.1286758
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Where Do We Stand?
– T2K update 2009-2018 data  () 1.49 (1.64) E21 POT

arXiv:1910.03887

T2K+Reactor, NH

T2K+Reactor

T2K-Only has high 
sensitivity in δ

CP 
due 

to  and  beams 

68.27% CL, NH

Xianguo Lu, Oxford

Best fit point at NH 
NH/IH Bayes factor 8 

arXiv:1910.03887

“This is the first time closed 99.73% (3) intervals 
on the CP-violating phase δ

CP
 have been reported 

(taking into account both mass orderings) and a 
large range of values around  /2 are excluded.”
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Gary Feldman, Long-Baseline Accelerator Neutrino Experiments, International Conference on the History of the Neutrino, 6 September 2018 

Xianguo Lu, Oxford

1st- and 2nd-Generation Experiments
– Demographics

2nd generation
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T2K (Tokai to 
Kamioka, Japan)

HK (Hyper-Kamiokande, Japan)

w/ 2nd detector in Korea→ T2HKK

https://indico.snu.ac.kr/indico/event/6/other-view?view=standard

J.Phys.Conf.Ser. 396 (2012) 012034
NOvA (NuMI Off-Axis νe Appearance, US) 

DUNE (Deep Underground Neutrino Experiment, US)

Xianguo Lu, Oxford

Proton beam energy 60-120 GeV 
Power 1.2 MW → 2.4 MW

Proton beam energy 30 GeV
Power 50 – 480 kW

3rd-Generation Experiments
– HK and DUNE

https://indico.snu.ac.kr/indico/event/6/other-view?view=standard
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DUNE (Deep Underground Neutrino Experiment, US)

J.Phys.Conf.Ser. 396 (2012) 012034HK (Hyper-Kamiokande, Japan)

w/ 2nd detector in Korea→ T2HKK

Ann.Rev.Nucl.Part.Sci. 66, 47 (2016)

Ann.Rev.Nucl.Part.
Sci. 66, 47 (2016)

T2K (Tokai to 
Kamioka, Japan)

https://indico.snu.ac.kr/indico/event/6/other-view?view=standard NOvA (NuMI Off-Axis νe Appearance, US) 

HK

DUNE

Xianguo Lu, Oxford

1300 km

3rd-Generation Experiments
– HK and DUNE

https://indico.snu.ac.kr/indico/event/6/other-view?view=standard
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DUNE (Deep Underground Neutrino Experiment, US)

J.Phys.Conf.Ser. 396 (2012) 012034HK (Hyper-Kamiokande, Japan)

w/ 2nd detector in Korea→ T2HKK

Ann.Rev.Nucl.Part.Sci. 66, 47 (2016)

Ann.Rev.Nucl.Part.
Sci. 66, 47 (2016)

1st osc. maximum

T2K (Tokai to 
Kamioka, Japan)

https://indico.snu.ac.kr/indico/event/6/other-view?view=standard NOvA (NuMI Off-Axis νe Appearance, US) 

HKHK

DUNE

Xianguo Lu, Oxford

295 km

1300 km

3rd-Generation Experiments
– HK and DUNE

https://indico.snu.ac.kr/indico/event/6/other-view?view=standard
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DUNE (Deep Underground Neutrino Experiment, US)

T2K (Tokai to 
Kamioka, Japan)

J.Phys.Conf.Ser. 396 (2012) 012034HK (Hyper-Kamiokande, Japan)

w/ 2nd detector in Korea→ T2HKK

Ann.Rev.Nucl.Part.Sci. 66, 47 (2016)

1st osc. maximum

2nd osc. maximum
L/E 3
Larger 

CP
 effects

At lower E (on-axis beam)

La
rg

er
 L

 to
 K

or
ea

https://indico.snu.ac.kr/indico/event/6/other-view?view=standard NOvA (NuMI Off-Axis νe Appearance, US) 

HKHK

Xianguo Lu, Oxford

DUNE

Ann.Rev.Nucl.Part.
Sci. 66, 47 (2016)

295 km

1300 km

3rd-Generation Experiments
– HK and DUNE

https://indico.snu.ac.kr/indico/event/6/other-view?view=standard
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MEXT budget announcement (Aug.29, 2019)  
http://www.mext.go.jp/kaigisiryo/2019/10/__icsFiles/afieldfile/2019/10/25/1421954_003.pdf

3rd-Generation Experiments
– HK

Exciting time:

12/2019: Approval by 
the Ministry of 
Finance and Cabinet

3/2020: Final approval 
by the Parliament

NEW: 令和 
(Reiwa) began 
on 1 May 2019

Xianguo Lu, Oxford

https://en.wikipedia.org/wiki/2019_Japanese_imperial_transition

http://www.mext.go.jp/kaigisiryo/2019/10/__icsFiles/afieldfile/2019/10/25/1421954_003.pdf
https://en.wikipedia.org/wiki/2019_Japanese_imperial_transition
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3rd-Generation Experiments
– HK

MEXT budget announcement (Aug.29, 2019)  
http://www.mext.go.jp/kaigisiryo/2019/10/__icsFiles/afieldfile/2019/10/25/1421954_003.pdf

Japan's 14 big projects

http://www.mext.go.jp/kaigisiryo/2019/10/__icsFiles/afieldfile/2019/10/25/1421954_003.pdf
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3rd-Generation Experiments
– DUNE

https://www.dunescience.org/about-the-collaboration/

Xianguo Lu, Oxford

# collaborators  baseline

https://www.dunescience.org/about-the-collaboration/
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DUNE (Deep Underground Neutrino Experiment, US)

DUNE
– Far detector

DUNE Sources: Alfons Weber, Oxford

Xianguo Lu, Oxford

Far Detector: New excavation commenced in 2017
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DUNE (Deep Underground Neutrino Experiment, US)

DUNE Sources: Alfons Weber, Oxford

Xianguo Lu, Oxford

DUNE
– Far detector
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DUNE (Deep Underground Neutrino Experiment, US)

DUNE Sources: Alfons Weber, Oxford

Xianguo Lu, Oxford

Liquid argon (LAr) 
Time Projection Chamber (TPC) 

DUNE
– Far detector
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DUNE Sources: Alfons Weber, Oxford

Xianguo Lu, Oxford

protoDUNE
– DUNE far detector prototypes at CERN

LAr TPC
● 3-dimensional track reconstruction with 

both ionization and scintillation
● Superb imaging quality

Single phase (details see BACKUP)
● Completed 6/2018, data taking 9/2018
● World's largest LAr TPC

Dual phase (details see BACKUP)
● Commissioning, first tracks seen
● Cosmic runs
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DUNE Sources: Alfons Weber, Oxford

Xianguo Lu, Oxford

protoDUNE
– DUNE far detector prototypes at CERN

LAr TPC
● 3-dimensional track reconstruction with 

both ionization and scintillation
● Superb imaging quality

Single phase (details see BACKUP)
● Completed 6/2018, data taking 9/2018
● World's largest LAr TPC

Dual phase (details see BACKUP)
● Commissioning, first tracks seen
● Cosmic runs

First event 13/9/2019Beam real events
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DUNE Sources: Alfons Weber, Oxford

DUNE (Deep Underground Neutrino Experiment, US)

DUNE
– Near detector

PRISM concept (Precision 
Reaction Independent Spectrum 
Measurement)
● Detector movable to different 

off-axis angles → simultaneous 
flux constraint 



Near Detector: 6th DUNE Near Detector Workshop 
https://indico.fnal.gov/event/21340/

https://indico.fnal.gov/event/21340/
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DUNE Sources: Alfons Weber, Oxford

DUNE
– Near detector

ArgonCube
● 35 LAr modules, pixelated readout (~2 billion 

voxels)
→ same target as Far Detector

2  2 prototype in Bern, to be placed in the NuMI beam MINOS ND Hall
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DUNE Sources: Alfons Weber, Oxford

DUNE
– Near detector

MPD (Multi-Purpose Detector) 
● Super-conducting magnet 0.5 T, 3.5 m inner 

radius (could contain the ALICE TPC)
→ charge selection

● High pressure gaseous TPC (10 bar) 
→ low threshold, full acceptance

● ECal (not shown)
→ neutral particle containmentXianguo Lu, Oxford
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DUNE Sources: Alfons Weber, Oxford

DUNE
– Near detector

3DST-KS (3D scintillator tracker – KLOE spectrometer)
→ On-axis flux monitoring
→ neutron detection

● Active target (8 t of 1 cm3 plastic cubes)
● KLOE spectrometer (tracker + KLOE Ecal&magnet SC 0.6T)

Xianguo Lu, Oxford



51

Summary

Xianguo Lu, Oxford

● CP violation uniquely probed by accelerator neutrinos
✔ Powerful controlled source of both neutrinos and antineutrinos
✔ Global-scale projects, challenging and ambitious 

● CP violation seems real!
✔ T2K reports 3measurement of 

CP

● DUNE is (more) real! 
✔ 2017: start of construction at SURF
✔ 2018: operation of two large-scale prototypes at CERN
✔ 2019: International approval of DUNE funding matrix
➢ 2021: start of installation of first 17-kt far detector module
➢ 2024: start of operation of 17-kt far detector module
➢ 2026: start of beam operation (1.2 MW) with two 17-kt FD modules

● Exciting time for HK, stay tuned! 

Thank you!

 3!)
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BACKUP
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DUNE Sources: Alfons Weber, Oxford

Xianguo Lu, Oxford

protoDUNE
– DUNE far detector prototypes at CERN

LAr TPC
● 3-dimensional track reconstruction with 

both ionization and scintillation
● Superb imaging quality

S. Murphy ETHZ
https://indico.cern.ch/event/649662/

Single phase
● Horizontal drift, wire readout (photon detector in APA)
● No amplification

Dual phase
● Vertical drift, PCB readout
● Tunable gain (signal amp. in gas)

https://indico.cern.ch/event/649662/
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DUNE Sources: Alfons Weber, Oxford

Xianguo Lu, Oxford

protoDUNE
– DUNE far detector prototypes at CERN

LAr TPC
● 3-dimensional track reconstruction with 

both ionization and scintillation
● Superb imaging quality

Single phase
● 3.6 m horizontal drift

Dual phase
● 6 m vertical drift

6 m

6 m

6 m



55

DUNE Sources: Alfons Weber, Oxford
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Worcester, Elizabeth. (2018, June). DUNE: Status and Science. Zenodo. 
http://doi.org/10.5281/zenodo.1286764

http://doi.org/10.5281/zenodo.1286764
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END
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