
Status of LBNF/DUNE 
Gina Rameika
DUNE Co-spokesperson

PAC Meeting
21 June 2022



Outline
• Introduction to DUNE
• Status of DUNE
• Status of LBNF
• Summary

• Lot’s of additional slides for FAQs

6/21/22 Rameika | PAC June 20222



DUNE Physics Goals
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• Unambiguous, high precision measurements of Dm232, dCP, sin2q23, sin22q13 in a single 
experiment

• Discovery sensitivity to CP violation, mass ordering, q23 octant over a wide range of 
parameter values

• Sensitivity to MeV-scale neutrinos, such as from a galactic supernova burst
• Low backgrounds for sensitivity to BSM physics including baryon number violation
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Neutrino oscillations in DUNE
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At the Near Detector we measure the rate, composition and spectrum 
of the neutrino beam before oscillations
At the far detector we measure nµ (nµ) disappearance 
and ne (ne) appearance



Why is this the best configuration for the 
experiment
• Baseline is optimized

• Beam spectrum covers 
the oscillation curve

• Detector Technology 
enables precise energy 
reconstruction
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Baseline Optimization Study

CPV �CP Coverage vs Baseline MH �CP Coverage vs Baseline

I CP violation: need a long enough baseline to resolve the mass hierarchy and
short enough for adequate statistics

I Mass hierarchy: a longer baseline is better

I This study optimizes the beam for each baseline

I 1300 km is an optimal baseline when both e↵ects are considered

Matt Bass (CSU) Future Neutrino Oscillation Sensitivities for LBNE 8/22/2013 23 / 26

Chapter 5: Standard neutrino oscillation physics program 5–129
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Figure 5.2: ‹e and ‹̄e appearance spectra: Reconstructed energy distribution of selected ‹e CC-like
events assuming 3.5 years (staged) running in the neutrino-beam mode (left) and antineutrino-beam
mode (right), for a total of seven years (staged) exposure. The plots assume normal mass ordering and
include curves for ”CP = ≠fi/2, 0, and fi/2.
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Figure 5.3: ‹µ and ‹̄µ disappearance spectra: Reconstructed energy distribution of selected ‹µ CC-like
events assuming 3.5 years (staged) running in the neutrino-beam mode (left) and antineutrino-beam
mode (right), for a total of seven years (staged) exposure. The plots assume normal mass ordering.
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DUNE – Phase 1
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• LBNF will provide caverns for 4 detector modules at SURF

- 1st detector to be installed in NE cavern has horizontal drift (like ICARUS and 
MicroBooNE)

- 2nd detector will go into SE cavern and has vertical drift (capitalizing on  elements of 
the dual phase development)

Note :  DUNE Science begins
when FD1 is filled and turned on

and recording tracks

n’s
 fro

m FN
AL

APA* Horizontal Drift

*Anode Plane Assemblies
**Charge Readout Planes

CRP** Vertical Drift



DUNE – Phase 1
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• Near Detector Complex houses a 
set of detectors that work in concert 
with each other to predict the far 
detector spectrum and monitor the 
beam stability.

• These include 

- A liquid argon TPC (ND-LAr) plus a 
Muon Spectrometer (TMS) ; these 
can move off-axis (PRISM system)

- An on-axis beam monitor (SAND) ; 
SAND will also make precision 
measurements of multiple channels of 
neutrino interactions,  leading to more 
control of systematics

11/29/21, 11'53 AMDAY 01 ISO.JPG
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Definitions
• DUNE Phase I (accomplished with LBNF/DUNE-US and PIP-II 

projects and international partners)
- Two far detectors : 1 HD + 1 VD
- Near detector = NDLAr + TMS + SAND + PRISM movement
- 1.2 MW beam power from PIP-II 

• DUNE Phase II (or upgrade paths)
- Additional mass at Far Detector
- A more capable near detector (MCND) (could replace)TMS
- Increased beam power (up to 2.4 MW) provided by Booster 

replacement 
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Neutrino oscillations in DUNE
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• The DUNE neutrino oscillation program is exceptional due to several key features of the 
experiment and facility design :
- The 1300 km baseline between Fermilab and SURF location for the far detectors enables an 
unambiguous measurement of the neutrino mass ordering (mass hierarchy)
- The detector’s on-axis location provides for a wide-band energy spectrum of neutrinos to be 
seen in the near and far locations enabling detailed fitting of the oscillation parameters
- The liquid argon detector technology enables precise reconstruction of the neutrino interactions
- The Near Detector complex at Fermilab will support near detectors that will  provide unprecedented 
control of systematic uncertainties in the prediction of the un-oscillated neutrino flux

6/21/229



Status of DUNE
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• Far Detectors
- Designs are quite mature and 

prototyping activities are in full 
swing at CERN neutrino 
platform

- The Far Detector and 
Cryogenics sub-project (FDC) 
is planning to be ready for CD-
2 in 2023

• Near Detectors
- Work continues on prototyping 

the LarTPC modules for the 
2x2 demonstration in the 
NuMI beam

- Collaboration decision on the 
inner tracker for SAND has led 
to an updated Consortium 
organization with focus on 
designs for the Straw Tube 
Tracker (STT) and a liquid 
argon target volume (GRAIN)

- Designs will mature over the 
next two years



ProtoDUNE-I (HD) –> ProtoDUNE-II (HD)
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• ProtoDUNE I consisted of two drift volumes each with 3 APAs, for a 
total of 6; this enabled a full demonstration of deployment with 
upstream, downstream and middle modules of field cages

• ProtoDUNE II will reduce in size to two volumes with only two APAs 
each; one side will be deployed with upside down APAS to mimic the 
bottom of the double decker layers that are in DUNE 



ProtoDUNE-II HD assembly
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Cabling to the flanges (8 Nov.)

8 Dec. 2021 C. Touramanis | APA Cold Test | FD1-HD TB9

Photon Detector & RTD cables

CE cables

ProtoDUNE-HD-Module 
0

2022 2023

March April May June July August
Septemb

er October
Novemb

er
Decembe

r January February March April May June July
Detector Installation
Close TCO and Fill 
Cryostat
Detector Operation 
(Cosmics)
Detector Operation 
(Beam)
FD1 Cold Box Tests
APA #1
APA #2
APA #3
APA #4



ProtoDUNE – Vertical Drift
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Dummy  anode

Bottom CRP support

Bottom CRP

Cathode + PDS

Top-CRP

Dummy  
cathode



Contributions
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2020 Update of the 
European Strategy for 
Particle Physics
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Major developments  
from the 2013 Strategy

$�� 6LQFH�WKH�UHFRPPHQGDWLRQ�LQ�WKH������6WUDWHJ\�WR�SURFHHG�ZLWK�WKH�SURJUDPPH�
RI�XSJUDGLQJ�WKH�OXPLQRVLW\�RI�WKH�/+&��WKH�+/�/+&�SURMHFW��ZDV�DSSURYHG�E\�WKH�
&(51�&RXQFLO�LQ�-XQH������DQG�LV�SURFHHGLQJ�DFFRUGLQJ�WR�SODQ��,Q�SDUDOOHO��WKH�/+&�
KDV�UHDFKHG�D�FHQWUH�RI�PDVV�HQHUJ\�RI����7H9��H[FHHGHG�WKH�GHVLJQ�OXPLQRVLW\��DQG�
SURGXFHG�D�ZHDOWK�RI�UHPDUNDEOH�SK\VLFV�UHVXOWV��%DVHG�RQ�WKLV�SHUIRUPDQFH��FRXSOHG�
ZLWK�WKH�LQQRYDWLYH�H[SHULPHQWDO�WHFKQLTXHV�GHYHORSHG�DW�WKH�/+&�H[SHULPHQWV�DQG�
WKHLU�SODQQHG�GHWHFWRU�XSJUDGHV��D�VLJQLÀFDQWO\�HQKDQFHG�SK\VLFV�SRWHQWLDO�LV�H[SHFWHG�
ZLWK�WKH�+/�/+&��7KH�UHTXLUHG�KLJK�ÀHOG�VXSHUFRQGXFWLQJ�1E�6Q�PDJQHWV�KDYH�
EHHQ�GHYHORSHG��The successful completion of the high-luminosity upgrade of 
the machine and detectors should remain the focal point of European particle 
physics, together with continued innovation in experimental techniques. The 
IXOO�SK\VLFV�SRWHQWLDO�RI�WKH�/+&�DQG�WKH�+/�/+&��LQFOXGLQJ�WKH�VWXG\�RI�ÁDYRXU�
physics and the quark-gluon plasma, should be exploited. 

%�� 7KH�H[LVWHQFH�RI�QRQ�]HUR�QHXWULQR�PDVVHV�LV�D�FRPSHOOLQJ�VLJQ�RI�QHZ�
SK\VLFV��7KH�ZRUOGZLGH�QHXWULQR�SK\VLFV�SURJUDPPH�H[SORUHV�WKH�IXOO�VFRSH�RI�WKH�ULFK�
QHXWULQR�VHFWRU�DQG�FRPPDQGV�VWURQJ�VXSSRUW�LQ�(XURSH��:LWKLQ�WKDW�SURJUDPPH��WKH�
1HXWULQR�3ODWIRUP�ZDV�HVWDEOLVKHG�E\�&(51�LQ�UHVSRQVH�WR�WKH�UHFRPPHQGDWLRQ�LQ�WKH�
�����6WUDWHJ\�DQG�KDV�VXFFHVVIXOO\�DFWHG�DV�D�KXE�IRU�(XURSHDQ�QHXWULQR�UHVHDUFK�DW�
DFFHOHUDWRU�EDVHG�SURMHFWV�RXWVLGH�(XURSH��Europe, and CERN through the Neutrino 
Platform, should continue to support long baseline experiments in Japan and the 
United States. In particular, they should continue to collaborate with the United 
States and other international partners towards the successful implementation of 
the Long-Baseline Neutrino Facility (LBNF) and the Deep Underground Neutrino 
Experiment (DUNE).

General considerations
for the 2020 update

$�� �(XURSH��WKURXJK�&(51��KDV�ZRUOG�OHDGHUVKLS�LQ�DFFHOHUDWRU�EDVHG�SDUWLFOH�
SK\VLFV�DQG�UHODWHG�WHFKQRORJLHV��7KH�IXWXUH�RI�WKH�ÀHOG�LQ�(XURSH�DQG�EH\RQG�GHSHQGV�
RQ�WKH�FRQWLQXLQJ�DELOLW\�RI�&(51�DQG�LWV�FRPPXQLW\�WR�UHDOLVH�FRPSHOOLQJ�VFLHQWLÀF�
SURMHFWV��7KLV�6WUDWHJ\�XSGDWH�VKRXOG�EH�LPSOHPHQWHG�WR�HQVXUH�(XURSH·V�
FRQWLQXHG�VFLHQWLÀF�DQG�WHFKQRORJLFDO�OHDGHUVKLS� 

%�� 7KH�(XURSHDQ�RUJDQLVDWLRQDO�PRGHO�FHQWUHG�RQ�FORVH�FROODERUDWLRQ�EHWZHHQ�
&(51�DQG�WKH�QDWLRQDO�LQVWLWXWHV��ODERUDWRULHV�DQG�XQLYHUVLWLHV�LQ�LWV�0HPEHU�DQG�
$VVRFLDWH�0HPEHU�6WDWHV�LV�HVVHQWLDO�WR�WKH�HQGXULQJ�VXFFHVV�RI�WKH�ÀHOG��7KLV�KDV�
SURYHQ�KLJKO\�HIIHFWLYH�LQ�KDUQHVVLQJ�WKH�FROOHFWLYH�UHVRXUFHV�DQG�H[SHUWLVH�RI�WKH�
SDUWLFOH��DVWURSDUWLFOH�DQG�QXFOHDU�SK\VLFV�FRPPXQLWLHV��DQG�RI�PDQ\�LQWHUGLVFLSOLQDU\�
UHVHDUFK�ÀHOGV��$QRWKHU�PDQLIHVWDWLRQ�RI�WKH�VXFFHVV�RI�WKLV�PRGHO�LV�WKH�FROODERUDWLRQ�
ZLWK�QRQ�0HPEHU�6WDWHV�DQG�WKHLU�VXEVWDQWLDO�FRQWULEXWLRQ��The particle physics 
community must further strengthen the unique ecosystem of research centres 
in Europe. In particular, cooperative programmes between CERN and these 
research centres should be expanded and sustained with adequate resources in 
order to address the objectives set out in the Strategy update. 

&�� 7KH�EURDG�UDQJH�RI�IXQGDPHQWDO�TXHVWLRQV�LQ�SDUWLFOH�SK\VLFV�DQG�WKH�
FRPSOH[LW\�RI�WKH�GLYHUVH�IDFLOLWLHV�UHTXLUHG�WR�DGGUHVV�WKHP��WRJHWKHU�ZLWK�WKH�QHHG�
IRU�DQ�HIÀFLHQW�XVH�RI�UHVRXUFHV��KDYH�UHVXOWHG�LQ�WKH�HVWDEOLVKPHQW�RI�D�JOREDO�
SDUWLFOH�SK\VLFV�FRPPXQLW\�ZLWK�FRPPRQ�LQWHUHVWV�DQG�JRDOV��7KLV�6WUDWHJ\�WDNHV�
LQWR�DFFRXQW�WKH�ULFK�DQG�FRPSOHPHQWDU\�SK\VLFV�SURJUDPPHV�EHLQJ�XQGHUWDNHQ�E\�
(XURSH·V�SDUWQHUV�DFURVV�WKH�JOREH�DQG�RI�VFLHQWLÀF�DQG�WHFKQRORJLFDO�GHYHORSPHQWV�LQ�
QHLJKERXULQJ�ÀHOGV��The implementation of the Strategy should proceed in strong 
FROODERUDWLRQ�ZLWK�JOREDO�SDUWQHUV�DQG�QHLJKERXULQJ�ÀHOGV�

6 | European Strategy for Particle Physics | 7

Major developments  
from the 2013 Strategy

$�� 6LQFH�WKH�UHFRPPHQGDWLRQ�LQ�WKH������6WUDWHJ\�WR�SURFHHG�ZLWK�WKH�SURJUDPPH�
RI�XSJUDGLQJ�WKH�OXPLQRVLW\�RI�WKH�/+&��WKH�+/�/+&�SURMHFW��ZDV�DSSURYHG�E\�WKH�
&(51�&RXQFLO�LQ�-XQH������DQG�LV�SURFHHGLQJ�DFFRUGLQJ�WR�SODQ��,Q�SDUDOOHO��WKH�/+&�
KDV�UHDFKHG�D�FHQWUH�RI�PDVV�HQHUJ\�RI����7H9��H[FHHGHG�WKH�GHVLJQ�OXPLQRVLW\��DQG�
SURGXFHG�D�ZHDOWK�RI�UHPDUNDEOH�SK\VLFV�UHVXOWV��%DVHG�RQ�WKLV�SHUIRUPDQFH��FRXSOHG�
ZLWK�WKH�LQQRYDWLYH�H[SHULPHQWDO�WHFKQLTXHV�GHYHORSHG�DW�WKH�/+&�H[SHULPHQWV�DQG�
WKHLU�SODQQHG�GHWHFWRU�XSJUDGHV��D�VLJQLÀFDQWO\�HQKDQFHG�SK\VLFV�SRWHQWLDO�LV�H[SHFWHG�
ZLWK�WKH�+/�/+&��7KH�UHTXLUHG�KLJK�ÀHOG�VXSHUFRQGXFWLQJ�1E�6Q�PDJQHWV�KDYH�
EHHQ�GHYHORSHG��The successful completion of the high-luminosity upgrade of 
the machine and detectors should remain the focal point of European particle 
physics, together with continued innovation in experimental techniques. The 
IXOO�SK\VLFV�SRWHQWLDO�RI�WKH�/+&�DQG�WKH�+/�/+&��LQFOXGLQJ�WKH�VWXG\�RI�ÁDYRXU�
physics and the quark-gluon plasma, should be exploited. 

%�� 7KH�H[LVWHQFH�RI�QRQ�]HUR�QHXWULQR�PDVVHV�LV�D�FRPSHOOLQJ�VLJQ�RI�QHZ�
SK\VLFV��7KH�ZRUOGZLGH�QHXWULQR�SK\VLFV�SURJUDPPH�H[SORUHV�WKH�IXOO�VFRSH�RI�WKH�ULFK�
QHXWULQR�VHFWRU�DQG�FRPPDQGV�VWURQJ�VXSSRUW�LQ�(XURSH��:LWKLQ�WKDW�SURJUDPPH��WKH�
1HXWULQR�3ODWIRUP�ZDV�HVWDEOLVKHG�E\�&(51�LQ�UHVSRQVH�WR�WKH�UHFRPPHQGDWLRQ�LQ�WKH�
�����6WUDWHJ\�DQG�KDV�VXFFHVVIXOO\�DFWHG�DV�D�KXE�IRU�(XURSHDQ�QHXWULQR�UHVHDUFK�DW�
DFFHOHUDWRU�EDVHG�SURMHFWV�RXWVLGH�(XURSH��Europe, and CERN through the Neutrino 
Platform, should continue to support long baseline experiments in Japan and the 
United States. In particular, they should continue to collaborate with the United 
States and other international partners towards the successful implementation of 
the Long-Baseline Neutrino Facility (LBNF) and the Deep Underground Neutrino 
Experiment (DUNE).

General considerations
for the 2020 update

$�� �(XURSH��WKURXJK�&(51��KDV�ZRUOG�OHDGHUVKLS�LQ�DFFHOHUDWRU�EDVHG�SDUWLFOH�
SK\VLFV�DQG�UHODWHG�WHFKQRORJLHV��7KH�IXWXUH�RI�WKH�ÀHOG�LQ�(XURSH�DQG�EH\RQG�GHSHQGV�
RQ�WKH�FRQWLQXLQJ�DELOLW\�RI�&(51�DQG�LWV�FRPPXQLW\�WR�UHDOLVH�FRPSHOOLQJ�VFLHQWLÀF�
SURMHFWV��7KLV�6WUDWHJ\�XSGDWH�VKRXOG�EH�LPSOHPHQWHG�WR�HQVXUH�(XURSH·V�
FRQWLQXHG�VFLHQWLÀF�DQG�WHFKQRORJLFDO�OHDGHUVKLS� 

%�� 7KH�(XURSHDQ�RUJDQLVDWLRQDO�PRGHO�FHQWUHG�RQ�FORVH�FROODERUDWLRQ�EHWZHHQ�
&(51�DQG�WKH�QDWLRQDO�LQVWLWXWHV��ODERUDWRULHV�DQG�XQLYHUVLWLHV�LQ�LWV�0HPEHU�DQG�
$VVRFLDWH�0HPEHU�6WDWHV�LV�HVVHQWLDO�WR�WKH�HQGXULQJ�VXFFHVV�RI�WKH�ÀHOG��7KLV�KDV�
SURYHQ�KLJKO\�HIIHFWLYH�LQ�KDUQHVVLQJ�WKH�FROOHFWLYH�UHVRXUFHV�DQG�H[SHUWLVH�RI�WKH�
SDUWLFOH��DVWURSDUWLFOH�DQG�QXFOHDU�SK\VLFV�FRPPXQLWLHV��DQG�RI�PDQ\�LQWHUGLVFLSOLQDU\�
UHVHDUFK�ÀHOGV��$QRWKHU�PDQLIHVWDWLRQ�RI�WKH�VXFFHVV�RI�WKLV�PRGHO�LV�WKH�FROODERUDWLRQ�
ZLWK�QRQ�0HPEHU�6WDWHV�DQG�WKHLU�VXEVWDQWLDO�FRQWULEXWLRQ��The particle physics 
community must further strengthen the unique ecosystem of research centres 
in Europe. In particular, cooperative programmes between CERN and these 
research centres should be expanded and sustained with adequate resources in 
order to address the objectives set out in the Strategy update. 

&�� 7KH�EURDG�UDQJH�RI�IXQGDPHQWDO�TXHVWLRQV�LQ�SDUWLFOH�SK\VLFV�DQG�WKH�
FRPSOH[LW\�RI�WKH�GLYHUVH�IDFLOLWLHV�UHTXLUHG�WR�DGGUHVV�WKHP��WRJHWKHU�ZLWK�WKH�QHHG�
IRU�DQ�HIÀFLHQW�XVH�RI�UHVRXUFHV��KDYH�UHVXOWHG�LQ�WKH�HVWDEOLVKPHQW�RI�D�JOREDO�
SDUWLFOH�SK\VLFV�FRPPXQLW\�ZLWK�FRPPRQ�LQWHUHVWV�DQG�JRDOV��7KLV�6WUDWHJ\�WDNHV�
LQWR�DFFRXQW�WKH�ULFK�DQG�FRPSOHPHQWDU\�SK\VLFV�SURJUDPPHV�EHLQJ�XQGHUWDNHQ�E\�
(XURSH·V�SDUWQHUV�DFURVV�WKH�JOREH�DQG�RI�VFLHQWLÀF�DQG�WHFKQRORJLFDO�GHYHORSPHQWV�LQ�
QHLJKERXULQJ�ÀHOGV��The implementation of the Strategy should proceed in strong 
FROODERUDWLRQ�ZLWK�JOREDO�SDUWQHUV�DQG�QHLJKERXULQJ�ÀHOGV�



Collaboration Demographics
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International Collaboration

DUNE-US

2021 effort reporting just completed.
Effort reporting topics are completely aligned with Collaboration 
Organization, hopefully leading to more meaningful and accurate results

Position
2021 2020 2021 2020

Faculty 654 676 195 200
Post Docs 249 240 79 77
Graduate Students 324 319 109 104
Engineers, CP 164 158 54 67

Position
2021 2020 2021 2020

Faculty 291 298 85 90
Post Docs 127 123 37 35
Graduate Students 143 146 44 38
Engineers, CP 88 85 35 41

In Collaboration Effort on DUNE

In Collaboration Effort on DUNE
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DUNE Collaboration Organization
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Technical 
Coordinators

Co-Spokespersons

Int. Resource 
Coordinator

Construction 
Consortia

Institutional Board

Executive Board

Physics, 
Simulations

and 
Analysis Groups

Consortia Resource
Coordinators

Authorship & 
Publication 
Board

Speakers 
Committee

Physics
Coordinators

Project : Funding 
Agency
DUNE-US : DOE
DUNE-UK :UKRI/STFC
DUNE-Italy : INFN
DUNE-France: IN2P3
DUNE-Spain
DUNE-Brazil : FAPESP
DUNE-Swiss : Bern, 
SNSF
DUNE-CERN
DUNE-Czech
+  ….

Computing 
Consortium

Beam Interface 
WG

Spokespersons
Advisory

Committee

17

Roles and responsibilities described in DUNE
Collaboration Management Plan 



Anode Plane 
Assemblies - FD1

TPC 
Electronics 
FD1, FD2-B

Charge Readout 
Planes - FD2

High Voltage
FD1, FD2

Data Acquisition
FD1, FD2, ND Electronics 

FD2-T

CALCI
FD1, FD2

Photon Detection
FD1, FD2

International DUNE Detector Construction Consortia

Near Detectors

Far Detectors

SAND

ND-LAr
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International Contributons
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FD1 - Direct M&S

DOE.CNSTR Canada CERN

CSIC CZECH INFN
Brazil Non-DOE UK

FD2 - Direct M&S

DOE.CNSTR In Kind IN2P3 CERN

CSIC CZECH INFN UK



Two Cryostats for the facility
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Key components of the long-baseline oscillation analysis

Eventually do the experiment
and collect data

χ 2(δCP ) = 2 Ni
pred (δCP )− Ni

obs + Ni
obs ln

Ni
obs

Ni
pred (δCP )

⎛

⎝⎜
⎞

⎠⎟
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥i

Nbins

∑

Fit the data to the prediction to extract an unknown parameter

Use simulations to predict
spectrum at far detector

Nov 2021 PAC - DUNE ND-GAr30

How the oscillation analysis works
Flux model Oscillation 

hypothesis

ND prediction

FD prediction

Systematics

x x

FD data

Fitting framework
Oscillation 
measurement

ND data

Interaction model
Detector model

CAF

CAF

Chris Marshall8

DUNE oscillation sensitivity
Flux prediction Interaction model

Oscillation hypothesis

ND simulation + reco FD simulation + reco

SystematicsFitting framework

Oscillation sensitivity

x

Nov 2021 PAC - DUNE ND-GAr30

How the oscillation analysis works
Flux model Oscillation 

hypothesis

ND prediction

FD prediction

Systematics

x x

FD data

Fitting framework
Oscillation 
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How do we make the prediction?



Important role of ND
• Far detector events come in all shapes and sizes; in general within a well defined 

fiducial volume they are fully contained; never-the-less they are challenging to 
reconstruct as there are missing particles (neutral) which led to mis-reconstructed 
energy
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1/27/22 DUNE ND Reco/Sim Update – M. Muether/L. Cremonesi12

DUNE LArTPC ND6

Example: 2.5 GeV ν
e
s at the FD

These 4 events have the exact same 

neutrino energy (2.5 GeV), but 

different final states → different 

reconstructed energies

1.8 GeV e
-

p

p

2.5 GeV e
-

p

1.1 GeV e
-

p

p

p

p

p

1.2 GeV e
-

π
-

p

Reconstructed E
ν
 = 2.1 GeV

Reconstructed E
ν
 = 2.4 GeV

Reconstructed E
ν
 = 2.1 GeV

Reconstructed E
ν
 = 2.6 GeV

There is a wide range of 
topologies and final state 
configurations for a neutrino 
of a given energy and flavor;

These determine the phase 
space occupied by the events

Neutrino interactions can occur 
anywhere within the detector 
active volume;
the topologies are what lead to 
determining the very important
fiducial volume cuts

If you want to be able to 
analyze all of the far
detector events, one needs to be
able to see those type of 
events in the near detector as 
well

By having a ND 
functionally same 
as FD, we get 
equivalent
reconstructed En
(Left : True 2.5 GeV n) 

But we can’t build a ND of 
similar size as the Far 
Detector,
we measure the muons 
with a supplementary muon 
monitor



Complications in the Near Detector
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• Due to the high intensity of 
the 10µs spill the neutrino 
interactions “pile-up” on 
themselves, making it difficult 
to reconstruct individual 
interactions

• This problem is mitigated by 
constructing the detector in 
modules to minimize overlaps

• Pixel readout and modular 
light collection are used to 
match tracks and light to 
individual events 
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Preliminary studies – 1.2MW

Timing studies are necessary but not sufficient to isolate events;
equally  important is the ability to use the light data to separate the combinatorics 
from spatially overlapping events.

5 events per module
is very doable;
how much larger could we
go is TBD



PRISM technique in Long Baseline data 
taking and analysis :
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4. 11/19/2021 Ciaran Hasnip | DUNE-PRISM

Introduction to DUNE-PRISM
� DUNE is an on-axis neutrino experiment

� But ND-LAr and Muon Spectrometer will move off axis

� Different off-axis positions sample different neutrino fluxes

FD DATA

Un-oscillated MC prediction ~ 
on-axis near detector spectrum

6. 11/19/2021 Ciaran Hasnip | DUNE-PRISM

Introduction to DUNE-PRISM
� Coefficients calculated independently of cross-section model

� Apply these coefficients to measured ND events rates to predict FD event rate

� Any unknown or poorly modelled cross-section effects are naturally included in the FD prediction

ND Event Rates

Traditionally : use on-axis near detector to
PREDICT an un-oscillated spectrum at
the Far Site

DUNE PRISM



The Near Detector Challenge
• In February 2022, DOE/HEP gave guidance to the DUNE-US Near 

Detector sub-project that the DOE contribution to the Near Detector 
would be capped at $200M, including all costs to date ($23M as of 
March 2022)

• Additionally, the estimate to complete needed to be separated into 
what is needed to deliver threshold KPPs, and objective KPP’s, such 
that there would be 50% scope contingency (~$90M) in the objective 
KPP

• The sub-project has addressed these constraints by defining the 
threshold KPP as the capability to monitor the neutrino beam such that 
far detector data could be collected and deemed stable for physics 
analysis; and that this can be achieved with the muon spectrometer 
(TMS), the downstream component of the LArTPC detector 

• The liquid argon TPC itself is in objective scope, and the sub-project 
and the DUNE collaboration are working together to find a way to “stay 
in the cost box” 
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The take-away

• Far detectors            statistics
• Near detectors              control systematics
• Statistics + controlled systematics             Precision Physics
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What physics results will we have before DUNE?

• T2K and NOvA cannot reject the CP conservation hypothesis 
definitively and will not precisely measure dCP , but they can give 
indications that CP is violated

• Mass ordering is not resolved with T2K or NOvA, but the joint fit may 
have some sensitivity

• The Jiangmen Underground Neutrino Observatory in China (JUNO) is 
expected to come on line in the next few years
- Follow-on experiment to Daya Bay
- 20 kTon liquid scintillator, 700-m underground, detecting reactor anti-

neutrinos 
- Goal is precision measurements of q12, Dm2

21, Dm2
32 and                        

neutrino mass ordering to 3-4s with 6 years of data taking
- With 10 years of data taking, they report sensitivity to past core-

collapse supernova, and sensitivity to proton decay.
- JUNO’s success is based on achieving exquisite energy resolution, 

acknowledged by its proponents to be extremely challenging.
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T2K & NOvA Neutrino 2020*

6/21/22 Rameika | PAC June 202228

Reconstructed neutrino energy [GeV]
0

2

4

6

8

10

12

14

Ev
en

ts
 in

 b
in

µRHC 1R

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Reconstructed Neutrino Energy [GeV]
0

0.5
1

1.5
2

2.5
3

R
at

io
 to

 u
no

sc
.Reconstructed neutrino energy [GeV]

0

5

10

15

20

25

Ev
en

ts
 in

 b
in

µFHC 1R

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Reconstructed Neutrino Energy [GeV]
0

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

R
at

io
 to

 u
no

sc
.

• Two samples with μ-like rings (one in ν-mode, one in $ν-mode)
• Systematic uncertainty (red band) on rate is 3.0 (4.0)% in ν-mode ($ν-mode)

Patrick Dunne (p.dunne12@imperial.ac.uk) 21

ν-mode μ-ring %ν-mode μ-ring
318 events 137 events

T2K Run 1-10 Preliminary T2K Run 1-10 Preliminary

SK event samples

Spectra with NOvA and T2K Best Fits

• Both	best	\its	also	include	minimization	of	our	systematic	uncertainties.	

37

νμ ν̅μ

νe̅νe

Patrick Dunne (p.dunne12@imperial.ac.uk) 23

• O(45%) change in electron-like event 
rate between δCP=+#/2 and δCP=-#/2
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*Neutrino 2022 updates did not include new data ; new analyses were presented
Both experiments will remain statistics limited for their remaining run time
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• We	see	no	strong	asymmetry	in	the	rates	of	appearance	of	νe and	ν̅e
• Disfavor	hierarchy-δ combinations	which	would	produce	that	asymmetry
• Consistent	with	hierarchy-octant-δ combinations	which	include	some	“cancellation.”
– Since	such	options	exist	for	both	octants	and	hierarchies,	results	show	no	strong	preferences.	

Summer 2020 -> present

• T2K and NOvA continue operations and updated results are expected this 
summer
- Two sets of results have different best fit but are not in significant tension

• Both experiments have worked on advanced analysis packages
• The experiments are working on a joint analysis, aiming for later this year
• T2K is installing an upgraded Near Detector and adding new samples to 

their fit
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Hyper-Kamiokande Experiment: A Snowmass White Paper

Contributed Paper to Snowmass 2021

J. Bian,1 F. Di Lodovico,2 S. Horiuchi,3 J. G. Learned,4 C. Mariani,3, ⇤ J. Maricic,4

J. Pedro Ochoa Ricoux,1 C. Rott,5, 6 M. Shiozawa,7, 8, 9 M. B. Smy,1 H. W. Sobel,1, R. B. Vogelaar3

(on behalf of the Hyper-Kamiokande Collaboration)
1Department of Physics and Astronomy, University of California Irvine, Irvine CA 92697-4575, USA

2King’s College London, Department of Physics,

Strand Building, Strand, London, United Kingdom
3Center for Neutrino Physics, Virginia Tech, Blacksburg, Virginia 24061, USA

4Department of Physics and Astronomy, University of Hawaii, Honolulu, Hawaii 96822, USA
5Department of Physics and Astronomy, University of Utah, Salt Lake City, UT 84112, USA

6Department of Physics, Sungkyunkwan University, Suwon 16419, Korea
7University of Tokyo, Institute for Cosmic Ray Research, Kamioka Observatory, Kamioka, Japan
8University of Tokyo, Kavli Institute for the Physics and Mathematics of the Universe (WPI),

University of Tokyo Institutes for Advanced Study, Kashiwa, Japan
9University of Tokyo, Next-generation Neutrino Science Organization, Kamioka, Japan

(Dated: March 7, 2022)

⇤ Corresponding author: mariani@vt.edu
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FIG. 1. Illustration of the Hyper-Kamiokande first cylindrical tank in Japan.

and flux. The WAGASCI detector is a new concept under development that would have a larger

angular acceptance and a larger mass ratio of water (and thus making the properties more similar

to the Hyper-K detector) than the ND280 design. Intermediate detectors, placed 1-2 km from the

J-PARC beam line, would measure the beam properties directly on a water target. Details of the

beam, as well as the near and intermediate detectors, can be found in Section II.1.

Hyper-K is a truly international proto-collaboration with over 70 participating institutions

from Armenia, Brazil, Canada, France, Italy, Korea, Poland, Russia, Spain, Sweden, Switzerland,

Ukraine, the United Kingdom and the United States, in addition to Japan.

Hyper-K will be a multipurpose neutrino detector with a rich physics program that aims to

address some of the most significant questions facing particle physicists today. Oscillation studies

from accelerator, atmospheric and solar neutrinos will refine the neutrino mixing angles and mass

squared di↵erence parameters and will aim to make the first observation of asymmetries in neutrino

and antineutrino oscillations arising from a CP-violating phase, shedding light on one of the most

promising explanations for the matter-antimatter asymmetry in the Universe. The search for

260 kTon (5x total SK; 8x FV)
Data taking expected to start in 2027

Science program includes :
Accelerator neutrino oscillations,
atmospheric neutrinos, solar and supernova neutrinos, searches for nucleon decay

  12

The Hyper-Kamiokande 
Detector

n
µ
, CCQE interaction n

µ
, NCp0 interaction n

e
, CCQE interaction

GEANT4 event displays

http://www.hyper-k.org/doc/Hyper-K_FPCP2015.pdf

http://www.hyper-k.org/doc/Hyper-K_FPCP2015.pdf
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• We	see	no	strong	asymmetry	in	the	rates	of	appearance	of	νe and	ν̅e
• Disfavor	hierarchy-δ combinations	which	would	produce	that	asymmetry
• Consistent	with	hierarchy-octant-δ combinations	which	include	some	“cancellation.”
– Since	such	options	exist	for	both	octants	and	hierarchies,	results	show	no	strong	preferences.	

In Hyper-K only the error bars 
will shrink

T2K -> Hyper-K :
Same baseline
Same beam spectrum
Same detector technology

In NOvA these ellipses will 
always touch each  other

In DUNE we have unique 
Separation of the mass 
ordering …..

From NoVA -> DUNE :
Longer baseline
Wideband beam
Precision detector event reconstruction

DUNE simulation
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….. DUNE : enhanced by the wide-band beam               
spectrum shape carries information              proper energy reconstruction is essential 
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Metric of Capability
• kTon-MW-years is a metric of capability
• In 2015, P5 said to show capability to accumulate an 

exposure of 120 kTon-MW-years in the 2035 time-fram
• The intent was to evaluate the proton beam power, the 

detector mass and the timescale :
- Mass -> 20kT
- Proton Power -> 1.2 MW
- Time frame -> 5years

• This would be achievable with a beam start in ~2030

6/21/22 Rameika | PAC June 202233



Math to reach 120kT-MW-yrs
• ~>20 kT operating BEFORE first beam neutrinos
- Needs 6 MW-yrs

• 1.2 MW in 3 year ramp-up
• 6 – 1.2 = 4.8; 4.8/1.2 = 4 yrs
• 1st neutrinos in ~2030 -> 120 kT-MW-yrs by 2037
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Building for Discovery: Strategic Plan for U.S. Particle Physics in the Global Context 18

Figure 1
Construction and Physics Timeline

F I G U R E  1  Approximate construction (blue; above line) and expected physics (green; below line) profiles for the recommended major projects, grouped by size 
(Large [>$200M] in the upper section, Medium and Small [<$200M] in the lower section), shown for Scenario B. The LHC: Phase 1 upgrade is a Medium project, but 
shown next to the HL-LHC for context. The figure does not show the suite of small experiments that will be built and produce new results regularly.  

 Project 2015 2020 2025 2030 2035

Currently operating

 Large Projects 

Mu2e

LHC: Phase 1 upgrade

HL-LHC

LBNF

ILC

 Medium and Small Projects

LSST

DESI

DM G2

DM G3

CMB S4



Proton power ramp-up

• The base assumes uptimes for :
• PIP – II = 90%
• Recycler, MI = 85%
• Switchyard 120 = 10%
• LBNF beamline = 70%
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Assumptions: 
PIP-II fully commissioned 
Accelerator complex operating at 20 Hz
Booster had been operational at 6.25x1012 ppp, 
eg, delivering high-intensity beam to BNB
Slipstacking has been recommissioned in the 
Recycler
LBNF commissioning complete 4/1/32
Proton Source (PIP-II linac and Booster) uptime 
85%
Main Injector / Recycler / LBNF beamline 
combined uptime 95%
SY120 takes 10% of the timeline
Blue line includes potential target station failures 
and/or other issues at 70% of red line

Beam to LBNF

1

This 3-yr ramp-up is equivalent to  
one year of operation at  1.2MW  from Day 1

1.2MW @ 100% efficiency=
2e21 pot/year

Physics sensitivities are always based on the integrated POTs



Comparison of DUNE with the “competition”
• DUNE and Hyper-K

- Very different parameters in approach to accelerator oscillations:

• Baseline, beam spectrum and detector technology

- Observation  of supernova in different channels (ne-bar vs ne)

- Searches for nucleon decay are in different detection channels

- Very different systematics in the two experiments

- Complimentary verification of important science measurements is essential

• Experiments with sensitivity to the mass ordering
- JUNO, IceCube, KM3Net, along with NOvA and T2K, will try to measure the mass 

ordering, but the results depend on the kindness of nature

• DUNE is the only experiment that is guaranteed to independently measure the 
mass ordering and dCP in the same experiment

• DUNE will make precision measurements of the full PMNS framework!

• We look forward to emerging results over the coming decade !
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Evolution of DUNE

• Three components : detector mass, improved systematics, 
beam power

• Each ~ worth a factor of 2 in sensitivity (2 statistical, 1 
systematics)

• We look forward to discussions at Snowmass and with P5
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DUNE @ Snowmass 202225

Phase II requires 40kt, 2.4MW, 
upgraded near detector

● To achieve the precision physics goals, including CPV sensitivity 
for a broad range of δCP values, all three upgrades are required

● Plots show the effect of removing one of them, resulting in a 
significant loss of sensitivity



Far Site
Status of LBNF
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Total Excavated Rock (In-Situ YD3) to 
Date 30.4% as of 13 Jun 2022



Pilot Pilot

Cut 1
100%

Cut 1
50%

Cut 1
15%

Cut 2
20%

Cut 2 Cut 2Cut 3
7%

Cut 3 Cut 3

Pilot

C1 C2 C3 C4 C1 C2 C3 C4 C1 C2 C3 C4

D1 D2 D3 D4

E1 E2 E3 E4

D1 D2 D3 D4

E1 E2 E3 E4

F1 F2 F3 F4

G1 G2 G3 G4

F1 F2 F3 F4

G1 G2 G3 G4

100% 100% 100%

North Cavern South CavernCUC Cavern

Cavern Excavation Completion Percentage (as of 13 June)

22 Jun 2022 LBNF/DUNE-US Update to the Office of Science15
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Excavation Progress Photos

22 Jun 2022 LBNF/DUNE-US Update to the Office of Science16

Permanent lighting installed in Maintenance CavernInstalling and protecting South Cavern monorail

Control Room at 4850L for Sandvik Rock Breaker
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Excavation Progress ± Supporting Access Drifts

C. J. Mossey | LBNF News and Status21 16 May 2022

Robotic Shotcrete Application (4850-13) 4 CY LHV Mucker moving through expanded drift 4850-20 South Connector Drift Breakthrough
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Upcoming Project Reviews

16 May 2022 C. J. Mossey | LBNF News and Status26

REVIEW/MEETING PROJECT PLANNED DATE

LBNF/DUNE-US CD-ϭZZ��ŝƌĞĐƚŽƌ͛Ɛ�ZĞǀŝĞǁ 23-27 May 2022

LBNF/DUNE-US CD-1RR DOE IPR 11-15 July 2022
FSCF-BSI CD-2/CD-3 Directors Review (includes also 
CD-3a for FDC and NSCF+B) 20-22 September 2022

FSCF-BSI CD-2/CD-3 DOE IPR (includes also CD-3a for 
FDC and NSCF+B)

15-17 November 2022
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Schedule 
Summary
With Critical 
Paths through
Start of 
Science (FD1) 
and Beam-on

C. J. Mossey | LBNF News and Status11 16 May 2022

Notes:
- March 2022 

reporting cycle
- %DVHG�RQ�³&'-�55´�

profile

First science First beam ns



Summary
• The 2014 P5 model for an international effort to explore the neutrino 

sector and more, hosted in the United States, has found reality in the 
LBNF/DUNE enterprise. 

• The commitments of  international partners to the facilities of PIP-II 
and LBNF and the DUNE detectors are very significant; the 2nd
cryostat from CERN has enabled the realization of the Phase 1 
program with 2 far detector modules – each of which has ~50% 
contributions from non-DOE sources and a capable Near Detector 
complex with major contributions from international partners.

• DUNE will be a best-in-class experiment that will make precision 
measurements of neutrino parameters, be able to detect supernova 
neutrinos, search for nucleon decay and physics beyond the standard 
model.

• DUNE is unique in its approach to making these measurements, with 
its key features being the long-baseline, wide-band beam and liquid 
argon detector technology.

• The facilities provided by LBNF are world class and provide 
opportunities for decades of discovery beyond what we even 
contemplate today.

• There is no competition that can rival this capability.
6/21/22 Rameika | PAC June 202243



DUNE Collaboration Meeting May 2022
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Backup Material for FAQs
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FIG. 1: FD data samples compared to predictions with and without oscillations. The top row shows the energy spectra of the
beam samples, while the bottom row shows the L/E distributions for the atmospheric event samples.

Simulation Events
Data Set No osc. With osc. Observed
νµ from νµ beam 3201 2543 2579
νµ from νµ beam 363 324 312
Non-fiducial µ from νµ beam 3197 2862 2911
νµ from νµ beam 313 227 226
Atm. contained-vertex νµ + νµ 1100 881 905
Atm. non-fiducial µ− + µ+ 570 467 466
Atm. showers 727 724 701

TABLE I: Numbers of events selected in each sample. The os-
cillated event yields come from the best fit to all data, assum-
ing identical ν and ν oscillations (|∆m2| = 2.41 × 10−3 eV2

and sin2(2θ) = 0.950).

ters are included in the fit to cover the uncertainties in
the rate and spectral shape of atmospheric νµ and νµ
events arising from uncertainties in the neutrino flux and
cross-section simulations.

When we fit the full MINOS data sample to the two-
flavor neutrino oscillation hypothesis, assuming that neu-
trinos and antineutrinos have identical oscillation pa-
rameters, we obtain |∆m2| = (2.41+0.09

−0.10) × 10−3 eV2

and sin2(2θ) = 0.950+0.035
−0.036. Maximal mixing is disfa-

vored at the 86% confidence level (C.L.); we measure
sin2(2θ) > 0.890 at 90% C.L. The observed beam and
atmospheric event spectra in the FD are shown in Fig. 1,
along with the predictions for the case of no oscillations

and the best fit. The data are well described by the neu-
trino oscillation model; the same analysis performed on
simulated experiments returns a worse quality of fit for
19.1% of those experiments. A number of cross checks
were performed by fitting each of the data samples sep-
arately. Those separate fits yielded consistent oscillation
parameters, indicating that the data samples are consis-
tent with each other and with the oscillation hypothesis.
Allowed regions for the oscillation parameters, assum-
ing identical neutrino and antineutrino oscillations, are
shown in Fig. 2.

The magnetized MINOS detectors enable separation
of neutrino and antineutrino interactions for both
beam and atmospheric events, allowing an independent
measurement of the antineutrino oscillation parame-
ters. We perform an additional fit in which we allow
neutrinos and antineutrinos to have different oscillation
parameters, and find |∆m2| = (2.50+0.23

−0.25)× 10−3 eV2

and sin2
(

2θ
)

= 0.97+0.03
−0.08 (> 0.83 at 90% C.L.).

The difference between the antineutrino and
neutrino mass splittings is measured to be
|∆m2|− |∆m2| = (0.12+0.24

−0.26)× 10−3 eV2. Correspond-
ing measurements using the beam and atmospheric
samples separately yield consistent results. The
90% C.L. allowed region for the antineutrino oscillation
parameters is shown in Fig. 3, illustrating good agree-
ment between the measured neutrino and antineutrino
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• Two samples with μ-like rings (one in ν-mode, one in $ν-mode)
• Systematic uncertainty (red band) on rate is 3.0 (4.0)% in ν-mode ($ν-mode)
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ν-mode μ-ring %ν-mode μ-ring
318 events 137 events

T2K Run 1-10 Preliminary T2K Run 1-10 Preliminary

SK event samples

37

D. Results

The likelihood is maximized in the ∆m2 – sin2 2θ space
and the best fit point within the physical region is found
to be at (∆m2, sin2 2θ) = (2.8 × 10−3eV2, 1.0). The val-
ues of all systematic parameters at the best fit point
are within 1σ of their estimated errors. At this point,
the expected number of events is 107.2, which agrees
well with the 112 observed within the statistical uncer-
tainty. The observed Erec

ν distribution is shown in Fig. 43
together with both the expected distributions for the
best-fit parameters, and the expectation without oscil-
lations. The consistency between the observed and the
best-fit Erec

ν distributions is checked using a Kolmogorov-
Smirnov (KS) test. For the best fit parameters, the KS
probability is 37 %, while for the null oscillation hypothe-
sis is 0.07 %. The observation agrees with the expectation
of neutrino oscillation. The highest likelihood is found at
(∆m2, sin2 2θ) = (2.6×10−3eV2, 1.2), which is outside of
the physical region. The probability that we would get
sin2 2θ ≥ 1.2 if the true parameters are at our best fit
point is 26.2%, based on the virtual MC experiments.
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FIG. 43: The reconstructed Eν distribution for the 1-ring µ-
like sample. Points with error bars are data. The solid line is
the best fit spectrum with neutrino oscillation and the dashed
line is the expectation without oscillation. These histograms
are normalized by the number of events observed (58).

The probability that the observations can be explained
equally well by the no oscillation and by the oscillation
hypotheses is estimated by computing the difference of
log-likelihood between the null oscillation case and the
best fit point with oscillation. The null oscillation prob-
ability is calculated to be 0.0015 % (4.3σ). When only
normalization (shape) information is used, the probabil-
ity is 0.06% (0.42%).

TABLE XX: Summary of the null oscillation probability.
Each row is classified by the likelihood term used, and each
column represents the data set.

K2K-I+II K2K-I only K2K-II only
Shape + Norm. 0.0015% (4.3σ) 0.18% (3.1σ) 0.56% (2.8σ)
Shape only 0.42% (2.9σ) 7.7% 5.2%
Norm. only 0.06% (3.4σ) 0.6% 2.8%

TABLE XXI: Effect of each systematic uncertainty on the
null oscillation probability. The numbers in the table are null
oscillation probabilities when only the error written in the
first column is turned on.

Norm-only Shape-only Combined

Stat. only 0.01% 0.22% 0.0001%
FD spectrum 0.01% 0.24% 0.0002%
nQE/QE, NC/CC 0.01% 0.23% 0.0002%
Far/Near 0.02% 0.23% 0.0003%
ε1Rµ — 0.23% 0.0002%
Energy scale — 0.38% 0.0002%
Normalization 0.03% — 0.0005%

All errors 0.06% 0.42% 0.0015%

The null oscillation probability calculated separately
for each sub-sample or each likelihood term is shown in
Tab. XX. In addition, Tab. XXI shows the effect of each
systematic uncertainty on the null oscillation probability.
The effect is tested by turning on the error source written
in the first column in the table. As shown in the table,
the dominant contributions to the probabilities for the
normalization information are from the F/N flux ratio
and the normalization error, while the energy scale is
the dominant error source for the probability with the
Erec

ν shape information consistent with the results found
using the MC test described in Sec. IXB2.

The allowed region of oscillation parameters are eval-
uated based on the difference of log-likelihood between
each point and the best fit point:

∆lnL(∆m2, sin2 2θ) ≡ ln

(

Lphys
max

L(∆m2, sin2 2θ)

)

= lnLphys
max − lnL(∆m2, sin2 2θ),

(28)

where Lphys
max is the likelihood at the best-fit point and

L(∆m2, sin2 2θ) is the likelihood at (∆m2, sin2 2θ) with
systematic parameters that maximize the likelihood at
that point.

The allowed regions in the neutrino oscillation param-
eter space, corresponding to the 68%, 90% and 99% con-
fidence levels (CL) are shown in Fig. 44. They are de-
fined as the contour lines with lnL = lnLphys

max − 1.37,
−2.58 and −4.91, respectively. These regions are derived

K2K - 2000
1e20 POT

DUNE is a 3rd generation nµ
disappearance experiment

Unprecedented precision achievable
in small amount of running time

DUNE ~ first two years

MINOS – 2004 - 2013 NOvA -
2020

T2K - 2020

nµ disappearance
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• O(45%) change in electron-like event 
rate between δCP=+#/2 and δCP=-#/2
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Spectra with NOvA and T2K Best Fits

• Both	best	\its	also	include	minimization	of	our	systematic	uncertainties.	
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ν̅eνe

Spectra with NOvA and T2K Best Fits

• Both	best	\its	also	include	minimization	of	our	systematic	uncertainties.	
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DUNE is a 2nd generation 
accelerator ne appearance
experiment

with unique capability to 
determine the mass 
ordering

NOvA -
2020

T2K - 2020

DUNE ~ 3 - 5 years

ne appearance
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Why 1300 km baseline?

DUNE @ Snowmass 20228

Designing DUNE: Requirements

● Very long baseline (>1000 km) and wideband beam

Mass ordering, δCP, θ23 octant all affect the oscillation 

probability → long baseline and ability to measure energy 

dependence are critical to resolving ambiguities

6/21/22 Rameika | PAC June 202248

DUNE @ Snowmass 20228

Designing DUNE: Requirements

● Very long baseline (>1000 km) and wideband beam

Mass ordering, δCP, θ23 octant all affect the oscillation 

probability → long baseline and ability to measure energy 

dependence are critical to resolving ambiguities
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FIG. 1: FD data samples compared to predictions with and without oscillations. The top row shows the energy spectra of the
beam samples, while the bottom row shows the L/E distributions for the atmospheric event samples.

Simulation Events
Data Set No osc. With osc. Observed
νµ from νµ beam 3201 2543 2579
νµ from νµ beam 363 324 312
Non-fiducial µ from νµ beam 3197 2862 2911
νµ from νµ beam 313 227 226
Atm. contained-vertex νµ + νµ 1100 881 905
Atm. non-fiducial µ− + µ+ 570 467 466
Atm. showers 727 724 701

TABLE I: Numbers of events selected in each sample. The os-
cillated event yields come from the best fit to all data, assum-
ing identical ν and ν oscillations (|∆m2| = 2.41 × 10−3 eV2

and sin2(2θ) = 0.950).

ters are included in the fit to cover the uncertainties in
the rate and spectral shape of atmospheric νµ and νµ
events arising from uncertainties in the neutrino flux and
cross-section simulations.

When we fit the full MINOS data sample to the two-
flavor neutrino oscillation hypothesis, assuming that neu-
trinos and antineutrinos have identical oscillation pa-
rameters, we obtain |∆m2| = (2.41+0.09

−0.10) × 10−3 eV2

and sin2(2θ) = 0.950+0.035
−0.036. Maximal mixing is disfa-

vored at the 86% confidence level (C.L.); we measure
sin2(2θ) > 0.890 at 90% C.L. The observed beam and
atmospheric event spectra in the FD are shown in Fig. 1,
along with the predictions for the case of no oscillations

and the best fit. The data are well described by the neu-
trino oscillation model; the same analysis performed on
simulated experiments returns a worse quality of fit for
19.1% of those experiments. A number of cross checks
were performed by fitting each of the data samples sep-
arately. Those separate fits yielded consistent oscillation
parameters, indicating that the data samples are consis-
tent with each other and with the oscillation hypothesis.
Allowed regions for the oscillation parameters, assum-
ing identical neutrino and antineutrino oscillations, are
shown in Fig. 2.

The magnetized MINOS detectors enable separation
of neutrino and antineutrino interactions for both
beam and atmospheric events, allowing an independent
measurement of the antineutrino oscillation parame-
ters. We perform an additional fit in which we allow
neutrinos and antineutrinos to have different oscillation
parameters, and find |∆m2| = (2.50+0.23

−0.25)× 10−3 eV2

and sin2
(

2θ
)

= 0.97+0.03
−0.08 (> 0.83 at 90% C.L.).

The difference between the antineutrino and
neutrino mass splittings is measured to be
|∆m2|− |∆m2| = (0.12+0.24

−0.26)× 10−3 eV2. Correspond-
ing measurements using the beam and atmospheric
samples separately yield consistent results. The
90% C.L. allowed region for the antineutrino oscillation
parameters is shown in Fig. 3, illustrating good agree-
ment between the measured neutrino and antineutrino

735 km

1285 km

nµ disappearance ne appearance



Why wide-band beam?
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Spectra with NOvA and T2K Best Fits

• Both	best	\its	also	include	minimization	of	our	systematic	uncertainties.	
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Chapter 5: Standard neutrino oscillation physics program 5–129
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Figure 5.2: ‹e and ‹̄e appearance spectra: Reconstructed energy distribution of selected ‹e CC-like
events assuming 3.5 years (staged) running in the neutrino-beam mode (left) and antineutrino-beam
mode (right), for a total of seven years (staged) exposure. The plots assume normal mass ordering and
include curves for ”CP = ≠fi/2, 0, and fi/2.
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Figure 5.3: ‹µ and ‹̄µ disappearance spectra: Reconstructed energy distribution of selected ‹µ CC-like
events assuming 3.5 years (staged) running in the neutrino-beam mode (left) and antineutrino-beam
mode (right), for a total of seven years (staged) exposure. The plots assume normal mass ordering.

DUNE Physics The DUNE Technical Design Report

A narrow band beam is
essentially a “counting” 
experiment The wide band beam 

can fit the spectrum



Liquid argon basics
• Drift ionization charge : High 

Voltage 

- HV power supply and feed-through

- Cathode Plane

- Field Cages

• Resistive dividers

• Collect ionization charge : Sense 
wires, electronics

- Anode Planes

- Front-end amplification, digitization, 
readout

• Collect scintillation light : 
wavelength shifters, light guides, 
light collection electronics

6/21/22 Rameika | PAC June 202250

Liquid Argon Time Projection Chambers

• An electric field is applied 
across the LAr, creating a 
drift volume

• Charged particles deposit 
energy in the drift volume, 
creating ionisation
electrons, and scintillation 
light
• Ionisation electrons are

drifted towards anode 
readout plane

• Scintillation light is 
isotropically emitted

• In this case – anode readout 
is a series of wire planes



Why liquid argon?
• We can measure both the hadronic and leptonic parts of the event to high 

precision for energy resolution and particle ID.
• Compare to Water Cherenkov rings

6/21/22 Rameika | PAC June 202251



International DUNE Experiment 
- Proposed post-P5 (2015) 

• 40 kT fiducial mass of LAr in 4 detector modules

• “capable” Near Detector – proposed as a Non-DOE activity

• 1.2 MW proton beam power – PIP-II Project

6/21/22 Rameika | PAC June 202252
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LBNF/DUNE ± Jun-16 Schedule Summary
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Sep-16
CD-3a 

Approval

Apr-27
CD-4 (early 
completion)

FY28
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DOE Activity

DOE and Non-DOE Activity

Non-DOE Activity

Det #1 Commissioned

Det #2 Commissioned
Cryostat #1 Ready for 
Detector Installation

ProtoDUNE complete

Nov-15
CD-1 Refresh

Approval

Fill & 
Comm
Det. #3-4

Dec-19 
CD-2/3c Project 
Baseline/ Construction 
Approval

Jan-19
CD-3b Approval

Conventional Facilities Preliminary & Final Design

Excavation Cavern 1-4 and UGI
Pre-Excavation/ Reliability Projects

Cryostat #1-2 Construction
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Cryogenics Equipment

Install Detector #1-2

FS Conventional 
Facilities Complete
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Install & Comm ND in Hall

CF Near Detector Hall

Partial Assembly on Surface at FNAL

NND Design

NND Fab &Assembly

Near Detector Hall Beneficial 
Occupancy ʹ NS CF Complete

Near Detector Complete

CF Preliminary & Final Design
CF Advance Site Prep & Beamline Infrastr.

Install Beamline systems

Beamline Complete

Critical paths 
shown in 

RED

SCHEDULE CONTINGENCY: 
40 months on CD-4

Aug-30
DOE CD-4

40 months

Far Site
N

ear Site

08.11-12.16 E McCluskey | Cost, Schedule, Contingency, & Risk Update 

RLS PROFILE

CD-3A

BASICALLY UNCHANGED 
SINCE DECEMBER

Aug 2016 IPR

LBNF

FY27FY26FY25FY24FY23FY22FY21FY20FY19FY18FY17 FY28

Partial Assembly on Surface at FNAL

LBNF/DUNE ± Schedule Summary Overview (Dec-16 status)
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Install Detector #1-2

FS Conventional 
Facilities Complete
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Install & Comm ND in Hall

CF Near Detector Hall

NND Design

NND Fab &Assembly
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Occupancy ʹ NS CF Complete

Near Detector Complete
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02.28.17 E McCluskey | LBNF Project Status Update 

CD-3A

Nov-15 CD-1R Approval
Sep-16 CD-3a Approval

LBNF AND DUNE-US

Detector’s 3&4 were
never envisioned
as part of initial
DOE scope;
Near Detector not
initially in DOE scope
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On-Axis Beam Monitoring
2006/4/10

20

Near Detector distributions
• We observe very large event rates in the Near detector (~107

events in the fiducial volume for 1020 POT)
• This provides a high statistics dataset with which we can study 

how well we understand the performance of the Near 
Detector and check the level to which our data agrees with 
our Monte Carlo predictions
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SAND will do this for DUNE
ND-SAND - scope
(System for on-Axis Neutrino Detection)
Luca Stanco, INFN – Padova
(for SAND)
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SAND Institutions (> 100 people): 
9 US
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6 India
2 UK
1 France
1 Czech
1 Korea
1 Georgia
1 JINR
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Rejection of external backgrounds for Beam Monitoring

Generated external muons, generated neutrino events in SAND with p.o.t. 7.50 ⇥ 1013 - corresponds
to one spill. Time is randomly chosen for each event from 0 to 9600 ns

Two types of uncertainty for ECAL events:
I missidentification of external events as ECAL events

rejection of events using timing and topological
information in ECAL+STT

I pile-up between signal and external events

integration time 30 ns 400 ns
fraction of pile-up events 1.6% 18.1%
fraction of pile-up energy 0.01% 0.1%

Example of full-spill simulation
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A. Chukanov | Beam monitoring with STT



DUNE partner contributions to FD1 and FD2
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FD1 - Direct M&S

DOE.CNSTR Canada CERN CSIC CZECH

INFN Brazil Non-DOE UK

FD2 - Direct M&S

DOE.CNSTR In Kind IN2P3 CERN CSIC CZECH INFN UK

FD1 - Hours

DOE.CNSTR Canada CERN CSIC CZECH

INFN Latin America Brazil Non-DOE UK

FD2 - Hours

DOE.CNSTR In Kind IN2P3 Canada CERN

CSIC CZECH INFN Non-DOE UK
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Spring 2035
base design

DUNE @ Snowmass 202223

DUNE Phase I: world-leading MO, 
sensitivity to maximal CPV

● Phase I will do world-class long-baseline neutrino oscillation physics:

● Only experiment with 5σ mass ordering determination, and DUNE’s separate ν/ν running is 
significantly cleaner than measurements using atmospheric neutrinos

● Discovery of CPV at 3σ is possible if CP violation is large

● World-leading precision on Δm2
32 in first ~ few years

Only experiment which has
> 5s mass ordering
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Fig. 1. The expected antineutrino energy spectrum weighted by IBD cross-section with and without oscillation at the JUNO experiment for normal
ordering and inverted ordering assuming 2000 days of data-taking. Dependence on the four oscillation parameters is shown.

1. Introduction

1.1. Overview of the JUNO experiment

The standard three-flavor neutrino oscillation pattern is well established after the observation of the neutrino
oscillation in solar, atmospheric, accelerator and reactor neutrino experiments. Two independent neutrino mass splittings
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Pontecorvo–Maki–Nakagawa–Sakata (PMNS) parametrization [1,2] were measured with precisions at a level of few
percents. However, several unknowns still exist and will be the focus of future neutrino oscillation experiments. They
include

• the Neutrino Mass Ordering (NMO),
• the leptonic CP-violating phase � in the PMNS matrix,
• the octant of the mixing angle ✓23 (i.e., ✓23 < ⇡/4 or ✓23 > ⇡/4).

The Jiangmen Underground Neutrino Observatory (JUNO), a 20 kton multi-purpose underground liquid scintillator
detector, was proposed with the determination of the neutrino mass ordering as a primary physics goal [3–6]. The neutrino
mass ordering has only two possibilities: the normal ordering (NO, m1 < m3) and the inverted ordering (IO, m1 > m3).
The relatively large value of ✓13 has provided excellent opportunities to resolve the NMO in various neutrino oscillation
experiments, which include a medium baseline (⇠50 km) reactor antineutrino ⌫̄e ! ⌫̄e oscillation experiment (JUNO),
long-baseline accelerator (anti-)neutrino ⌫µ ! ⌫e oscillation experiments (NO⌫A [7] and DUNE [8]), and atmospheric
(anti-)neutrino oscillation experiments (INO [9], PINGU [10], ORCA [11], DUNE [8] and Hyper-K [12]). The accelerator
and atmospheric experiments rely on the matter effect in neutrino oscillations (the charge–current interaction between
(anti-)⌫e and electrons in the matter). JUNO is a unique experiment designed to identify the NMO using the oscillation
interplay between �m

2
31 and �m

2
32 [13]. The NMO sensitivity of JUNO has no dependence on the unknown CP-violating

phase and the ✓23 octant, playing a key role when combined with other neutrino experiments.
The reactor antineutrino survival probability in vacuum can be written as

P⌫̄e!⌫̄e = 1 � sin2 2✓13(cos2 ✓12 sin2 �31 + sin2 ✓12 sin2 �32) � cos4 ✓13 sin2 2✓12 sin2 �21, (1)
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of 53 km, JUNO will simultaneously measure oscillations driven by small mass splitting (�m
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21) and large mass splitting

(�m
2
31 and �m

2
32) as shown in Fig. 1. The small oscillation peaks in the oscillated antineutrino spectrum contain the NMO

information. Precise measurement of the oscillated antineutrino spectrum is a key for JUNO to determine the NMO. This
requires a 20 kton liquid scintillator detector with an unprecedented relative energy resolution of �E/E = 3%/

p
Evis, with

Evis being the visible energy in the detector in MeV.
Besides the neutrino mass ordering, the large fiducial volume and the excellent energy resolution of JUNO offer exciting

opportunities for addressing many important topics in neutrino and astro-particle physics.
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Fig. 3. Schematic view of the JUNO detector.

P4
i
FiSi(E⌫), where Fi is the fission rate and Si(E⌫) is the antineutrino energy spectrum per fission for the ith isotope. The

fission rate can be evaluated based on the reactor running information provided by the NPPs, including the reactor thermal
power, the burn-up of the fuel, the fission fractions of four isotopes, and the energy released per fission. The antineutrino
spectrum per fission has been calculated using two methods. One is based on the summation method [24–26] which sums
all the antineutrino energy spectra corresponding to thousands of beta decay branches for about 1000 isotopes in the
fission products, utilizing information in nuclear databases. The other is the beta conversion method [21,22,27–30] which
converts the measured � energy spectra from the individual fission isotopes 235U, 239Pu, and 241Pu to the corresponding
antineutrino energy spectra. The 238U spectrum relies on the summation method and contributes <10% of the total events.
Recent findings of the reactor antineutrino flux and spectrum anomalies have revealed unclear systematic effects in the
reactor flux models. To provide a reliable reference antineutrino spectrum, the JUNO-TAO experiment was proposed as a
satellite experiment of JUNO to measure the reactor antineutrino spectrum with sub-percent energy resolution [17].

JUNO detects electron antineutrinos via inverse beta decay (IBD) interactions, ⌫̄e +p ! e
+ +n. The e

+ quickly deposits
its energy and annihilates into two 0.511-MeV photons, which provides a prompt signal. The prompt energy contains
both the positron kinetic energy Te+ and the annihilation energy of 2 ⇥ 0.511 MeV. The neutron is mainly captured on
protons. After approximately 200 µs of scattering in the detector, the capture releases a 2.2-MeV photon, providing a
delayed signal. A set of preliminary antineutrino selection cuts is listed below:

• fiducial volume cut r < 17.2 m;
• the prompt energy cut 0.7 MeV < Ep < 12 MeV;
• the delayed energy cut 1.9 MeV < Ed < 2.5 MeV;
• time interval between the prompt and delayed signal �T < 1.0 ms;
• the prompt-delayed distance cut Rp�d < 1.5 m;
• muon veto criteria:

– for muons tagged by the water Cerenkov detector or the Top Tracker, veto the whole LS volume for 1.5 ms;
– for well-tracked muons in the Central Detector, veto the detector volume within a cylinder of distance to the

muon track Rd2µ < 3 m and within time to the preceding muon Td2µ < 1.2 s;
– for tagged, non-trackable muons in the Central Detector, veto the whole LS volume for 1.2 s.

The detection efficiency for each cut is shown in Table 3. JUNO will detect 60 IBDs/day with the above selection criteria.
The two major background sources of JUNO are natural radioactivity and the products of cosmic muons. Natural

radioactivity comes from all materials and the environment. Huge efforts on material screening and a careful arrangement
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Mass Ordering

5

� Determine mass ordering by resolving the tiny phase 
difference in the oscillated spectrum

� ߪ3 ƐĞŶƐŝƚŝǀŝƚǇ�ƚŽ�ŶĞƵƚƌŝŶŽ�ŵĂƐƐ�ŽƌĚĞƌŝŶŐ�ǁŝƚŚ�ϲ�ǇĞĂƌƐ͛�ĚĂƚĂ
� ߪ4 with constraints from accelerator experiments

JUNO

DYB near
DYB far

Only one of these curves
is real, and the data needs to 
be able tell the difference!


