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▸ Introduction: neutrinos and oscillations


▸ The CERN Neutrino Platform


▸ Near detector activities


▸ DUNE/protoDUNE activities


▸ Conclusions
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INTRODUCTION

▸ 3 “standard” neutrino flavours 

▸ weakly interacting (σν->N/Eν ≈ 10-38 cm2/GeV)  
1 GeV neutrino mean free path in lead ≈ 1011 m. 

▸ Standard Model states:  

▸ massless 

▸ lepton flavour conservation
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NEUTRINO OSCILLATIONS DISCOVERY 
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3 NEUTRINO OSCILLATIONS
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cij = cos �ij

sij = sin �ij

Parameters Experiment signal
|Δm21|2 = |m22 - m21| ϑ12 solar and reactor 
|Δm32|2 = |m23 - m22| ϑ23 atmospheric and accelerator 

ϑ13 reactor and accelerator 
𝛿CP accelerator

P (⌫e ! ⌫µ,⌧ )

P (⌫µ ! ⌫e) & P (⌫̄e ! ⌫̄e)

P (⌫µ ! ⌫µ) & P (⌫µ ! ⌫⌧ )

P (⌫µ ! ⌫e) & P (⌫̄e ! ⌫̄e)

atmospheric, accelerator

3 Flavour states 3 Mass states 
m1≠m2≠m3

0

@
⌫e
⌫µ
⌫⌧

1

A =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13e�i�

0 1 0
�s13e�i� 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

0

@
⌫1
⌫2
⌫3

1

A

solar, reactoraccelerator, reactor

3 mixing angles, 2 squared mass 
difference, 1 complex phase (δCP) 

more than15 years of experimental efforts



S. BORDONI (CERN)

NEUTRINO OSCILLATION : WHAT DO WE MEASURE
‣Neutrinos can change flavour while flying.  

‣ dis/appearance probabilities depend on the neutrino energy E and distance L 

‣Oscillations give access to the Δm2
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ν  O S C I L L AT I O N S  AT  T 2 K

• sin22θ13 dependence of leading term 
• θ23 dependence of leading term: “octant” dependence (θ23=/>/<45°?) 
• CP odd phase δ: asymmetry of probabilities P(νµ→νe) ≠ P(νµ→νe) if sin δ ≠ 0 
• Matter effect through x:  νe (νe) enhanced in normal (inverted) hierarchy
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• Precision measurement of 2θ23 and Δm2
31  

• CPT tests with antineutrino mode ( νµ→νµ )
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THE KNOWNS AND THE UNKNOWNS
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from NuFit 2016

NuFIT 3.2 (2018)

Normal Ordering (best fit) Inverted Ordering (��2 = 4.14) Any Ordering

bfp ±1� 3� range bfp ±1� 3� range 3� range

sin2 ✓12 0.307+0.013
�0.012 0.272 ! 0.346 0.307+0.013

�0.012 0.272 ! 0.346 0.272 ! 0.346

✓12/
� 33.62+0.78

�0.76 31.42 ! 36.05 33.62+0.78
�0.76 31.43 ! 36.06 31.42 ! 36.05

sin2 ✓23 0.538+0.033
�0.069 0.418 ! 0.613 0.554+0.023

�0.033 0.435 ! 0.616 0.418 ! 0.613

✓23/
� 47.2+1.9

�3.9 40.3 ! 51.5 48.1+1.4
�1.9 41.3 ! 51.7 40.3 ! 51.5

sin2 ✓13 0.02206+0.00075
�0.00075 0.01981 ! 0.02436 0.02227+0.00074

�0.00074 0.02006 ! 0.02452 0.01981 ! 0.02436

✓13/
� 8.54+0.15

�0.15 8.09 ! 8.98 8.58+0.14
�0.14 8.14 ! 9.01 8.09 ! 8.98

�CP/
� 234+43

�31 144 ! 374 278+26
�29 192 ! 354 144 ! 374

�m2
21

10�5 eV2 7.40+0.21
�0.20 6.80 ! 8.02 7.40+0.21

�0.20 6.80 ! 8.02 6.80 ! 8.02

�m2
3`

10�3 eV2 +2.494+0.033
�0.031 +2.399 ! +2.593 �2.465+0.032

�0.031 �2.562 ! �2.369


+2.399 ! +2.593
�2.536 ! �2.395

�

octant

CPV

Mass 
ordering

Normal 
ordering 

Inverted 
ordering 

http://nu-fit.org
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OSCILLATIONS: STATE OF THE ART MEASUREMENTS 
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T2K Run1-8 PreliminaryFinal systematics pending

𝛿CP = 0 excluded at 2σ !

Results presented at KEK last summer

Jeff	Hartnell,	CERN	Seminar	2016	 31	

To APD 

4 cm ⨯ 6 cm 

1560 cm
 

A NO𝜈A cell NO𝜈A detectors 

Fiber pairs 
 from 32 cells 

32-pixel APD 

Far detector: 
   14-kton, fine-grained, 
   low-Z, highly-active 
   tracking calorimeter 
      → 344,000 channels 

Near detector: 
   0.3-kton version of 
   the same 
      → 20,000 channels 

Extruded PVC cells filled with 
11M liters of scintillator 

instrumented with 
𝜆-shifting fiber and APDs 

Ryan Patterson, Caltech Fermilab JETP, August 6, 2015 10 

Jeff	Hartnell,	CERN	Seminar	2016	 26	

NOvA	Overview	
•  �ConvenAonal�	beam	
•  Two-detector	experiment:	

•  Near	detector		
–  measure	beam	
composiAon		

–  energy	spectrum	

•  Far	detector		
–  measure	oscillaAons	and	
search	for	new	physics	

Ash River 

Ash River 

810 km 

NOvA Oscillation Results 

Jeff	Hartnell	
University	of	Sussex	

CERN EP Seminar 
15th	November	2016		

IH excluded at 2σ !

https://www.t2k.org/docs/talk/282/kekseminar20170804
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OSCILLATIONS: PERSPECTIVES
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▸ T2K and NOvA have already some sensitivities to dCP and the MH with only 
part of the foreseen final statistics   

▸ Effort to combine of the results to further enhance the physics potential of the 
current experiments are on-going 

▸ Extension of the current T2K data taking (a.k.a. T2K-II) is also foreseen 
▸ upgrade of the ND280 near detector

arXiv:1607.08004 
 CERN seminar

https://arxiv.org/pdf/1607.08004.pdf
https://indico.cern.ch/event/696410/attachments/1586708/2518752/2018-01-30-CERN-Nova-Results.pdf


FUTURE LONG BASELINE EXPERIMENTS
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DUNE
• 4 modules Liquid Ar-TPC ~10kton each 
• SURF, Homestake mine (US) ~2400mwe 
• On-axis beam from Fermilab (1.2-2.4 MW) 
• baseline ~1300km 
• <E𝜈> ~3GeV

Magnet'
Coils'

Forward'
ECAL'

End'
RPCs'

Backward'ECAL'Barrel'
ECAL'

STT'Module'

Barrel''
RPCs'

End'
RPCs'

FD

ND

TOKAY-T0-HYPER-KAMIOKANDE
• 2 water Cherenkov of ~260 ton each 
• Tochibora (Japan),~1750mwe 
• Off-axis beam from Tokai (1.3 MW) 
• baseline ~300km (1100km if T2HKK) 

• <E𝜈> ~0.6GeV 

Detector location @ Kamioka, Japan 
6 

!  The candidate site locates under Mt. Nijugo-yama 
!  ~8km south from Super-K 
!  Identical baseline (295km) and off-axis angle (2.5deg) to T2K 

!  Overburden ~650m (~1755 m.w.e.) 

3 generations of Kamiokande family 
2 

!  Larger mass for more statistics 
!  Better sensitivity by more photons with improved sensors 

Kamiokande 
(1983-1996) 

Super-Kamiokande 
(1996-) 

Hyper-Kamiokande 
(~2026-) 

3kton 50kton 260kton×2 

20% coverage 
with 50cm PMT 

40% coverage 
with 50cm PMT 

40% coverage 
with high-QE 50cm PMT 

S. BORDONI (CERN)



TOKAI-T0-HYPER-KAMIOKANDE

DUNE and Hyper-Kamiokande

CP violation sensitivity Mass ordering sensitivity

FUTURE LONG BASELINE EXPERIMENT
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DUNE

DUNE and Hyper-Kamiokande

Sensitivity Over Time 
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DUNE Long-Baseline Physics, APS January 2017 8 
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S. BORDONI (CERN)

ar
Xiv

:16
11

.06
11

8 DUNE CDR



THE CERN NEUTRINO PLATFORM
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The Mandate: European Strategy for Particle Physics (2013)
“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.”

S.BORDONI (CERN)

LBNF/DUNE

T2K / T2K-II

SBN (short baseline)

Hyper-Kamiokande
http://cenf.web.cern.ch/
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INTRODUCTION : NEUTRINOS ET CERN
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1970-1979 Gargamelle

BEBC 1960-1984

Discovery of neutral currents

1976-1984 CDHS,
deep inelastic interactions

NOMAD 1995-1998

CHORUS 1994-1997

ICARUS
2010-2012

OPERA 
2009-2012

width of Z boson



THE CERN NEUTRINO PLATFORM
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‣ Assist the various groups in their R&D phase in the short and medium term and give 
coherence to a fragmented European Neutrino Community 

‣ Provide a charged particle test beam infrastructure for tests and R&D 

‣ Bring R&D programs to the level of technology demonstrators in view of major 
construction activities 

‣  Continue neutrino beam R&D, as possible basis for further collaborations  

‣  Support the short and long baseline activities (infrastructure & detectors) 

‣  Be a partner in the physics exploitation 

NP reacts on input from the community 
> 100 institutes participate to the NP (MoU)

Neutrino Platform part of the CERN Medium Term Plan (since 2015)



THE NP CURRENT PROJECTS 
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▸ NP01 (WA104/ICARUS ) : far detector for the US 
Short Baseline program

▸ NP02 (protoDUNE-DP WA105): demonstrator + engineering 
prototype for a Double phase (LAr+GAr) TPC

▸ NP04 (protoDUNE-SP): engineering prototype for a LAr TPC

▸ NP05 (Baby MIND): a magnetised muon spectrometer 
for the WAGASCI experiment in Japan

‣ Near detector studies for T2K and DUNE 

‣ Performance study and requirement assessment of neutrino near detectors 

‣ Participation in the design and construction of the DUNE cryostats 

‣ Active participation in FNAL-SBN and DUNE programs

+

S. BORDONI (CERN)

ICARUS

3x1x1 m3

DP 6x6x6 m3

SP 6x6x6 m3

Baby MIND 

▸ NP03: generic R&D framework
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CERN AND THE NEAR DETECTOR EFFORTS 
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THE ROLE OF THE NEAR DETECTORS
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Near Detector Optimization Task Force4

VALOR: ND Constraints - Costas Andreopoulos▸ Crucial detectors to characterise the neutrino flux before oscillation occurs  

▸ Provide constrains to flux and cross-section systematics 

S. BORDONI (CERN)

VALOR strategy (used in T2K, DUNE, SBN..) 



THE ROLE OF THE NEAR DETECTORS
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▸ Near detectors can give a handle to master 
nuclear effects which are becoming one of 
the dominant sources of uncertainties in 
the oscillation analyses  

▸ Bias in the reconstructed energy translates 
in bias in the oscillation parameters

S. BORDONI (CERN)

Martini et al. Phys.Rev. D87 (2013) 013009

CCQE

np-nh
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OSCILLATIONS: IMPACT OF THE SYSTEMATICS 
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arXiv:1607.08004 

from DUNE CDR

▸ The control of the systematics uncertainties is crucial for both current and future 
LBN experiments  

▸ Neutrino cross section is the dominant source 

▸ Importance of Near Detector measurements : better sensitivity , shorter 
exposure time 

NOvA T2K-II

https://arxiv.org/pdf/1607.08004.pdf
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THE CENF-ND FORUM

▸ Hub to provide support to the ongoing efforts of the LBN collaborations, strength the 
European support, attract new institutes, endorse participation from Japanese and 
American Institutes.  

▸ Steering group (S.B., P.Sala, A.Weber, M. Zito) + 5 WGs (flux, cross-section, R&D.. ) in 
close collaboration with existing frameworks and groups 

▸ Activity started in July 2017, more than 100 participants  

▸ Video meetings, Workshop at CERN and visiting are being organised

20

https://twiki.cern.ch/twiki/bin/view/CENF/NearDetector

https://twiki.cern.ch/twiki/bin/view/CENF/NearDetector
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THE ND280 UPGRADE
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new Horizontal TPC 

new Horizontal TPC 

superFGD

existing vertical TPC 

existing FGD

at CERN

▸ Proposal for an upgrade of the existing ND280 
detector (at T2K) 
▸ 2 new horizontal TPCs with resistive MM 

▸ New target: 1cm3 cubes with 3D readout (superFGD) 

▸ ToF around the TPCs 

▸ HPTPC for 𝜈 cross-section measurements 

▸ Several workshops at CERN, EoI and proposal 
submitted to the CERN SPSC to be a project of 
the Neutrino Platform 

▸ Test beam at CERN this summer ! 
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CERN AND DUNE

22



THE CERN NEUTRINO PLATFORM AND DUNE
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▸ Large effort on the preparation of the DUNE experiment 
▸ Design, construction and operation of the cryostats and cryogenics system 

▸ New facility with dedicated tertiary H2 and H4 beam lines (VLE from SPS)    

▸ Construction of the prototype detectors

protoDUNE Single Phase (SP) protoDUNE Double Phase (DP)

~10m

~3.5m drift ~6m drift
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NORTH AREA EXTENSION (EHN1)

24

14 April 2016

beneficial occupancy in September 2016
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NORTH AREA EXTENSION (EHN1)
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Now !

beneficial occupancy in September 2016
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A "NEW" TECHNOLOGY FOR THE CRYOSTAT
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▸ Technology from GTT (France) used for 
LNG transportation and storage

• primary membrane in contact with the liquified 

gas, flexible and elastic 


• Passive thermal insulation: in between and 
directly connected to the primary membrane 
and the hull.


• Hull: the warm structure, sustains and support 
the entire system.

▸ Technology adapted to particle physics 
experiments requirements 

• structure (dimensions, openings, LAr, ..)


• More stringent requirement on heat input (5-7 
W/m2) -> 79 cm thick insulation
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A "NEW" TECHNOLOGY FOR THE CRYOSTAT

▸ Construction of the protoDUNE cryostats

27

Components 
welding

Wall  
handling

Roof  
installation

Corner installation
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A "NEW" TECHNOLOGY FOR THE CRYOSTATS
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Temporary 
Construction 
Opening (TCO)

Beam 
entrance Openings from inside (feedthrough)



Pro
• demonstrated functioning underground for 

years
• sensing electrodes are simple wires
• stable thermodynamic conditions of the 

detector
• no need of HV in gas

Cons
๏  signal to noise limited by the electronics and 

wire length
๏  very different induction and collection view 

signals

S. BORDONI (CERN) 29

Focusing on protoDUNE-SP (arbitrary choice) 

▸ DP protoDUNE goal is to validate the alternative technology on large scale    

▸ Strong synergies between SP and DP for cryogenics, HV feedthrough, field cage 
reconstruction and data analyses   

▸ Complementarity of the two technologies  

Pro
• signal amplification during just before signal 

formation
• electronic noise less important with respect to 

the SP
• completely analogous signals on the views
• possibly fewer electronic channels for the same 

volume
• accessible electronics

• Cons
๏  stability and uniformity of the charge 

amplification
๏  generally larger HV needed

SINGLE PHASE   DUAL PHASE   
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PROTODUNE-SP: WHY? 
▸ real engineering prototype for the first module of the DUNE far detector 

▸ protoDUNE-SP ~1/20 of the final FD module

30

DUNE far detector SP design
1 

pr
ot

oD
U

N
E

▸ modular design: each 
detector part already on 
the size for the DUNE 
module

• beginning of installation of 
1st FD module in y 2022


• data taking starting in y 2026



When a charged particle pass through the detector 

1. scintillation light from the desexcitation of the Ar excimers 

S. BORDONI (CERN)

LAR TPC : HOW DOES IT WORK 

31

t0 of the event
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LAR TPC : HOW DOES IT WORK 

32

When a charged particle pass through the detector: 

1. scintillation light from the desexcitation of the Ar excimers  

2. Ar ionisation, free electrons drift towards the anode (nominal Efield = 500V/cm) 

2D image of 
the event
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PROTODUNE-SP DESIGN
LAr TPC  à la ICARUS :  

▸ cathode in the middle, anode planes on the two sides   

▸ Anodes: 2 planes of wires at 35.7º (induction) + 1 plane of vertical wires 
(collection) + 1 grid plane

33

protoDUNE-SP
▸ light read by plastic scintillator bars coupled 

with SiPM 

• ~ 800 tons of LAr


• The biggest LAr TPC at today
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PROTODUNE-SP: ANODE PLANES

34
wire frame detail 

(35 tons)

▸ No signal amplification  

▸ Use of Cold Electronics to reduce the noise 

▸ Tests in cold very successful 
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PROTODUNE-SP: CATHODE PLANE

▸ 3mm thick FR4 panels laminated on both side with resistive Kapton 

▸ Bias voltage -180kV  

▸ No electric connection across CPA columns to prevent damages in 
case of HV discharges  

▸ Edges of the CPA populated with the same profile as the field cage. 
No need of a special design for such crucial part  

35
1 of the 3 CPA module being 

assembled in the protoDUNE-SP 
clean room 

2.3m

6.0m
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PROTODUNE-SP: FIELD CAGE

▸ Surround all the TPC volume maximising the active region 

▸ providing a uniform drift field (500V/cm) 

▸ parallel rounded aluminium profiles with plastic cups  

▸ resistive divider chains interconnecting the profiles  

▸ on top/bottom modules equipped with ground planes 
in SS with holes for LAr circulation 

36

1 top/bottom module  
of the filed cage

resistive 
divider chains

ground plane
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PROTODUNE-SP: PHOTOSENSORS
▸ 10 PhotoDetection systems per APA 

▸ Plastic scintillator bars with wavelength shifter + SiPM 

37

Dip-coated light guide 

• Acrylic dip-coated with TPB+acrylic+toluene solution

Double shift light guide 

• wavelength-shifting plates + wavelength-shifting light guide

• Transport shifted light via total internal reflection to readout 

(SiPM array)

ARAPUCA 

•  light trapped inside box with high internal reflectivity 


• combination of wavelength shifters and a dichroic 
optical filter
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SOME PICTURES
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SOME PICTURES
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PROTODUNE-SP: SCHEDULE AND TEST BEAM
▸ Very tight schedule since the beginning but we are managing!  

▸ 4th APA arrived at CERN, cathode planes installed in the cryostat, field cage end-walls already 
partially installed. Next week closing the first volume of the TPC.  

▸ All detectors element inside the cryostat by end of April. Then TSO closed and access through the 
manhole 

▸ June to August : purge, cool down + filling (7-8 weeks) , commissioning (1-2 weeks) and cosmic 
rays runs 

40

▸ 7 weeks of beam from the 
H4 line, alternated with 
cosmic runs 

▸ electron and hadron 
beams from 1 to 7 GeV/c

NP02	
proximity	
cryogenics

NP04	
proximity	
cryogenics

External	
cryogenics

H4	beam	lineH2	beam	
line

DAQ	&	
computing	
rooms

NP04	
proximity	
racks

NP02	
proximity	
racks

NP02	DP
NP04	SP



S. BORDONI (CERN)

PROTODUNE-SP: RECONSTRUCTION

▸ protoDUNE is a test bed also for the event reconstruction in LAr 

▸ very challenging because on surface: large cosmic ray background 
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PANDORA algorithm

PMA Algorithm

Tracking efficiency for single muon with 
0.3 < p < 5GeV

Reconstruction of cosmic rays with PMA algorithm



PROTODUNE-SP: PHYSICS MEASUREMENTS
▸ ProtoDUNE-SP will provide the chance to validate on data the reconstruction 

algorithm performances 
▸ energy scale (em /had showers) 

▸ e-gamma separation 

▸ cross-section measurements  

▸ … 

▸ The knowledge of π-Ar  interactions are key to control systematics for DUNE 

▸ Measurements of interest for the entire LAr community (e.g. SBN)  
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PROTODUNE-SP: PHYSICS MEASUREMENTS
▸ Almost no existing measurement of π-Ar cross-section 

▸ LArIAT recent measurement for Pion momentum range 0.2-1.2 
GeV 

▸ Previous estimation from extrapolation from other nuclei (at 
very low p)  

▸ ProtoDUNE aim to reproduce the measurement, enlarge 
the range, do a similar measurements for protons
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TRUE ABSORPTION AND SCATTERING OF PIONS ON NUCLEI 2181
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FIG. 7. The true absorption cross sections of 7(' for
all the studied target nuclei, as a function of bombarding
energy. The lines are drawn to guide the eye and
typical error bars are shown.

dependence of the cross section is poor. The ex-
perimental results show a much stronger energy
dependence than theoretically expected. The shape
of the resonance is reflected in the absorption
cross section nmch more than in any other reac-
tion. Above the resonance, while the inclusive
inelastic scattering remains constant, the absorp-
tion cross section drops rapidly (see Fig. 11).
The A dependence of the absorption cross section
is steeper than that of the inclusive inelastic scat-
tering (see Fig. 9). As a result, the absorption
process takes an increasing fraction of the reac-
tion cross section as we go to heavier nuclei, and
in the center of the resonance region it is the dom-
inant reaction in heavy nuclei. This generally
steep A dependence was correctly predicted by
Ginocchio".
It is interesting to note that when the absorption

cross section is extrapolated to A = 2, the result
is 4-5 times greater than the absorption cross
section on the deuteron. " This reflects the low
nuclear density of the deuteron and the availability
of absorption channels and mechanisms other than
the (ss', 2p) or (w, 2I) for heavier nuclei.
Comparison of the cross sections for positive

and negative pion absorption shows that, at the two
bombarding energies where it was measured (125

E~(MeV)

FIG. 8, True absorption cross section of positive
pions on carbon compared to calculations: dashed
line—Ref. 5; solid line—Ref. 6; dashed-dot line—Ref.
7; and dotted line—Ref. 9.
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FIG. 9. Decomposition of the total ~'-nucleus cross
section at 165 MeV. The lines are least squares fits to
power laws.

and 165 MeV), they are generally similar. We
may expect two compensating effects in this com-
parison: Coulomb attraction can increase the ab-
sorption of negative pions, while for the heavy
neutron rich nuclei the probability of positive
pion absorption will be enhanced. At 125 MeV, we
observe that in the heavy nuclei the cross sections

π+ @ 165 MeV
Tot

El.

Abs.

ChEx.
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PROTODUNE-SP: PHYSICS MEASUREMENTS
▸ Analysis in preparation : challenges due to cosmic-rays background 

and space charge effect 
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CONCLUSIONS

▸ A new generation of long baseline oscillation experiments is being to have 
definitive measurements of the still unknown PMNS parameters 

▸ The control of the systematics uncertainties is crucial : the new experiments 
need to carefully design their detectors to address the main sources of errors 

▸ CERN has established in 2016 a new program to support the LBN activities, 
and strength the European effort    

▸ In only 2 years the CERN Neutrino Platform has accomplished big 
achievements and attracted more than 100 institutes 

45



SUPPLEMENTARY
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INTRODUCTION

▸ Postulated by Pauli as “desperate remedy” to explain 
the continuum spectrum of the ß decay (1930)


▸ Discovered only in 1956 by Reines and Cowan 
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1995

▸ Second most abundant particle in the 
Universe 


▸ Natural and artificial sources covering an 
energy spectra over 20 orders of magnitude


Katz, U.F. et al. Prog.Part.Nucl.Phys. 67 (2012) 651
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INTRODUCTION

▸ Charged current (CC) interactions 

▸ Neutral current (NC) interactions

48

W
vα α

N X

Z
vα

N X

vα

• Out-coming lepton bring information about the 
neutrino flavour  

• Threshold of the interaction given by the lepton mass 
(E𝜈𝜇 > 110 MeV, E𝜈𝜏 >3.5 GeV) 

• No information about the neutrino flavour 
• much less measurements available  
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INTRODUCTION

▸ Charged current (CC) interactions 

▸ Neutral current (NC) interactions
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• Out-coming lepton bring information about the 
neutrino flavour  

• Threshold of the interaction given by the lepton mass 
(E𝜈𝜇 > 110 MeV, E𝜈𝜏 >3.5 GeV) 

targets, measuring and modeling nuclear effects in pion
production processes has become paramount. Such effects
are sizable, not well known, and ultimately complicate the
description of neutrino interactions. Once created in the
initial neutrino interaction, the pion must escape the nucleus
before it can be detected. Along its journey, the pion can
rescatter, get absorbed, or charge exchange thus altering its
identity and kinematics. Improved calculations of such
‘‘final-state interactions’’ have been undertaken by a number
of groups (Paschos et al., 2007; Antonello et al., 2009;
Dytman, 2009; Leitner and Mosel, 2009; Leitner and Mosel,
2010a, 2010b). The impact of in-medium effects on the
! width and the possibility for intranuclear ! reinterac-
tions (!N ! NN) also play a role. The combined result are
sizable distortions to the interaction cross section and kine-
matics of final-state hadrons that are produced in a nuclear
environment.

While new calculations of pion production have prolifer-
ated, new approaches to the experimental measurement of
these processes have also surfaced in recent years. Modern

experiments have realized the importance of final-state ef-
fects, often directly reporting the distributions of final-state
particles they observe. Such ‘‘observable’’ cross sections are
more useful in that they measure the combined effects of
nuclear processes and are much less model dependent.
Table XII lists the collection of some of these most recent
pion production cross section reportings. Measurements have
been produced in the form of both ratios and absolute cross
sections, all on carbon-based targets. Similar measurements
on additional nuclear targets are clearly needed to help round
out our understanding of nuclear effects in pion production
interactions.

Before we move on, it should be noted that many of the
same baryon resonances that decay to single pion final states
can also decay to photons (e.g., ! ! N! and N! ! N!).
Such radiative decay processes have small branching frac-
tions (<1%) yet, like NC "0 production, they still pose non-
negligible sources of background to #$ ! #e oscillation

searches. There have been no direct experimental measure-
ments of neutrino-induced resonance radiative decay to date;
however, studies of photon production in deep inelastic neu-
trino interactions have been performed at higher energies

TABLE XI. Measurements of NC and CC single pion cross section ratios (N ¼ n; p). The Gargamelle data have been corrected to a free
nucleon ratio (Krenz et al., 1978a).

Experiment Target NC/CC ratio Value Reference

ANL H2 %ð#$p ! #$p"
0Þ=%ð#$p ! $%p"þÞ 0:51' 0:25 (Barish et al., 1974)

ANL H2 %ð#$p ! #$p"
0Þ=%ð#$p ! $%p"þÞ 0:09' 0:05a (Derrick et al., 1981)

ANL H2 %ð#$p ! #$n"
þÞ=%ð#$p ! $%p"þÞ 0:17' 0:08 (Barish et al., 1974)

ANL H2 %ð#$p ! #$n"
þÞ=%ð#$p ! $%p"þÞ 0:12' 0:04 (Derrick et al., 1981)

ANL D2 %ð#$n ! #$p"
%Þ=%ð#$n ! $%n"þÞ 0:38' 0:11 (Fogli and Nardulli, 1980)

GGM C3H8CF3Br %ð#$N ! #$N"0Þ=2%ð#$n ! $%p"0Þ 0:45' 0:08 (Krenz et al., 1978a)
CERN PS Al %ð#$N ! #$N"0Þ=2%ð#$n ! $%p"0Þ 0:40' 0:06 (Fogli and Nardulli, 1980)
BNL Al %ð#$N ! #$N"0Þ=2%ð#$n ! $%p"0Þ 0:17' 0:04 (Lee et al., 1977)
BNL Al %ð#$N ! #$N"0Þ=2%ð#$n ! $%p"0Þ 0:25' 0:09b (Nienaber, 1988)
ANL D2 %ð#$n ! #$p"

%Þ=%ð#$p ! $%p"þÞ 0:11' 0:022 (Derrick et al., 1981)

aIn their later paper (Derrick et al., 1981), Derrick et al. remark that while this result is 1:6% smaller than their previous result (Barish
et al., 1974), the neutron background was later better understood.
bThe BNL NC "0 data (Lee et al., 1977) were later reanalyzed after properly taking into account multipion backgrounds and found to
have a larger fractional cross section (Nienaber, 1988).
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globally describes the transition between these processes or
how they should be combined. Moreover, the full extent to
which nuclear effects impact this region is a topic that has
only recently been appreciated. Therefore, in this section, we
focus on what is currently known, both experimentally and
theoretically, about each of the exclusive final-state processes
that participate in this region.

To start, Fig. 9 summarizes the existing measurements of
CC neutrino and antineutrino cross sections across this inter-
mediate energy range

!"N ! "!X; (54)

!!"N ! "þX: (55)

These results have been accumulated over many decades
using a variety of neutrino targets and detector technologies.
We immediately notice three things from this figure. First, the
total cross sections approaches a linear dependence on neu-
trino energy. This scaling behavior is a prediction of the quark
parton model (Feynman, 1969), a topic we return to later, and
is expected if pointlike scattering off quarks dominates the
scattering mechanism, for example, in the case of deep
inelastic scattering. Such assumptions break down, of course,
at lower neutrino energies (i.e., lower momentum transfers).
Second, the neutrino cross sections at the lower energy end of
this region are not typically as well measured as their high-
energy counterparts. This is generally due to the lack of high
statistics data historically available in this energy range and
the challenges that arise when trying to describe all of the
various underlying physical processes that can participate in
this region. Third, antineutrino cross sections are typically
less well measured than their neutrino counterparts. This is
generally due to lower statistics and larger background con-
tamination present in that case.

Most of our knowledge of neutrino cross sections in
this intermediate energy range comes from early experiments
that collected relatively small data samples (tens-to-a-few-
thousand events). These measurements were conducted in

the 1970s and 1980s using either bubble chamber or spark
chamber detectors and represent a large fraction of the data
presented in the summary plots we show. Over the years,
interest in this energy region waned as efforts migrated to
higher energies to yield larger event samples and the focus
centered on measurement of electroweak parameters (sin2#W)
and structure functions in the deep inelastic scattering region.
With the discovery of neutrino oscillations and the advent of
higher intensity neutrino beams, however, this situation has
been rapidly changing. The processes discussed here are im-
portant because they form some of the dominant signal and
background channels for experiments searching for neutrino
oscillations. This is especially true for experiments that use
atmospheric or accelerator-based sources of neutrinos. With a
view to better understanding these neutrino cross sections,
new experiments such as Argon Neutrino Test (ArgoNeuT),
KEK to Kamioka (K2K), Mini Booster Neutrino Experiment
(MiniBooNE),Main INjector ExpeRiment: nu-A (MINER!A),
Main Injector Neutrino Oscillation Search (MINOS), Neutrino
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FIG. 9. Total neutrino and antineutrino per nucleon CC cross
sections (for an isoscalar target) divided by neutrino energy and
plotted as a function of energy. Data are the same as in Figs. 28, 11,
and 12, with the inclusion of additional lower energy CC inclusive
data from m (Baker et al., 1982), # (Baranov et al., 1979), j
(Ciampolillo et al., 1979), and ? (Nakajima et al., 2011). Also
shown are the various contributing processes that will be inves-
tigated in the remaining sections of this review. These contributions
include quasielastic scattering (dashed), resonance production (dot-
dashed), and deep inelastic scattering (dotted). Example predictions
for each are provided by the NUANCE generator (Casper, 2002).
Note that the quasielastic scattering data and predictions have been
averaged over neutron and proton targets and hence have been
divided by a factor of 2 for the purposes of this plot.
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• No information about the neutrino flavour 
• much less measurements available  

T2K NOvA  
DUNE
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NEUTRINO OSCILLATIONS DISCOVERY 
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Solar Neutrino Problem
Year 2000 Experimental sensitivity: primarily or 
exclusively electron neutrinos

pp ν

7Be, 8B ν
8B ν

Theory

Kamiokande (1988,92,94)

�1991,92�

⇡+ !µ+ + ⌫µ

#
e+ + ⌫e + ⌫̄µ

2	muon-
neutrinos 1	electron-

neutrino

COSMIC	
RAY

AIR	
NUCLEUS

PION

MUON
ELECTRON

The atmospheric anomalyThe solar problem

▸ ratio expected 2:1 but observed ~1  

▸ missing 1/2 of 𝜈𝜇 ! 
▸ clear deficit wrt SSM prediction 

▸ About 2/3 of 𝜈e are missing! 
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LONG BASELINE EXPERIMENTS PRINCIPLE 

▸ Protons colliding on a fix target 

▸ Production of secondary hadrons (π, K), focussed on the decay line by magnetic horns    

▸ Decay of the hadrons in the decay volume 

▸ Stop all remaining particles with a dump, muons can be used to monitoring purpose 

▸ Neutrinos are the only remaining particles : Near detector (before oscillation occurs), 
Far Detector at best L/E to maximise the oscillation probability 
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cartoon for T2K experiment 
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T2K AND NOVA FLUX
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T2K NOvA 
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OSCILLATIONS: STATE OF THE ART MEASUREMENTS 
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Far detector: Super-
Kamiokande  
40kt water Cherenkov 
detector, located off-axis 

Near detectors:  
INGRID: on-axis 
ND280: off-axis magnetised 
(0.2 T) composite detector 
tracker (FGD+FGD) 
surrounded by calorimeter + 
muon range detector 
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𝛿CP = 0 excluded at 2σ !
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Results presented at 
KEK last summer

https://www.t2k.org/docs/talk/282/kekseminar20170804


S. BORDONI (CERN)

NEUTRINO BEAMS
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presented at 
CENF-WG1 
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T2-HK PHYSICS POTENTIAL
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NEW PHOTOSENSORS FOR HK
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WHY LIQUID ARGON? 
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Noble liquids are good neutrino targets: 
– if purified, long drifts are possible → large detectors 
– high light yield → triggering and calorimetry (dark matter experiments) 
● Argon is abundant (~1% of the atmosphere) 
● Liquid argon is cheap: $ 2/L vs $ 3000 /L for Xe or $ 500 / L for N
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NON EXHAUSTIVE COMPILATION OF LAR EXPERIMENTS
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Detector Operation Mass (tons) Max. drift d.
ArgoNeuT / LArIAT 2008-2009 /  

2015- oggi 0.77 47cm

ICARUS 2010 - 2013 2x375 (476a.m.) 1.5m

MicroBooNE 2015-today 170 (89a.m.) 2.5m

35tons 2015-2016 35 2.2m

SBND >2018 112 am 4m

WA105 2017 50 1m

ProtoDUNE-SP fall 2018 770 3.6m

ProtoDUNE-DP fall 2018 770 6m

DUNE >2026 4x 17ktons 6m (12m DP)

a.m. = active mass
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APA DESIGN SPEC
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6	m

2.3	m



S. BORDONI (CERN)

DUNE VS HK : MH SENSITIVITY (ATM. NU)
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T2K + NOVA
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T2HK DCP SENSITIVITY
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DUNE SENSITIVITY
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STAGED APPROACH:  
Y1 (2026) 20kt FD @ 1.07 MW

Y2 (2027) 30kt FD @ 1.07 MW

Y3 (2029) 40kt FD @ 1.07 MW

Y7 (2032) 40kt FD @ 2.14 MW



EOI 15

▸ Expression of Interest on ND based on gas TPCs signed 
by 190 people. Project in evaluation to be part of the 
Neutrino Platform 

▸ 2 main axis :  
▸ AtmP-TPC for ND280 upgrade (T2K-II ~ y 2020) 

▸ HighP-TPC for cross-section studies 

▸ CERN contribution foreseen for gas system, TPC readout 
(MM), test-beams, physics studies   

▸ 4 workshop organised. Detailed proposal in January

64
at CERN

AtmP-TPC :   

Large improvement of 
the ND280 acceptance 
→ more similar 
acceptance to SK

HighP-TPC :  

Lower detection 
threshold → improve 
MC generators
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THE ND280 UPGRADE
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preliminary

▸ lower detection threshold → better sensitivity to nuclear effects 

▸ Enhance the acceptance

Reconstruction efficiency for 
proton stopping in the target

preliminary

Selection efficiency for 𝜈𝜇CC interactions 
in the ND280 configurations 



NP-04 BEAM LINE
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PROTODUNE-SP BEAM TESTS

Data collection goal with 25Hz trigger rate and 3000 spill per day  

▸ > 500k pions events per momentum setting 

▸ > 100k protons per momentum setting  

▸ > 900k electron events in total
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1 GEV/C


