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1 Neutrino oscillations
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Neutrinos are everywhere…

nu’s per dayI emit

I contain
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Neutrinos in the Standard Model

• No electric charge
• No mass
• Three types of them, paired with the 

electron, muon and tau leptons
• Only interact via the weak 

interaction
…which means neutrinos are basically…

INVISIBLE

Charged current (CC) Neutral current (NC)

“Neutrino physics course”  ETH Zürich  A. Rubbia/B.Radics

+ +
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Neutrino oscillations

Flavour eigenstates Mass eigenstates

Flavour eigenstates are a superposition of mass eigenstates

U≡UPMNS
Pontecorvo-Maki-Nakagawa-Sakata 

(PMNS) unitary matrix

Two flavour 
approximation

P(νe → νμ) = sin2(2θ)sin2 (1.27Δm2[eV ]
L[km]

E[GeV ] )

 Prof. M.A. Thomson Michaelmas 2011 355 

�� However we have neglected that fact that for the same momentum, different mass  
    eigenstates will propagate at different velocities and be observed at different times 

�� The full derivation requires a wave-packet treatment and gives the same result 
�� Nevertheless it is worth noting that the phase difference can be written 

�� The first term on the RHS vanishes if we assume                    or    

in all cases    L 

 Prof. M.A. Thomson Michaelmas 2011 356 

�� Hence the two-flavour oscillation probability is: 

with 

�� The corresponding two-flavour survival probability is: 

��e.g.  

��e 
��e ��e 

��e ��e 
��e 

��e ��e 
��e ��e 

��e ��e 
��e 

��e 

��µµ����e 
��e ��µµ����µµ��

��µµ�� ��µµ��

��µµ����e ��e 

��wavelength 

L [km]
“Neutrino physics course”  
ETH Zürich  A. Rubbia/B.Radics
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Neutrino oscillations
Flavour eigenstates Mass eigenstates

Accelerator/reactorAtmospheric Solar

where cij=cosθij sij=sinθij

3 mixing angles + 1 complex phase

CPV term proportional to Θ13➡Θ13≠0

Charge Parity violation (CPV)➡δ≠0, π
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Neutrino oscillations

Transition probability in vacuum

Δm2
ki = m2

k − m2
i

1. Neutrinos must be massive ➡ 1st evidence of physics beyond 
the Standard Model! 

2. UPMNS is complex ➡ 

3. CPV term ≠ 0 only if α ≠ β ➡ appearance experiments needed!

P(να → νβ) − P(να → νβ) ≠ 0 test CPV in the 
leptonic sector

α,β = e,μ,τ
k,i = 1,2,3
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Neutrino oscillations

But…➡ Matter effects
A modification in their oscillation probability occurs because of their 
interactions with the electrons, protons and neutrons of the matter.

– in the energy spectrum shape of the appearance oscillated ⇤e assuming the parametric dependence
of the probability as a function of all other parameters (this method is sensitive to all the non-
vanishing �CP values including 180�).

The neutrino beam energy spectrum needs therefore to be tuned to measure the oscillatory pattern
of the flavor conversion process (e.g. 1st and 2nd maxima). Given the L/E dependence of the flavor
oscillation, the neutrino beam energy should scale with the chosen baseline L in order to cover the 1st
and 2nd maxima. Referring to Table 1 we note that for the shortest baseline CERN-Fréjus, the energy of
the 1st maximum is ⇥ 0.26 GeV. It grows linearly with distance and reaches ⇥ 4.65 GeV for the longest
baseline CERN-Pyhäsalmi.

As example, the probability of ⇤µ � ⇤e oscillation for sin2 2⇥13 = 0.01 and different values
of �CP with and without matter effects is shown in Figure 1 for the CERN-Pyhäsalmi baseline. The
plots illustrates qualitatively the fact that a measurement of the oscillation probability as a function of
energy provides direct information on the �CP -phase, since this latter introduces a well-defined energy
dependence of the oscillation probability, which is different from the, say, energy dependence introduced
by ⇥13 alone (when � = 0). If the neutrino energy spectrum of the oscillated events is experimentally
reconstructed with sufficiently good resolution in order to distinguish first and second maximum, useful
information to extract the CP phase is obtained.
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Fig. 1: Probability of ⇤µ � ⇤e oscillation for different values of �cp without and with matter effects for �m2
32 > 0

(NH). In this example, the CERN-Pyhäsalmi baseline and sin2 2⇥13 = 0.01 were chosen.

We note that the chance to measure both 1st and 2nd maxima increases with the baseline. Below
few hundred MeV (e.g. � 400 MeV) the vanishing cross-section and nuclear effects including Fermi

5

Δm2 = +0.0025 eV2,   
sin22θ13 = 0.01, + solar terms

Baseline L = 2300 km

“Neutrino physics course”  ETH Zürich  A. Rubbia/B.Radics

Additional potential for νe 
due to its additional CC 

interaction with e- in matter

VCC ≡ a = ± 2 2GFNe

Different sign for ν and ν 
since the effect comes from 

interactions with e- and not e+

Mikheev-Smirnov-Wolfenstein (MSW) effect
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But…➡ Matter effects

Neutrino oscillations

What we want

δCP and a switch 
signs when going 
from the neutrino  
to the antineutrino 
channel
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Neutrino oscillations: what do we know?

Latest results for oscillations parameters, NuFit 4.1 2019

θ12 (0) = 33.82+0.78
−0.76 θ23 (0) = 48.3+1.1

−1.9 θ13 (0) = 8.61+0.13
−0.13

Of the three mixing angles θ23 holds the largest uncertainty. 
Is it maximal?

δCP (0) = 222+38
−28 CP violation in the leptonic sector?

The absolute neutrino mass scale and its ordering are unknown.

m2

Normal  
Ordering 

NO
Inverted 
Ordering 

IOΔm213 >0

Δm213 <0

Δm223

Δm212

Or
Δm2

21 = m2
2 − m2

1 = (7.39+0.21
−0.20) 10−5eV2

Δm2
3l = m2

3 − m2
l = (2.523+0.032

−0.030) 10−3eV2

where l = 1,2

m3

m1

m2

m1

m3

http://www.nu-fit.org/?q=node/211
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Energy [eV]
1 eV 1 KeV 1 MeV 1 GeV 1 TeV1 meV

Quark sector masses
Neutrino masses 

range

But… still many unknowns

• What are the origins of 
neutrino masses and mixing?

• CPV in the leptonic sector? It can help to explain the matter-
antimatter asymmetry in the universe

At the beginning of the universe ➡ same amount of particles and antiparticles

• Are there sterile/heavy neutrinos?

S.Stone, PoS ICHEP2012 (2013)
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But… still many unknowns

Worldwide effort



Laura Molina Bueno    !14

1 Neutrino oscillations

2 Long baseline neutrino experiments



Laura Molina Bueno    !15

Long baseline neutrino experiments

High energy 
neutrino/

antineutrino beam 
production

νe
νμ

L-BaselineO (~ 100 m)

Near 
detector 

Far 
detector 

νμ
Distance L chosen to 

maximise the oscillation 
probability at L/E
(O ~100-1000km) 

Energies 
0.5-10 GeV



Laura Molina Bueno    !16

What do we measure?

Nν(E) = ϕν(E) × σν(E, x) × ϵ(x) × P(νμ, νe)

Depends on 
your source

very small (~10-38 cm2 

for E in GeV) and 
depends on E

Very 
energetic 
sources

Go to 
higher 

energies

Make it 
huge

Flux   X  Cross-section  X  target
Detector efficiency 

x 
oscillation probability

Number of 
events!
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The beam
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The beam
High energy neutrino beams produced after colliding high energy protons 

with a target.

The π/κ produced then decay in flight 
producing mainly muon neutrinos ( νe~1 %)

�+/K+ � µ+ + �µ2-body

µ+ � e+�e�µ

K+ � �0e+�e
3-body

Focusing region

Changing the horn 
polarity allows to switch 

between ν and ν 
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The experiment configuration
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The experiment configurationFeature of ν super beam

•Conventional ν beam w/ ~MW proton beam

•high intense & pure νμ from !/K decays

• small νe contamination (~1%)

 from μ and K decays

•ν energy : wide with on-axis (WBB)  or 
                narrow with off-axis method (NBB)

•ν / ν can be switched by flipping horn polarity e.g. T2K beam
  * OA2.5° NBB (Epeak=600MeV)
  * 0.4% beam-νe @ peak Eν

Powerful νμ sources for CPV search

νμ
on-axishigh intense

proton beam

Muon monitor

p target

Horn 
(Focusing)

!
μ

Decay volume beam dump
(absorber)

!
Target Station

OA

μ

Ep = 30GeV

Angle selection:
To maximise the flux and minimise the background at a certain energy

Example: T2KOff axis technique 
Off Axis Neutrino Beams. BNL-E889 proposal: http://minos.phy.bnl.gov/nwg/papers/E889

Decay Kinematics

� (m ,p )� �

� (m ,p )� �

�
������

From momentum energy conservation:

Eν =
m2

π − m2
µ

2(Eπ − pπcosθ)

0

5

10

15

0 10 20 30 40
Eπ (GeV)

E ν (G
eV

)

θ =  0 mrad
θ =  7 mrad
θ = 14 mrad
θ = 27 mrad

A qualitative argument:

(GeV/c)

(G
eV

/c
)

0                 1                 2                3
-0.06

-0.03

0

0.03

0.06

• Transverse

momentum, Lorentz

invariant: mπ − mµ.

• Longitudinal

momentum is Lorentz

boosted.

• At

an angle θ there is an

accumulation of lower

energies neutrinos

• Maximum neutrino ux at 0 ◦.

• Off axis is the most efcient way to have a narrow band

beam.

• νe come from 3 body decays (kaons or muons) while

off-axis is optimized on the pion 2 body decay⇒ the νe

contamination below the peak is reduced.

M. Mezzetto, ISAPP 2006, Max Plank - Munich, May 2006 - Neutrino Beams 13

on
-ax

is

off-axis
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The Near Detector
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The Near Detector

NND(x̄) = ϕ(Eν) × σ(Eν, x̄) × ϵ(x̄)Events at the near 
detector Flux x Cross-section x detector efficiency

Energy 
and theoretical 

model dependencies

• Constrain the systematics in the 
neutrino oscillation measurements 
(few percent level needed)

• Measurement of different neutrino-
nucleus interaction cross-sections

Located at a few hundred 
meters from the beam to 

measure the neutrino beam 
before oscillation

Correlated!
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The Near Detector

CCQE
Charged-Current 
Quasi-Elastic

CC RES
Charged-Current Resonant  pion production

CC DIS
Charged-Current Deep

Inelastic Scattering

ν

ν

J.A.Formaggio and G.P. Zeller
From eV to EeV: Neutrino cross sections across energy scales 

T2K/T2HyperK
NOvA
DUNE

Neutrino interaction cross-sections
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Baseline optimisation
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Baseline optimisation

Phys. Rev. D 91, 052015 (2015)

As
ym

m
et

ry
≡A

A =
P(να → νβ) − P(να → νβ)
P(να → νβ) + P(να → νβ)

Distance L chosen to 
maximise the oscillation 

probability at L/E
(O ~100-1000km) For the 1st and 2nd maxima:

• Maximum CPV asymmetry  in 
vacuum baseline independent.

• Matter effects grow as a function of 
the baseline (longer L can distinguish 
better the mass ordering).
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The Far Detector
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The Far Detector

Make the detectors huge 
to maximise the events 

after oscillation
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Far detector technology: Water Cherenkov Detectors

•

Neutrino detection through 
charged current interaction.

Charged particles above 
Cherenkov threshold produce 
light detected by the PMTs.

• K2K, T2K and T2HyperK
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electron-like event

• Excellent e-/μ- separation: less 
than  1% muon events mis-
identified as electron events

Fuzzy ring

muon-like event

Examples from superK

Sharp ring

Phys.Rev. D 96, 092006 (2017)

Far detector technology: Water Cherenkov Detectors
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• High density medium.
• Excellent dielectric which allows high voltages inside the detector.
• High energy resolution. 
• Excellent calorimeters which allow for precise 3D reconstruction of the track of 

ionising particles traversing the liquid.
• SBND and DUNE. 

Far detector technology: Liquid argon Time Projection Chambers
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νμ neutron

proton

muon

muon

proton

Neutrino
(invisible)

νμ

LAr TPC event

We can detect the secondary particles

Neutrino charged current interaction

Far detector technology: Liquid argon Time Projection Chambers
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• Sandwich of absorber and scintillator layers
•  Readout through wavelength shifting fibers (WLS) 

connected to avalanche photodetectors (APD)
• MINOS and NOvA

FPCP 2018, V. Bhatnagar

Extruded PVC cells filled with liquid scintillator 
readout through WLS connected to 32 pixels APD
Alternated orthogonal layer for 2D reconstruction

Example: NOvA

Far detector technology: Sampling calorimeters
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Alex	Sousa,	University	of	Cincinna;NNN15,	Stony	Brook	-	Oct.	30,	2015 9

Simulated	Events	in	the	Detectors
νµ  CC

νe  CC

NC π 0

ν

µ

p+

e

γ → e+e−

Small shower from 2nd γ

Example: NOvA

Far detector technology: Sampling calorimeters
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Oscillation analysis strategy
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Oscillation analysis strategy

Measure oscillation parameters by comparing model 
predictions with observations at near and far detector.

Events at the far 
detector NFD(x̄′ �) = ϕ(Eν) × σ(Eν, x̄′�) × ϵ(x̄′ �) × P(νμ, νe)

Similar technology and target 
to reduce systematics keeping 

cost-effectiveness
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1 Neutrino oscillations

2 Long baseline neutrino experiments

3 Present experiments: T2K and NOvA
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295 km

JPARC

Super-K
30 GeV p beam at 
JPARC 

Large Water Cherenkov  
detector

Intense muon νμ (νμ) 
beam from Tokai to 

Kamioka (Japan) 

Near detectors
On axis and off axis

23	Jan.	2010	– 31	May	2018
POT	total:	 3.16	x	1021

!-mode	 1.51	x	1021 (47.83%)
"̅-mode 1.65	x	1021 (52.17%)

Present experiments: T2K
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 (GeV)νE
0 1 2 3

 (A
.U

.)
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5k
m

µ
ν

Φ
0

0.5

1 °OA 0.0
°OA 2.0
°OA 2.5

0 1 2 3

) eν 
→ µν

P(

0.05

0.1
 = 0CPδNH,  = 0CPδIH, 

/2π = CPδNH, /2π = CPδIH, 

0 1 2 3

) µν 
→ µν

P(

0.5

1

 = 1.023θ22sin
 = 0.113θ22sin

2 eV-3 10× = 2.4 32
2mΔ

• Matter effect is small at T2K baseline.
• High flux at first oscillation maximum.
• First Off-axis experiment: 

• Narrow range of neutrino energies. 
Spectrum peaked at 600 MeV.

• Dominant interaction is the charged 
current quasi-elastic.

• νμ  disappearance: precise measurement of 
atmospheric parameters (Δm232 and sin22θ23).

Measurements

• νe appearance: constrain δCP

P(νμ → νμ) ≈ 1 − (cos4θ13 × sin22θ23) sin2 ( Δm2
32L

4E )

P(νμ → νe) ≈ sin2θ23sin22θ13sin2 ( Δ32L
2 ) − O(sinδCP)

νμ = ν̄μ

+

Present experiments: T2K
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Events at the far detector SuperK

νμ 
νμCCQE CCQE

CCQE
CCQE

νe 
νe 

νe 
CC1π

Present experiments: T2K
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)23θ(2sin
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Inverted - 90CL

Best fit

T2K Run 1-9c Preliminary

P(νμ → νμ) ≈ 1 − (cos4θ13 × sin22θ23) sin2 ( Δm2
32L

4E )
T2K only T2K with reactor constraints

Disappearance

Present experiments: T2K
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P(νμ → νe) ≈ sin2 θ23 sin2 2θ13 sin2 ( Δ32L
2 ) − O(sinδCP)

)13θ(2sin
10 15 20 25 30 35 40 45 50

3−10×

 (R
ad

ia
ns

)
CPδ

3−

2−

1−

0

1

2

3 Normal - 68CL
Normal - 90CL
Inverted - 68CL
Inverted - 90CL

Best fit
PDG 2016

T2K Run 1-9c Preliminary
T2K only

𝛳13 compatible with reactor measurements

+

Appearance

Present experiments: T2K
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T2K Run 1-9c Preliminary

T2K with reactor 
constraints

Present experiments: T2K
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Neutrino mode 1Re candidates
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0.55, 0.45, 0.50 = 23θ 2sin
4/c2 eV-310× = 2.4532

2mΔ
4/c2 eV-310× = -2.4331

2mΔ
π = CPδ

/2π = +CPδ
 = 0CPδ

/2π = -CPδ
Data (stat. errors only)

T2K Run 1-9 preliminary

δCP 1D contour plots with reactor 
constraints on  θ13

CP conserving values outside of 
2σ CL region independent of 

mass hierarchy assumed.

Preference for normal mass 
ordering and maximal CP violation

 Neutrino/antineutrino events for different 
δCP , octant and mass ordering 

Present experiments: T2K
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810 km

NOνA  Far Detector
Minos Far Detector

NOνA Near Detector

Far Detector

14 kton

Near detector

290 ton

• 14 mrad off axis experiment
• Liquid scintillator near and far detector

8.9x1020 in neutrino mode
12.3x1020 in antineutrino mode

NuPhys2019, J. Hewes

120 p GeV from NuMI 
beam at Fermilab

120 GeV NUMI proton 
beam at Fermilab

Present experiments: NOvA
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• Matter effects more relevant than 
in T2K, longer baseline

• Measure mass hierarchy and the 
octant

• Constraints on δCP

NuPhys2019, J. Hewes

“Neutrino physics course”  ETH Zürich  
A. Rubbia/B.Radics

Present experiments: NOvA
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arXiv:1906.04907v2

NuPhys2019, J. Hewes• Normal hierarchy (NO) preferred 
with a significance of 1.9σ

• Upper θ23 octant with a significance 
of 1.6σ 

Present experiments: NOvA



Laura Molina Bueno    !47

Short-term future prospects
T2K-II

Joint T2K and NOvA analysis foreseen for 2021

NOvA
• Proposes to reach 20 x 1021 POT, foreseeing a 

beam and a near detector upgrade (expected 
to reach 1.3 MW).

• Could reach ~3σ on CP violation for a true 
δCP=-π/2.

arXiv:1609.04111 NuFact2019, E.Smith

• Proposal for accelerator improvement and test 
beam data foreseen after.

• Expected to reach 3-5σ on mass hierarchy 
determination

http://arxiv.org/abs/arXiv:1609.04111
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1 Neutrino oscillations

2 Long baseline neutrino experiments

3 Present experiments: T2K and NOvA

4 Future experiments: T2HyperK and DUNE
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Two current strategies: T2HyperK Vs DUNE

• Enhanced matter effects. 
• First and second maximum. 
• Unfold CPV from matter effects through 

neutrino energy dependency. 
• On-axis technique: wide range of 

energies.

T2HyperK 
• Keep matter effects small using 

a short baseline. 
• High flux at first oscillation 

maximum 
• Off-axis technique: narrow range 

of neutrino energies

“Status of the Hyper-Kamiokande Experiment”, Erin O’Sullivan NuFact 2017
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Tentative timescale

T2HyperK 

2017 2024 2025 2026 2027 2029 2032

T.Kobayashi, NuFact2019

Groundbreaking
1st module SP

2nd module
Beam!

3rd module
4th module

Beam upgrade to 2.4 MW
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The T2HyperK experiment

60 m

• 260 kton water 
Cherenkov detector 

• Fiducial volume: 190 
kton (10xSuper-K) 

• 40%PMT coverage 
• PMTs with x2 Super-K 

Photon sensitivity

Far detector  
HyperK

νe
νμ

Neutrino beam  
J-PARC facility 
• 1MW (2020) 
• 1.3 MW (2025)

Near detector 
similar concept as 
T2K experiment: 
on-axis+off-axis 

detectors

Detectors underground 
to shield against cosmic 

rays
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T2HyperK physics goals

• Neutrino oscillations physics 
Study with beam and 
atmospheric neutrinos 

• Search for nucleon decays 

• Neutrino astrophysics 
• Precision measurement of 

solar neutrino 
• High statistics measurements 

of SN burst neutrinos 
• Detection and study of relic 

SN neutrinos 

• Geophysics 
Neutrinography of the interior 
of the Earth
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T2HyperKK: A possible second detector in Korea
Installing a second detector in Korea

“Summary of the 3rd International Workshop on a Far Detector in Korea for the J-PARC Beam” T. Kajita, S.B. Kim and A. Rubbia
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MH and CP sensitivities
Exposures assuming 10 years of data taking with a beam of 1.3 MW
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“Physics Potentials with the Second Hyper-
Kamiokande Detector in Korea” arXiv:1611.06118 

JD (Japan detector)
KD (Korea detector)

https://arxiv.org/abs/1611.06118


Laura Molina Bueno    !55

The DUNE experiment

60 m 

Detectors underground to 
shield against cosmic rays

Far detector

40 kton fiducial 
volume

The foreseen proton 
beam power is 1.2 MW 
[upgradable to 2.4 MW].
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DUNE physics goals

Measure neutrino spectra at 1300 km in a wide-band energy beam:
Determine MH and θ23 octant, probe CPV, test 3-flavor paradigm and 

search for ν NSI in a single experiment

Nucleon decay Astrophysics

• Proton decay searches in 
several important decay 
channels

• Detection and measurement of 
the νe flux from a core-collapse 
supernova within our galaxy. 

• Sterile neutrinos
• Possible observation of unpredicted rare events
• Precise measurements of neutrino interaction with the near detector
• Atmospheric neutrino oscillation measurements
• Dark matter

And…
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Mass hierarchy and CP violation sensitivities

Mass hierarchy CPV
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Mass hierarchy and CP violation sensitivities

Projected sensitivities Vs Time
Mass hierarchy CPV
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1 Neutrino oscillations

2 Long baseline neutrino experiments

3 Present experiments: T2K and NOvA

 5 The ProtoDUNEs project

4 Future experiments: T2HyperK and DUNE
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Chapter 5: Far Detector Alternative Design: Dual-Phase LArTPC 5–59

Figure 5.5: The DUNE dual-phase detector (partially open) with cathode, PMTs, field cage and anode
plane with chimneys.

its planarity, is suspended from the field cage and hangs near the bottom of the cryostat. It is a
segmented structure of tubes of di�erent sizes arranged in a grid to minimize weight, limit sagging
and avoid high electric field regions in its proximity. The segmented structure allows scintillation
light to pass through and be detected by uniform arrays of photomultipliers (PMTs) mounted 1 m
below it at the bottom of the tank.

5.3 Detector Configuration

The detector for the 12.1-kt active mass module is built as a single active volume 60 m long,
12 m wide and 12 m high, with the anode at the top, the cathode near the bottom and an array
of 180 photon detectors (PMTs, 1 per 4 m2) located at the bottom of the vessel underneath the
cathode. The active volume (see Figure 5.6) is surrounded by the field cage. These components
are described in Section 5.2.3.

The proposed design optimally exploits the cryostat volume of 14(w)◊14.1(h)◊62(l) m3 with an
anode active area of 12◊60 m2 and a drift length of 12 m, corresponding to an active mass of
12.096 kt of LAr (10.643 kt fiducial).

The design is based on the 20-kt LAGUNA-LBNO design study with a CRP unit size adapted
to the dimensions on the active area. The cryostat height could be increased to achieve 15-m

Volume 4: The DUNE Detectors at LBNF LBNF/DUNE Conceptual Design Report

12 m drift 

12 m 60 m 

DUNE Far detector: 4modules of 10kton
It will be the largest LAr TPC ever built

DUNE Far detector SP
DUNE Far detector DP

Towards the 10 kton detectorTowards the 10 kton detector
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Towards the 10 kton detectorTowards the 10 kton detector

ProtoDUNEs project

• Engineering the technology through the 10 kton detector

• Test two different technologies: single phase and dual phase

• Develop the construction and QA processes

• Test the detectors with cosmics and beam data
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Two complementary technologies

• Only liquid argon
• Ionisation charges are drifted 

horizontally and readout by wires.
• No amplification of the signal

• Liquid and Gas Argon
• charges are drifted vertically 
• Signal amplification in Large 

electron multipliers (LEMs)
• Readout by 2 views PCB anode

Single Phase Dual Phase
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Towards the 10 kton detector

Sebastien  Murphy ETHZ                                                                                                                                             TPC Symposium 2016 Paris December 5-73

Outcome	of	10	years	of	R&D
40x80cm2: stable operation of large area readouts

Operating with amplification of about 
a factor 20

Max Gain 180 = MIP S/N ~900!

Shuoxing Wu ETHZ

To reach basic GLACIER 4x4m2 CRP (2m readout length) design: 
• reduce capacitance: have long readout strips while keeping minimum noise 
     (upper limit for ~1000 e- ENC noise ~ 350 pF) 
• simplify production: integrate two views on same PCB layer 
• symmetric X-Y charge sharing 

Anode requirements for large area readout

X pitch: 3 mm

Y pitch:  
3 mm

Best solution to optimize capacitance and resolution
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From	R&D	to	large	scale

CERN b. 182

CERN EHN1

Lead, South Dakota

3x1x1 5 ton active - cosmics-size time

ProtoDUNE Dual phase 300 ton active 
-test beam- 

DUNE Dual phase FD 10 kton activeSURF SD

See talk Vyacheslav Galymov

WA105 3x1x1 m3 
DP LAr TPC demonstrator

CERN - 2014-201735 t  
FNAL 2013-2017

ArgoNeuT
FNAL 2009-10
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FNAL 2015-in run
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After many decades of R&D, 
the technology has matured 
into a fundamental and 
necessary technique to 
address the current neutrino 
physics challenges.

700 t of LAr 700 t of LAr
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protoDUNE DP

protoDUNE SP

`Exoskeleton base

24/08/2016

ProtoDUNE-DP

ProtoDUNE-SP

Towards the 10 kton detector: The ProtoDUNEs project
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30/08/2019
J.Yu, NuFact2019

ProtoDUNE-DP

ProtoDUNE-SP

Towards the 10 kton detector: The ProtoDUNEs project
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30/08/2019
J.Yu, NuFact2019

ProtoDUNE-DP

ProtoDUNE-SP

• Cryostat
• Cryogenic system
• Drift cage
• Very high voltage system
• Time projection chamber instrumentation
• Slow control
• Safety aspects
• Beam requirements

Many synergies!
Both detectors are LAr TPC embedded in the 

same non-evacuable membrane cryostat

Towards the 10 kton detector: The ProtoDUNEs project
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The cryostat

Towards the 10 kton detector: The ProtoDUNEs project

The cryostat
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Non-evacuable membrane cryostat
Same design for both protoDUNEs (SBND, DUNE and Darkside) 
constructed by Gaz Transport and Technigaz (GTT) company.

First GTT  constructed cryostat for LAr at CERN 
for the 3x1x1 dual-phase prototype.
Three levels of passive insulation with less than 1 m 
thickness made with polyurethane foam  and plywood.

Towards the 10 kton detector: The ProtoDUNEs project
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Towards the 10 kton detector: The ProtoDUNEs project

• 700 tons of liquid argon
• Two drift regions 3.6 m long                                     

(same as DUNE-SP drift length)
• Central Cathode plane Assembly (CPA) 180 kV 

for 500 kV/cm
• Anode plane assembly (APA)
• 2 planes with 3 APAs each
• 5 mm wire pitch
• 1 APA 6 m x 2.3 m 
• Photosensor (SiPMs) integrated in APA
• Cold electronics

ProtoDUNE-Single Phase
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Towards the 10 kton detector: The ProtoDUNEs project

Single Phase

J.Yu, NuFact2019

07/2018 08/2018 09/2018 11/2018 2019 2020

Construction and 
installation complete

Beam data Data with cosmics

More than 4M beam 
data events

Filling ProtoDUNE-Single Phase
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Towards the 10 kton detector: The ProtoDUNEs project

S.Bordoni, NuPhys2019
ProtoDUNE-Single Phase
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Towards the 10 kton detector: The ProtoDUNEs project

• Total mass 700 t

• One drift region 6 m long       

• Level meters to monitor the liquid level                              

• Cathode at -300 kV (for a 500 V/cm drift field)

• Four 3x3 m2 Charge Readout Planes (CRP),

• 36 Photomultipliers tubes for light collection

• 2 CRPs with 36 LEMs each to be installed

• 2 not instrumented CRPs 

ProtoDUNE-Dual Phase
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Towards the 10 kton detector: The ProtoDUNEs project

Single Phase

J.Yu, NuFact2019

2016 2017 03/2019 08/2019 2020
ProtoDUNE-Dual Phase

Construction 
3x1x1m3

Commissioning and 
operation 3x1x1m3

2018

Data analysis 
3x1x1m3

09/2019

Summary of the performance in: 

“A 4-tonne demonstrator for large-scale dual-
phase liquid argon time projection chamber”  
arXiv: ins-det/1806.03317,  submitted  to  JINST

https://arxiv.org/abs/1806.03317
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Summary of the performance in: 

“A 4-tonne demonstrator for large-scale dual-
phase liquid argon time projection chamber”  
arXiv: ins-det/1806.03317,  submitted  to  JINST

• First time charge extraction over a 3 m2 
squared area and amplification inside 50x50 
cm2 LEMs. However, the target effective gain of 
20 was not reached. Performance limited due to 
discharges of the extraction grid at -5kV (nominal 
-6.5 kV).

• Stable liquid surface as required for detector 
operation, good performance of the cryogenic 
system and excellent liquid argon purity 
(compatible with ms electron lifetime).

• Stable drift field of 500V/cm.
• Observation of first (in liquid) and second (in gas) 

scintillation light.

Towards the 10 kton detector: The ProtoDUNEs project

https://arxiv.org/abs/1806.03317
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Towards the 10 kton detector: The ProtoDUNEs project

Single Phase

J.Yu, NuFact2019

2016 2017 03/2019 08/2019 2020

Data with cosmics

ProtoDUNE-Dual Phase

Construction 
3x1x1m3

Commissioning and 
operation 3x1x1m3

2018

Data analysis 
3x1x1m3

ProtoDUNE-DP
Filling

09/2019
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S.Bordoni, NuPhys2019

Towards the 10 kton detector: The ProtoDUNEs project

ProtoDUNE-Dual Phase
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Summary

• The main discovery goal of future LBL experiments is CP 
violation. 

• Multipurpose experiments which may also help understand 
physics beyond standard model such as nucleon decay, sterile 
neutrinos, dark sector physics,… 

• Two alternative and complementary scenarios will be provided by 
HyperK, in particular if complemented by a second detector in 
Korea, and DUNE. 

• ProtoDUNEs project have been a great progress towards the 
future far detector construction: understanding of the technology, 
construction and installation. 

• Detector operations foreseen by 2027: Stay tuned!!
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