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Neutrinos at the frontier
•Neutrinos play a fundamental and special role in particle 

physics, astrophysics and cosmology 

•Neutrino masses → presently the only evidence of new 
physics beyond the SM – additional d.o.f. must exist:  
either ν RH and/or new scale Λ (>> TeV ?) 

•A window to questions related to a deeper description of 
physics and to the evolution of the Universe: 

-Why are neutrino masses so small ? 

- Why is the mixing matrix so different than the one of 
quarks? What does this picture suggest ? 

- How is the hierarchy of the ν mass eigenstates ? 
-Which is the absolute mass of the lightest state ? 

-Are neutrinos Majorana particles ? 

- P, CP, CPT are fundamental symmetries. “P is maximally 
violated by neutrinos but CP is saved” (W. Pauli).  
Is CP violated by neutrinos as well or is it a special 
feature of quarks ? 

-Are there sterile neutrino states and is there mixing … ?
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Next Questions In Neutrino Physics

• Mass hierarchy 

• Nature of ν3 - 
θ23 octant 

• Is CP violated? 

• Is there more to 
this picture?

⌫µ ! ⌫e & ⌫µ ! ⌫µ
⌫̄µ ! ⌫̄e & ⌫̄µ ! ⌫̄µ

NOvA will answer these questions 
using four oscillation channels

equal?
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T2K and NOvA: the future until ≈2020
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Mass hierarchy determination: 
• combined fit NOvA (6 years of 
nominal running) + T2K pot projection 
•exploiting bigger matter effect (≈30%) 
at 830km(NOvA) comparing to 
295km(T2K) 
•strongly depends on true value of δCP 
and on true hierarchy (NH/IH) 
•>50% phase-space unreachable

CP-violation discovery: 
• combined fit NOvA (6 years of 
nominal running) + T2K pot projection 
•in the best case a 2.5σ(NH) hint 
•>50% phase-space unreachable

arxiv:1409.7469v1

⇒New experiments 
needed beyond 2020 !
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Fig. 20: The predicted ��2 for rejecting sin �CP = 0 hypothesis, as a function of �CP for

T2K (red), NO⌫A (blue), and T2K+NO⌫A (black). Dashed (solid) curves indicate studies

where normalization systematics are (not) considered. The ‘true’ value of sin2(✓23) is assumed

to be 0.5, and the ‘true’ MH is assumed to be the NH (top) or the IH (bottom). The ‘test’

MH is unconstrained.

All of the metrics demonstrate a relatively flat response between approximately 7:3 and

3:7 for T2K and for T2K+NO⌫A (5:5) with systematics, with a worse response outside that

range. These results are consistent with several other studies not shown in this paper (e.g.

the measures of the precision on sin2 ✓13 in ⌫-mode and in ⌫̄-mode). The results are also

robust with respect to reasonable variations in sin2 ✓23, �CP and the MH. Thus, the results

suggest that T2K run with a ⌫-mode to ⌫̄-mode at ratio of 1:1 with an allowed variation

33

CP-violation search
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Fig. 21: The predicted ��2 for rejecting the incorrect MH hypothesis, as a function of

�CP for T2K (red), NO⌫A (blue), and T2K+NO⌫A (black). Dashed (solid) curves indicate

studies where normalization systematics are (not) considered. The ‘true’ value of sin2(✓23)

is assumed to be 0.5, and the ‘true’ MH is assumed to be the NH (top) or the IH (bottom).

The ‘test’ MH is unconstrained.

of ±20% of the total exposure. The variation can be used to optimize the experiment to

any one analysis without significant degradation of the sensitivity to any other analysis. A

more detailed optimization of the ⌫:⌫̄ run ratio will require tighter constraints on oscillation

parameters from future analyses, a more detailed treatment of systematic uncertainties from

both T2K and NO⌫A, and a clear prioritization of analysis goals from the T2K and NO⌫A

collaborations.

34

MH determination



09.06.15 André Rubbia | News from DUNE/LBNF

In Europe: LAGUNA, LAGUNA-LBNO, LBNO…

4

THE&LAGUNA6LBNO&EXPERIMENT&

17/12/14) 5)Luca)Agos=no)7th)TPC)Symposium)&)Paris)

CERN&SPSC&2012&021,)SPSC&EOI&007)

CERN&SPSC&2014&013,)SPSC&TDR&004)

The European neutrino community has early on recognised the importance of this sector and has 
been strongly supported by CERN and ApPEC to prepare the new experiment with the LAGUNA and 

LAGUNA-LBNO design studies. 

are on the web
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• Long baseline neutrino oscillations
- νμ→ νe & νμ→ ντ & νμ→ νμ & νNC
- Direct measurement of the energy dependence 

(L/E behaviour) induced by matter effects and 
CP-phase terms, independently for ν and anti-ν, 
by direct measurement of event spectrum, in 
particular covering 1st and 2nd oscillation maxima

- Mass hierarchy determination at >5σ C.L. in first 
two years of running

- CP-phase measurement and CPV “discovery” 
(⇒ 5σ C.L.)

- Test of three generation mixing paradigm
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• A full astrophysics programme
- Nucleon decays (direct GUT evidence)
- Atmospheric neutrino detection with complementary oscillation measurements and Earth 

spectroscopy
- Astrophysical neutrino detection and searches for new sources of neutrinos

A. Rubbia European Strategy for Neutrino Oscillation Physics - May 2012 11

CERN-Pyhäsalmi: spectral information νμ→νe

 (GeV)νE
1 2 3 4 5 6 7 8 9 10

) eν
 ->

 
µν

P(

0

0.02

0.04

0.06

0.08

0.1

0.12

=0CPδ

 (GeV)νE
1 2 3 4 5 6 7 8 9 10

) eν
 ->

 
µν

P(

0

0.02

0.04

0.06

0.08

0.1

0.12
o=45CPδ

 (GeV)νE
1 2 3 4 5 6 7 8 9 10

) eν
 ->

 
µν

P(

0

0.02

0.04

0.06

0.08

0.1

0.12
o=90CPδ

 (GeV)νE
1 2 3 4 5 6 7 8 9 10

) eν
 ->

 
µν

P(

0

0.02

0.04

0.06

0.08

0.1

0.12
o=180CPδ

si
n2

(2
� 1

3
)

=
0.

09

★Normal mass hierarchy
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CERN-­‐SPSC-­‐2012-­‐021,	
  
SPSC-­‐EOI-­‐007LBNO physics goals
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T2HK:	
  L	
  =	
  295	
  km LBNE:	
  L	
  =	
  1300	
  km LBNO:	
  L	
  =	
  2300	
  km

Off-­‐axis	
  narrow	
  band	
  sub-­‐GeV	
  
beam:	
  
• OA	
  =	
  2.5	
  deg	
  &	
  <Eν>	
  =	
  0.6	
  GeV	
  
• 30	
  GeV	
  primary	
  p	
  beam	
  
• Exposure	
  16E+21POT	
  total	
  
Covers	
  1st	
  oscillation	
  maximum	
  
Short	
  baseline	
  à small	
  
matter	
  effects	
  à No	
  MH	
  
from	
  beam

Wide-­‐band	
  neutrino	
  beam	
  
• 80	
  GeV	
  primary	
  p	
  beam	
  
• 1.2	
  MW,	
  9E+21POT	
  total	
  
Covers	
  mostly	
  1st	
  oscillation	
  max	
  	
  
à 2nd	
  max	
  is	
  challenging	
  (low	
  
flux	
  x	
  low	
  cross	
  section)	
  	
  
Significant	
  matter	
  effects	
  à 
MH

Wide-­‐band	
  neutrino	
  beam	
  
Two	
  optimizations:	
  
• 400	
  GeV	
  p	
  beam	
  (Phase	
  I):	
  750	
  kW,	
  

1.5E+21POT	
  total	
  
• 50	
  GeV	
  p	
  beam	
  (Phase	
  II):	
  2	
  MW,	
  30E

+21POT	
  total	
  
Can	
  cover	
  both	
  1st	
  and	
  2nd	
  max	
  
Huge	
  matter	
  effects	
  à quick	
  
MH

A reminder: three strategies

DUNE:	
  L	
  =	
  1300	
  km
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Entering the “global” era (2014)
• CERN European Strategy:  

CERN should develop a neutrino programme 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 outside 
Europe. 

• US P5 report:  
Recommendation 12 : In collaboration with 
international partners, develop a coherent short- and 
long-baseline neutrino program hosted at Fermilab.

7

June 2014: CERN decides to freeze further developments of 
LBL (and SBL) neutrino beams in Europe
May 2015: CERN-DOE agreement signed at the White House
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An Experimental Program in Neutrinos, Nucleon 
Decay and Astroparticle Physics Enabled by the 
Fermilab Long-Baseline Neutrino Facility

LBNF/DUNE is a merger of all previous efforts (LBNE, LBNO) 
and any other interested parties to build, operate, exploit

• A new wide-band neutrino beam pointing to SURF at a distance of  
1300 km from FNAL, utilizing 1.2 MW protons from PIP-II by ~2026, and 
with a capability for an upgrade to 2.4 MW protons with PIP-III by ~2030.

• A 40-kt fiducial mass liquid argon TPC located deep underground at 
SURF 4850L, with the aim for an initial 10-kt deployed by ~2021/2022.

• A high-resolution/fine-grain near detector with the ability to constrain 
the systematic errors for the LBL oscillation programme, enabling as well a 
generational advance in neutrino studies with unprecedentedly large 
statistics of neutrino interactions measured with very high precision.

8

LOI-­‐PAC-­‐P-­‐1062
January	
  2015
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DUNE international Collaboration
A rapidly evolving scientific collaboration
• Collaboration rules adopted in April

• Now have full management structure and executive committee

• Ten task forces were set up to prepare DOE CD-1 documents 

• Review of documents involving ~75 members of the collaboration

• First formal collaboration meeting April 16th-18th 2015 
• Over 200 people attended in person

9
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The DUNE Collaboration

10

As of today:
769 Collaborators

from
144 Institutes, 25 Nations

DUNE now has broad international support

USA$

UK$

Italy$

India$

Other$

Switzerland$

Spain$

France$

Brazil$

Americas$

Poland$

Czech$Republic$

Armenia, Belgium, Brazil, Bulgaria, 
Canada, Colombia, Czech Republic, 
France, Germany, India, Iran, Italy, 
Japan, Madagascar, Mexico, 
Netherlands, Peru, Poland, Romania, 
Russia, Spain, Switzerland, Turkey, 
UK, USA



09.06.15 André Rubbia | News from DUNE/LBNF

LBNF/DUNE Conceptual Design Report (CDR)

• DOE CD-1 Review July 2015
• To update the scope and 

vision and to inform all 
stakeholders of that new 
international vision
• Vol. 1 – Introduction and 

Executive Summary
• Vol. 2 – Physics (FD+ND) 
• Vol. 3 – LBNF
• Vol. 4 – DUNE 

(FD,ND,prototypes)
• Science goals drive the 

detector requirements.

11

Conceptual Design Report1

The Deep Underground Neutrino2

Experiment3

Volume 4: The Deep Underground Neutrino4

Experiment5

April 20, 20156

Conceptual Design Report1

The Deep Underground Neutrino2

Experiment3

Volume w: LBNF/DUNE Physics4

April 20, 20155

≈150 pages

≈50 pages

detector 
requirem

ents
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Top-level Science Objectives

• The LBNF/DUNE scientific objectives are categorized as 

• A primary science program, addressing the key science questions highlighted 
by P5 report and CERN ESPP 

• A high-priority ancillary science program that is enabled by the construction of 
LBNF and the DUNE

• And additional scientific objectives, that may require developments, e.g.  of the 
LArTPC technology. 

• The primary science program defines the high-level 
requirements for LBNF and DUNE

• The ancillary program provides further requirements, specifically on the design 
of the near detector, required for the full scientific exploitation of LBNF/DUNE

12
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DUNE Primary Science Program
Focus on fundamental open questions in particle physics and astro-
particle physics – aim for discoveries: 
• 1) Long-baseline Neutrino Oscillation Physics
– CPV in the leptonic sector  

[ultimate sensitivity requires high precision]
– Mass Hierarchy
– Precision Oscillation Physics (θ23 octant, …) & testing the 3-flavor 

paradigm
• 2) Nucleon Decay
– Targeting SUSY-favored modes, e.g.  

• 3) Supernova burst physics & astrophysics
– Galactic core collapse super-nova, sensitivity to νe

13
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DUNE Ancillary Science Program
Enabled by the intense LBNF beam and the DUNE near and far detectors
• Other physics with BSM sensitivity
– Neutrino non-standard interactions (NSIs)
– Search for sterile neutrinos at the near and far sites
– Measurements of tau neutrino appearance

• Oscillation physics with atmospheric 𝝂’s
• Rich neutrino Physics in the near detector
– Inclusive & exclusive 𝜈 cross section measurements
– Studies of nuclear effects, FSI etc.
– Measurements of the structure of nucleons
– Neutrino-based electroweak theory measurements (e.g. sin2θW)

• Search for signatures of Dark Matter
– Search for Heavy Neutrinos

14
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LBL oscillation strategy

15

Measure neutrino spectra at 1300 km in a wide-band beam
•  Determine MH and θ23 octant, probe CPV, test 3-flavor paradigm       
a  and search for ν NSI in a single experiment
–  Long baseline:

•  Matter effects are large ~ 40%
–  Wide-band beam:

•  Study νµ→νe (νµ→νe) and νµ→νx  (νµ→νx )  over range of energies
•  MH & CPV effects are separable  
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LBL oscillation strategy (II)

16

Background processes:

Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–42

the uncertainty is expected in the four-sample fit, so the residual uncorrelated normalization un-1

certainty on the ‹e sample is expected to be reduced to the 1–2% level, such that the 2% residual2

normalization uncertainty used in the sensitivity calculations is also well-justified. Variations on3

these assumptions are explored in Section
sec:syst_var
3.6.3.4

Table 3.8: Normalization uncertainties and correlations for background to the ‹e, ‹̄e, ‹µ, and ‹̄µ data
samples

Background Normalization Uncertainty Correlations
For ‹e/‹̄e appearance:
Beam ‹e 5% Uncorrelated in ‹e and ‹̄e samples
NC 5% Correlated in ‹e and ‹̄e samples
‹µ CC 5% Correlated to NC
‹· CC 20% Correlated in ‹e and ‹̄e samples
For ‹µ/‹̄µ disappearance:
NC 5% Uncorrelated to ‹e/‹̄e NC background
‹· 20% Correlated to ‹e/‹̄e ‹· background

tab:bgnormsys

3.6.3 E�ect of Variation in Uncertainty5
sec:syst_var

Figure
fig:exp_systs
3.23 shows DUNE sensitivity to determination of neutrino mass hierarchy and discovery of6

CP violation as a function of exposure for several levels of signal normalization uncertainty. As7

seen in Figure
fig:exp_systs
3.23, for early phases of DUNE with exposures less than 100 kt · MW · year, the8

experiment will be statistically limited. The impact of systematic uncertainty on the CP-violation9

sensitivity for large exposure is obvious in Figure
fig:exp_systs
3.23; the ‹e signal normalization uncertainty10

must be understood at the level of 5% ü 2% in order to reach 5‡ sensitivity for 75% of ”CP values11

with exposures less than ≥900 kt · MW · year in the case of the Optimized Design. Specifically,12

the absolute normalization of the ‹µ sample must be known to ≥5% and the normalization of the13

‹e sample, relative to the ‹̄e, ‹µ, and ‹̄µ samples after all constraints from external, near detector,14

and far detector data have been applied, must be determined at the few-percent level. This level15

of systematic uncertainty sets the capability and design requirements for all components of the16

experiment, including the beam design and the near and far detectors.17

Signal and background normalization uncertainties remain relatively unimportant for the mass18

hierarchy measurement, even at large exposure, when considering minimum sensitivity for 100% of19

”CP values. This is because the minimum sensitivity occurs in the near-degenerate region where it is20

di�cult to determine whether one is observing ”CP = +fi/2 in the normal hierarchy or ”CP = ≠fi/221

in the inverted hierarchy. Spectral analysis will help resolve this near-degeneracy, but is dependent22

on as-yet unexplored uncertainties in the spectral shape, which are expected to be dominated by23

energy-scale uncertainty. Figure
fig:escale_syst
3.24 shows the impact on MH and CP-violation sensitivity of24

one possible energy-scale variation, in which energy bins are adjusted by N[E]æN[(1+a)E], while25

keeping the total number of events fixed. This is only one possible type of energy-scale uncertainty;26

more comprehensive study of energy-scale uncertainty is in progress and will be included in future27

analyses of experimental sensitivity.28

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report

Signal:  5% (abs. !μ norm.) ⊕ 2% (!e norm.) for both 
neutrinos and antineutrinos sample

CPV$&$MH$:$Systema0c$errors$presented$in$CDR$
A"er%fits%to%both%near%and%far%detector%data%and%all%external%constraints.%

From%CDR%Volume%2%“Physics”:%
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Beam Focusing Optimisation

17

Optimised beam is crucial for 
reaching ultimate sensitivities – less 

important in the initial phase of 
experiment 

15

Outline of Beam Requirements Section of CDR

✤ We are planning three basic sections!

✤ (3) A discussion of alternate focusing systems!

✤ Brief description of recent beam optimization work!

✤ Comparison of fluxes, signal rates, background rates and sensitivities with several beam 
options!

!

!

!

!

!
8

Beam Optimization
✤ The “Optimized” fluxes on previous slides are the output of a genetic algorithm 

inspired by LBNO and developed by that optimizes CP sensitivity.  I’ve done 
several versions of this algorithm including one LBNO-style Horn 1:!

!

!

!

!

!

!

r1 r2

r3

r4

L1

L2
L3

L4

L5

L6

L7

rOC

Horn concept

4/16/2015 10

He feeds for 
target cooling

• Conceptual design has been developed
• Thermal and structural analysis

• Water-cooling system for both 750kW and 
2MW operation

• PS requirements for the desired currents 

H2O and horn 
stripline connections 
for vertical insertion

(LAGUNA-LBNO/CERN)

arXiv:1412.0593
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MH & CPV sensitivity reach

18

Primary Science Goals

10

✤ Current estimates show 5 sigma 
sensitivity to mass hierarchy for all 
values of δCP by 400 kt-MW-years 
with reference beam!
!

✤ Will reach P5 goal of 3 sigma 
coverage of 75% of δCP phase space 
by 850-1300 kt-MW-years, 
depending on beam design!
!
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MH & CPV milestones vs exposure

19

Rapidly reach scientifically interesting sensitivities:
e.g. in best-case scenario for CPV (δCP = +π/2) :

Reach 3σ CPV sensitivity with 60 – 70 kt.MW.year 
e.g. in best-case scenario for MH :

Reach 5σ MH sensitivity with 20 – 30  kt.MW.year 

Potential for early physics discovery
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MH & CPV sensitivity vs years

20

Primary Science Goals

11

✤ Sensitivity versus years assuming 
staged increases in detector mass, 
beam power and near detector 
constraints!
!

✤ If CP violation is near maximal, a 
signal will be seen within a few 
years of running !
!
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Nucleon decay

21

Primary Science Goals

12

Another component of primary science program: search for proton decay

DUNE p→K+ν̅ lifetime sensitivities (in years, 90% 
CL) for several far detector staging scenarios 

✤ As yet unseen, but predicted 
by GUTs !
!

✤ DUNE will increase current 
limits of an order of 
magnitude!
!

✤ Signal is a single kaon!
✤ Liquid argon provides 

high efficiency and low 
backgrounds compared 
to Water Cherenkov!

✤ Also enables searches for 
other modes

Mode Lifedme	
  (90%C.L.)
p➞νK+ >3×1034	
  yrs

p➞e+γ,	
  p➞µ+γ >3×1034	
  yrs

p➞µ–π+K+ >3×1034	
  yrs

n➞e–K+ >3×1034	
  yrs

p➞µ+K0,	
  p➞e+K0 >1×1034	
  yrs

p➞e+π0 >1×1034	
  yrs

p➞µ+π0 >0.8×1034	
  yrs

n➞e+π– >0.8×1034	
  yrs

Expect	
  ≈linear	
  sensidvity	
  improvement	
  with	
  exposure	
  undl	
  1000	
  kton×year

JHEP 0704 (2007) 041 

For	
  a	
  20kton	
  exposure	
  of	
   
10	
  years	
  (200	
  kton×year)

GeneraSonal	
  advance	
  in	
  	
  detecSon	
  method:  
Exploit	
  tracking	
  and	
  calorimetry	
  for	
  unbiased,	
  
exclusive	
  final	
  state	
  reconstrucSon	
  of	
  decay	
  
products	
  with	
  precise	
  kinemaScs
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Atmospheric neutrinos

22

• Neutrino	
  oscillaSon	
  physics	
  complementary	
  to	
  long	
  baseline	
  beam	
  
• Clean	
  νe	
  &	
  νμ	
  CC	
  over	
  all	
  range	
  of	
  energies	
  (GeV,MuldGeV)	
  
• Good	
  neutrino	
  energy	
  and	
  angular	
  reconstrucdon	
  
• Recoil	
  hadronic	
  system	
  on	
  an	
  event-­‐by-­‐event	
  basis	
  
• Stadsdcal	
  separadon	
  of	
  ν	
  and	
  and-­‐ν	
  by	
  exclusive	
  final	
  states	
  
• νμ➞ντ	
  appearance	
  significance	
  >3σ	
  aqer	
  3	
  years	
  exposure	
    

(≈12	
  ντ	
  CC	
  /	
  year)

680(w/o	
  osc)

1440
Events/20kt/yr

310
2440(w/o	
  osc)

�eCC

�µCC
�̄µCC

�̄eCC

Mode

�NC 640

116 5 PHYSICS POTENTIAL
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FIG. 60: Typical atmospheric ⌫µ and ⌫e QE event in liquid Argon detector (⌫µ + X ! p + ⇡0 + µ� and
⌫e + n ! p + e�). The two (collection) views are shown.
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FIG. 61: Typical atmospheric ⌫µ NC event in liquid Argon detector (⌫µ +p ! ⌫µ +p+⇡0). The two (collection)
views are shown.
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Supernova burst neutrinos

23

For	
  40	
  kton	
  and	
  a	
  SN	
  explosion	
  at	
  
the	
  distance	
  of	
  10	
  kpc	
  : 
(no	
  oscillaSons	
  included!)

• Unique	
  sensidvity	
  to	
  electron	
  neutrino	
  flavour	
    
(most	
  other	
  SN-­‐detectors	
  detect	
  inverse	
  beta	
  decays)	
  

• Combined	
  analysis	
  of	
  all	
  reacdon	
  modes	
  
• Oscilladon	
  (both	
  standard	
  and	
  collecdve)	
  will	
  potendally	
  have	
  a	
  large	
  

effect	
  
• Neutrino	
  mass	
  via	
  TOF

JCAP 0310 (2003) 009

�e
40Ar � e� 40K�

�̄e
40Ar � e+ 40Cl�

(Eν	
  >	
  1.5	
  MeV)
(Eν	
  >	
  7.48	
  MeV)

�x e� � �x e� 260
�x

40Ar � �x + 40Ar�

3350
Events	
  (GKVM):

160
4200

JCAP 0408 (2004) 001 

Chapter 5: Supernova Neutrino Bursts and Low-energy Neutrinos 5–77
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Figure 5.4: Left: Expected time-dependent signal in 40 kt of liquid argon for the electron-capture
supernova

Huedepohl:2009wh
[?] at 10 kpc, calculated using SNoWGLoBES

snowglobes
[?], showing breakdown of event channels.

Right: expected measured event spectrum for the same model, integrated over time. fig:eventrates

Distance to supernova (kpc)1 10 210 310

N
um

be
r o

f i
nt

er
ac

tio
ns

-210

-110

1

10

210

310

410

510

 
AndromedaGalaxy Edge LMC

40 kton

10 kton

 

Figure 5.5: Estimated numbers of supernova neutrino interactions in DUNE as a function of distance
to the supernova, for di�erent detector masses (‹e events dominate). The red dashed lines represent
expected events for a 40-kton detector and the green dotted lines represent expected events for a 10-kton
detector. The lines limit a fairly wide range of possibilities for “Garching-parameterized” supernova flux
spectra (Equation

eq:pinched
5.1) with luminosity 0.5 ◊ 1052 ergs over ten seconds. The optimistic upper line of

a pair gives the number of events for average ‹e energy of ÈE‹eÍ = 12 MeV, and “pinching” parameter
– = 2; the pessimistic lower line of a pair gives the number of events for ÈE‹eÍ = 8 MeV and – = 6.
(Note that the luminosity, average energy and pinching parameters will vary over the time frame of
the burst, and these estimates assume a constant spectrum in time. Oscillations will also a�ect the
spectra and event rates.) The solid lines represent the integrated number of events for the specific
time-dependent neutrino flux model in

Huedepohl:2009wh
[?] (see Figs.

fig:garching
5.3 and

fig:eventrates
5.4; this model has relatively cool spectra

and low event rates). Core collapses are expected to occur a few times per century, at a most-likely
distance of around 10 to 15 kpc. fig:ratesvsdist

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report
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Sanford Underground Research Facility

• Experimental Facilities at 4850 ft level
• Two vertical access shafts for safety
• Ross shaft refurbishment in process and is ~50% complete
• Over $100M invested from private and state funds
• Facility donated to the State of South Dakota for science in perpetuity
• Working two 12 hour shifts/day in order to be done by 2017 

24
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Near and Far sites: tentative timescale

25

neutrino path 1300 kmflight time 4ms

2016: CD-3a approval
2017-2021: Excavation caverns + construction
2022: Completion of conventional facilities

2018: CD-3b approval
2020-2025: Civil engineering + construction
2026: Completion of conv. facilities

Far site

Near site
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Cavern configuration… major change

26

     four caverns hosting four independent 10-kt FD modules

New analysis based on strategic and technical input taking into account findings of 
LBNE & LBNO

•  Two$parallel$
caverns$each$
have$two$10$kt$
detector$pits$
with$a$laydown$
space$in$
between$

•  The$CF$u:li:es$
and$cryogenics$
are$in$a$separate$
parallel$
chamber,$thus$
no$conflict$with$
cryostat$&$
detector$install$

Each 10-kt cavern:  19.3m (w) x 66.2m (l) x 16.9 (h)

Cryostat(1(

Cryostat(2(

Cryostat(3( Cryostat(4(Central(U1lity(Cavern((Cryogenics)(
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Far Detector : tentative timescale
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FY27 

 
FY26 

 
FY25 

 
FY24 

 
FY23 

 
FY22 

 
FY21 

 
FY20 

 
FY19 

 
FY18 

 
FY17 

 
FY16 

Install'Detector'#1'

 
FY15 

Fill'&'Commission'Detector'#1'

Construc5on'of'Detector'#1'Components'

Construc5on'of'Detector'#2'Components'
Install'Detector'#2'

Fill'&'Commission'Detector'#2'
Construc5on'of'Detector'#3'Components'
Install'Detector'#3'

CERN'Test''
Final'Design'and'Produc5on'SetBup'

Preliminary'Design'

Start'Full'Scale'
Mockup!

Cryostat''
#1'Ready''

for'Detector'
Installa5on!

Cryostat''
#2'Ready''
for'Detector'
Installa5on!

Cryostat'#3'Ready'for'
Detector'Installa5on!

Cryostat'#4'Ready'for'
Detector'Installa5on!

Install'Detector'#4'
Fill'&'Commission''
Detector'#4'

Alternate production approach 
to be pursued for DOE review 

'
DecB19'
CDB2/3c'
Project'Baseline/'
Construc5on'Approval'

JulB15'
CDB1'Refresh'
Review'

SeptB27'
CDB4b'(early'
comple5on)'

Construc5on'of'Detector'#4'Components'
Fill'&'Commission'Detector'#3'

2016: CD-3a approval
2021: Cryostat #1 ready for installation
2023: Cryostat #1 ready for commissioning
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New design for membrane tanks

28

x 700

WA105 CERN Blg 182

• GTT membrane technology for 
effective underground storage of 
ultra pure liquid argon → many years 
of studies now materialising

• Today: WA105 prototype
Inner dimensions: 3x3x2 m3 

• Next steps:
SBN ND, single phase proto 
WA105 8x8x8 m3 

• DUNE 10 kton inner dimensions:
15.1(W)x14.0(H)x62m(L)

Steel-Frame Cryostat
Inner%dimension%(liquid+gas):%%

•  L%%%=%62.00%m%
•  W%=%15.10%m%
•  H%%=%14.00%m%

Outer&structure&&
(300&x&125)&

SS&skin&
LAr%=%17’432%tons%(95%%liquid)%

Ver6cal&belts&&
(1000&x&500)&

Top&cap&&
&&Detector&supports&
(500&x&250)&

Horizontal&belts&
(500&x&250)&

Design&is&being&developed&to&
accommodate&both&singleF&&
and&dualFphase&detectors.&&

person&
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Far Detector
Detector Capabilities:

- Full reconstruction of neutrino (accelerator, atmospheric, and supernova) 
interactions and nucleon decays

- Photon collection for event timing (non-accelerator) 
DUNE is considering two options for readout of ionization signals:

• Single-phase wire-plane readout   
• Ionization signals (collection + induction) read out in liquid volume
• As used in ICARUS, ArgoNEUT/LArIAT, MicroBooNE
• Single-phase prototype to be proposed at CERN (June 2014)

• Dual-phase readout

• Ionization signals amplified and detected in gaseous argon above the 
liquid surface

• Being developed by the WA105 collaboration
• If demonstrated, potential advantages over single-phase approach

29

DUNE Far Detector Scope 

• Detection Capabilities  
- Full reconstruction of neutrino (accelerator, atmospheric, and 
supernova) interactions and nucleon decays 
- Photon collection for event timing (non-accelerator) 
 

• Scope is the active detector: Time Projection Chamber (TPC), 
photon detection system, readout electronics, DAQ, installation, 
and integration        

06.02.15 Eric James | DUNE Project Overview, Cost, and Schedule 4 

CHARGE 
QUESTION 1 
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Design of 10-kt far detector modules

30

•One 10-kt module 58m x 12m x 14.4m  
(~20x ICARUS)

•Reference design
Alternating CPA/APA assemblies, 2.3m(w)x6.3m(h) modules 
4 wires planes (1 grid + 1 collection + 2 inductions), 4.8mm 
readout pitch, 3.6m drift path 
150 APAs and 200 CPAs / 10 kton 
384,000 ionisation readout channels 
Embedded PD 
Active mass 14’128 tons, fiducial 10’200 tons  

•Alternate design
3x3m

2
 CRP modules placed at the gas-liquid interface 

2 perpendicular “collection” views, 3mm readout pitch 
45 CRPs / 10 kton 
153,600 ionisation readout channels 
Hanging field cage and cathode - decoupled from CRP 
plane 
Decoupled PD (w/ no. 720 8” PMT) 
Active mass 12’096 tons (10’643 fiducial) for 12m drift 
[15’120 tons (13’444 fiducial) for 15m drift]

Sebastien Murphy ETHZ                                                                                                          DUNE collaboration meeting      Fermilab Apr. 17 2015

CRP for DUNE double phase far detector

22

60 m12 m drift

12 m 

Single phase

Dual phase

DUNE Far Detector Conceptual Design 

• Detector Parameters (One 10-kton Module)  
- 58 m x 12 m x 14.4 m (~50 times larger than ICARUS) 
- Alternating Anode and Cathode Plane Assemblies resulting in four 
3.6 m drift volumes 
- Modular design to facilitate underground transport and installation          

06.02.15 Eric James | DUNE Project Overview, Cost, and Schedule 5 

Steel Cryostat 

12
 m

 

14.4 m 

3.6m 

Membrane 
cryostat 

APAs APAs 
APAs 

CPAs 

Field 
Cage 

Field 
Cage 

CPAs 

CHARGE 
QUESTION 1 
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Far detector development path
CERN Neutrino Platform (WA105 & single phase proto) and 
FNAL SBN provide the necessary development and prototyping 
for the DUNE FD reference and alternative designs.

31

CPAsAPAs

4m

4m

5m

a) b)

CPAsAPAs

4m

4m

5m

a) b)

11
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ELBNF&Proto+Collaboration&Meeting,&January&2015D.&Schmitz,&UChicago

35-ton Membrane Cryostat with TPC

3

Concrete(
Insula.on(

5.4(m(4.1(m(

Membrane(

3.8(m(

•  LBNE%supported.LAr%TPC.development.
•  Test.design.features.useful.for.scale%up.

–  Membrane.cryostat.
–  Modular.anode.assembly.%.allows.study.of.

inter%modular.gap.reconstruc@on.impact.
–  Cold.digital.electronics.
–  Triggerless.DAQ.
–  PMT%less.photon.detec@on.

•  Phase.I.
–  Cryostat.only.
–  Ran.winter.2014.
–  Demonstrated.purity.in.membrane.

cryostat..
•  Phase.II.

–  Fully.instrumented.TPC.
–  Currently.being.assembled.at.FNAL.PC4.
–  Will.take.cosmic.data.in.Spring.2015.
–  Run.Plan/Data.analysis.being.prepared.–.

opportuni@es.to.par@cipate!.
•  Results.will.inform.any.future.single%

phase.LArTPC.
.

m

Acrylic&light&guide

2001

2014

2015

2016 
WA105

2018? 2018?

2018? 5

Inner dimension (liquid
+gas): 

•  L   = 62.00 m
•  W = 15.10 m
•  H  = 14.00 m

outer warm structure

SS 
skin

possible supports to 
the cavern wall

LAr = 17’432 tons (95% liquid)

belt
s

4 LBNF Cryostats 
extrapolation Top cap

&
Detector supports

Steel-supported cryostat design for LBNF

3/26/2015Joe Lykken | EFIG2021/2022?

ICARUS

MicroBOONE

35T
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35 ton @ FNAL phase 2

32

35ton Prototype Phase 2"

18 April 2015!Michelle Stancari | DUNE Detector Developments"8!

!  2.5m#x#1.5m#x#2m#acMve#volume#
!  Two#dri_#volumes#(long/short)#
!  4#APA#modules#(8#sets#of#wires)#

Concrete# InsulaMon#

5.4#m#4.1#m#

3.8#m#

Membrane#

18 April 2015!Michelle Stancari | DUNE Detector Developments"9!

10!

Key Components of the Cold Electronics (H. Chen)!

Michelle Stancari | DUNE Detector Developments!

35-ton Prototype Goals"

18 April 2015!Michelle Stancari | DUNE Detector Developments"7!

PhaseCI#(No#TPC,#2014)larl014)#
!  ValidaMon#of#membrane#cryostat##
#####design/performance#
!  Demonstrate#argon#purity##
#####required#for#physics##

PhaseCII#(Cosmic#rays,#Summer#2015)#
!  Modular#TPC#performance:##

!  wrapped#wires#
!  gaps#between#modules#
!  tracks#crossing#APAs#

!  Bar+SiPM#photon#detectors#
!  Field#Cage:#FR4#printed#circuit#board#
!  Electronics/DAQ#

!  cold#preCamp#and#ADC#
!  triggerless#operaMon#(conMnuous#readout)#
!  zero#suppression#development#

0.0 

1.0 

2.0 
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WA105 3x1x1m3 @ CERN

33

• Double phase ionisation readout (several years of R&D on small 
prototypes), field cage, PMT based light readout

Extraction, amplification in holes (GEM-concept), segmented anode 
3mm pitch, 2 x-y collection views 

• Accessible cold F/E electronics (lower risk than immersed electronics)
• 17m3 cryostat under construction at CERN Blg 182
• Detector in procurement phase → integration in 2015
• Gas purging ≈ 2015?; Cryogenic operation ≈ 2016? 
• Performance demonstration with cosmic rays

Sebastien Murphy ETHZ                                                                                                          DUNE collaboration meeting      Fermilab Apr. 17 2015

Signal Feedthrough Chimney

30

FE electronics inside 
chimneys, cards fixed to a 
plug accessible from outside.
• Distance cards-CRP<50 cm
• Dynamic range 40 mips
• Power consumption 18 mW/
ch

anode + LEM

cold (110 K) FE electronics, 
accessible, independent from the 
main Gar volume.

see slides D. Autiero

Sebastien Murphy ETHZ                                                                                                          DUNE collaboration meeting      Fermilab Apr. 17 2015

WA105 prototypes

26

The large area CRPs (and many other detector aspects) are being tested and 
will be operated in the scope of the CERN WA105 prototyping.

LAr-Proto 
(3x1x1 m3 active 24 ton LAr total)

DLAr
(3x1x1 m3 active 700 ton LAr total)

Sebastien Murphy ETHZ                                                                                                          DUNE collaboration meeting      Fermilab Apr. 17 2015

CRP- R&D towards increasing sizes

6

10x10 cm2 40x80 cm2

1x1 m2 3x1 m2 (WA105) 3x3 m2 (WA105 & DUNE)

Sebastien Murphy ETHZ                                                                                                          DUNE collaboration meeting      Fermilab Apr. 17 2015

Large Double phase TPCs

2

PMTs%(provide%t0)

Cathode

Drift,field,
0.5,–,1,kV/cm

Grid

LAr
Extraction,field,2kV/cm

Concept,of,doubleBphase,LAr,TPC,(Not,to,scale)

GAr

Anode,0V

1,cm

2,mm Collection,field,5kV/cm

eB

LEM

GLACIER concept. (A. Rubbia, Experiments for CP-violation: A giant liquid argon scintillation, 
Cherenkov and Charge imaging experiment? hep-ph/0402110.)

Large scale LAr TPC for LB neutrino 
oscillation physics, astrophysics, and 
nucleon decay search (GUT physics)

• Single cryo-tank based on industrial 

LNG solution to house O(10) kton of 
LAr mass

• Double-phase for charge readout with 

amplification:

• Long drift distances 
• Low energy detection thresholds 
• readouts with only collection 

views 
• maximise active LAr volume 

whilst minimising the number of 
channels.

Sebastien Murphy ETHZ                                                                                                          DUNE collaboration meeting      Fermilab Apr. 17 2015

50x50 cm2 LEM & ANODE

15

in the scope of the WA105 prototyping activities we have ordered and are testing 
20 LEMs and 15 anodes from ELTOS. 

Their design are the fruit of the 10x10 cm2  prototypes R&D.

50x50 cm2 LEM 50x50 cm2 Anode

C. Cantini et al 2015 JINST 10 P03017

80 units for  DUNE 10kton
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80cm

CR events in dual-phase 200L proto

34
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Large-scale prototypes @ CERN
•WA105 is approved for a 6x6x6m3 (300-ton) 

demonstrator.

•A single-phase prototype TDR was just 
submitted to SPSC committee (250-ton).

•A) Prototype construction and commissioning:

•Measure and benchmark detector performance of 
full scale detector components 

•Develop manufacturing capabilities at multiple 
sites

•Test installation procedures and operation of full 
scale detector components 

•B) Beam test at the new EHN1 extension 

•Assess Detector systematic uncertainties 

•Validate and tune MC simulations to data 

•Test reconstruction tools and PID 

•Study pion interactions, muon capture, anti-proton 
annihilation, ... 

35

WA105&8x8x8&(524&m3)&

Single'Phase'Test'Prototype'(485'm3)'

Installation and Integration

•  Trial(assemblies(are(valuable(milestones(

•  First(>me(to(install(fullTscale(TPC(inside(a(
cryostat(

! Opportunity(to(evaluate(clearances(and(
integra>on(of(fullTscale(TPC(components((

35t(detector(trial(assembly((9/2014)(

6/2/2015 Thomas Kutter | FD Prototyping & Test Beam11

CERN(EHN1(

SingleTphase(cryostat(
WA105(cryostat(

Person
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The WA105 collaboration

36

Sebastien Murphy ETHZ                                                                                                                                    LBNO collaboration meeting May 20141

22 institutes, 130 physicists
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WA105 6x6x6m3 demonstrator

37

Technical proof-of-principle: 
✴ Purity in non-evacuated tank
✴ Large hanging field cage structure
✴ Very high voltage generation
✴ Large area charge readout
✴ Accessible cold front-end 

electronics
✴ Long term stability of UV 

scintillation light readout



09.06.15 André Rubbia | News from DUNE/LBNF

WA105 6x6x6m3: Charge readout plane

38

The extraction grid LEM and anodes are all combined in independent 
modules of square meter scale adjustable to the LAr level: the 
charge readout plane (CRP)

extraction grid-LEM and anode all in one single module
example of a 3x3 m2 CRP

3 m

3 m

50 cm

50 cm

50x50 cm2 
LEM+anodes 

DUNE dual-phase
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Important physics milestone

39

5 GeV π-

5 GeV νμ

pions, electrons/positrons, protons, muons

Test reconstruction on fully contained events from charged particle beam 
(well defined primary particles and energies)

Some goals
✴Development of automatic event 

reconstruction 
✴test NC background rejection 

algorithms on “νe free” events
✴Charged pions and proton cross-

section on Argon nuclei. 

Measurement of hadronic showers

• LAr TPC provide a fully active homogeneous medium
• High granularity 3x3 mm2Å two orders of 

magnitude better than most granular calorimeters
• e.g., CALICE AHCAL prototype has 3x3 cm2

• Additional handle from dE/dx

Opportunity to provide unprecedented measurements 
of hadronic shower development to HEP community

11/2/2014 V. Galymov - NNN2014 7
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Single-phase test prototype (WA10x)

40
6/2/2015 Thomas Kutter | FD Prototyping & Test Beam10

CERN single-phase cryostat and TPC
internal(dimensions:((7.8'm'(Transv)'x'8.9'm'(Parallel)'x'8.1'm'(Height)'
external(dimensions:(10.6m'(Transv)'x'11.7'm'(Parallel)'x'11.0'm'(Height).((
( ( ( ( ((((((Assumes(a(500(mm(steel(support(structure.((

Ullage(height((82cm)(same(as(for(DUNE(far(detector(

!opportunity(to(test((
installa>on(procedure(and(
clearances(

design(in(progress:(

work(in(progress:(
Beam(window(design(

Distances(between(TPC(components(and(inner(cryostat(wall((
are(same(as(for(DUNE(far(detector(

A View of the CERN TPC Prototype

3(APAs(
3(APAs(

Field(
Cage(

CPAs(

Field(
Cage(

3.6m(

3.6m(

Detector(components((
are(same(as(for(DUNE((
far(detector(
(
Keep(op>on(to(reduce(
dri2(distance(to(2.5m(
(reduced(space(charge((
effects)(
!Use(experience(from((
35t(detector(to(inform(
strategy(
(

6/2/2015 Thomas Kutter | FD Prototyping & Test Beam9

CERN Prototype Detector
Test detector components
•  Full scale
•  Same design as for first DUNE 10 kt module

6.0(m(
2.3(m(

6/2/2015 Thomas Kutter | FD Prototyping & Test Beam7

Test detector components 
• Full scale  
• Same design as for 
DUNE 10 kt single phase

US-UK driven effort
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CERN Contribution to the Future ν Programs!

 !
!!

!
!

FNAL, September 23th, 2014!
Sergio Bertolucci !

CERN!

North Area Extension (EHN1-X)

41

Nord$Area$EHN1$extension$

19$

Photo taken on October 29th, 2014

 
CENF – Civil Engineering Extension B887 

Status – 23 October 2014 
 Preparatory Works: Tasks to be completed before the start of the works 

 

 
 
 

23 October 2014 
2 

Extension of Building 887 - Neutrino Platform General Meetings 
N.Lopez – M.Manfredi 

-EL: 
• Worksite Power Supply 

• Earthing Design for the EHN1 extension and 
coordination during construction works 

-CV: 
• Firefighting network work (North Area) 

• Potable Water for the worksite (hydrant?) 

• Temporary drainage water (ECN3-TCC8) 
deviation 

-GS-SE: 
• Trees felling + B.918 storage 

 

-TSO TT85: 
• Access condition for the TT85 visit  

 

-IT: 
• Internet connection 

-RP: 
• Monitoring System removal 

 

Extension area: 72m x 50m 

EHN1 extension civil engineering 



09.06.15 André Rubbia | News from DUNE/LBNF

H2/H4 VLE Extension - beam layout

42
I. Efthymiopoulos - CERN

H2/H4 VLE Extension for ν detectors - beam layout

3

‣H2'extension'to'WA105'cryostat:'1(0.5)&÷&12&GeV&'ter5ary'beam'

‣H4'extension'to'DUNE'cryostat:'1(0.2)&÷&7&GeV'ter5ary'beram'

‣Beam'characteris5cs:'

< Use'secondary'beam'of'80'Gev'(π/p,'or'e)'to'produce'the'ter5ary'low<energy'beams'on'a'secondary'target'

< VLE'beams':'mixed'hadrons'(π±,'μ±,'K±,'p),'~pure'electron'(e±)'beams

WA105

WA10x
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Software / reconstruction / simulation

43
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� “Straw-man” organization of  E-LBNF – “Mapping” the LHC model 
 

� Science Working Groups  
� Physics, Analysis Tools, Performance  
 

� Scope of work – (some of ) the tasks ahead 
� Near Detector  
� Far Detector 
 

� Detector Technology Working Groups –   “deliverable” matrix. 
 

� “Distributed construction” model 
 

� Conclusions 

 

1/22/2015 D. Lissauer - LBNF Collaboration Meeting 4 

ICARUS

ArgoNEUT
WA105

Unified SW/comparison of performance is critical
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FNAL accelerator complex

44

LBNF

Fermilab)Accelerator)Complex)

4
MI tunnel 

Main Injector 

NuMI line 

Recycler 

12#Booster#batches#are#to#be#injected#and#slip4#
stacked#in#Recycler#while#Main#Injector#is#

accelera;ng,#thus#saving#injec;on#;me.#This#and#a#
few#more#upgrades#will#allow#700#kW#on#the#NuMI/

NOvA#target##
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Accelerator improvement plans (PIP, PIP-II)

• Since	
  November	
  2014,	
  the	
  Main	
  Injector	
  (MI)	
  has	
  been	
  delivering	
  
2.4x1013	
  ppp	
  at	
  120	
  GeV	
  every	
  1.333	
  s	
  by	
  using	
  the	
  Recycler	
  as	
  a	
  proton	
  
stacker	
  (6	
  batches,	
  no	
  slip-­‐	
  stacking).	
  

• On	
  March	
  5th,	
  2015	
  it	
  switched	
  to	
  2+6	
  operaOon,	
  delivering	
  during	
  the	
  
past	
  month	
  ~425	
  KW	
  average	
  beam	
  power.	
  	
  

On	
  April	
  27th,	
  2015	
  achieved	
  new	
  MI	
  Beam	
  Power	
  record	
  of	
  483	
  KW	
  
(running	
  without	
  SY120).	
  

• Plan	
  to	
  demonstrate	
  4+6	
  operaOon	
  in	
  June	
  2015,	
  before	
  the	
  summer	
  
shutdown	
  and	
  achieve	
  575	
  kW	
  in	
  Nov.	
  2015.	
  (19	
  re-­‐furbished	
  Booster	
  
RF	
  staOons,	
  7.5	
  Hz	
  operaOon).	
  

• Achieve	
  700	
  KW	
  with	
  6+6	
  operaOon	
  -­‐	
  Feb.	
  2016	
  (20	
  re-­‐furbished	
  Booster	
  
RF	
  staOons,	
  9	
  Hz	
  operaOon).	
  

• PIP-­‐II:	
  1.2	
  MW	
  (~	
  2024)	
  –	
  800	
  MeV	
  superconducOng	
  Linac,	
  20	
  Hz	
  Booster,	
  
MI	
  cycle	
  Ome	
  of	
  1.2	
  s.	
  

45
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Proton Improvement Plans – PIP-II & III

46

800#MeV#SC#Linac#

20#Hz#

CD20#review#planned#
for#June#2015#

Beam#Power#
(1.03#–#1.2)#MW#
p#momentum#
(602120)#GeV/c#

Pulse&dura*on:&10&ms&
Beam&size&at&target:&
tunable&1.084.0&mm&

(1.1&–&1.9)x1021&POT/yr&

• PIP-II:  
New SC linac  
800 MeV protons → 
1.2 MW by ~2024

• PIP-III:  
Plan for 2.4 MW 
protons with by 
~2030  
(Linac or RCS) 
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LBNF neutrino beamline

47

 

 

 

 

                                                            

 Annex 3A: Beamline at the Near Site 
 

Long-Baseline Neutrino Facility (LBNF)/DUNE             
Conceptual Design Report 

 
May 2015 

 

 
            

 

 

 

 

Scope&for&CD+1!

Bea
m%D

ire
c*o

n%

Finished/Exis*ng%Grade%EL%750:;%

Rock/Soil%Interface%EL%%675:;%

Cavern%Crown%EL%%625:;%

Cavern%Invert%EL%%575:;%

Op#on&to&be&considered&
a0er&CD31:%

Excavate%~x2%larger%
underground%cavern%to%
provide%future%facility%
for%addi*onal%neutrino%
detector%/%experiment%%

Depth&≈&200&feet&(or&≈61m)%

•  !!

DECAY&
PIPE&

SNOUT&

DECAY&PIPE&
UPSTREAM&
WINDOW&

WORK&CELL&

50&TON&CRANE&

Decay!Pipe!concrete!!
shielding!(5.6!m)!

Target!Chase:!1.6!m/1.4!m!wide,!24.3!m!long!airC
filled!and!air!&!waterCcooled!(cooling!panels)!

Cooling!panels!

heliumCfilled,!airCcooled!

Geomembrane!barrier/!
draining!system!

4!m!
203.7m!

Real!estate!for!up!to!
250!m!long!Decay!Pipe!

Beam!

Hadron'Monitor'(HM)'
concrete'

'Steel''

NEAR HALL HADRON ABSORBER TARGET HALL

2019: CD-2 approval
2021-2025: Design and assembly
2025/2026: Installation ND
2026: Beam commissioning
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DUNE Near Detector
• A highly-capable neutrino detector 

which provides the required 
information for LBL goals and a rich 
physics program on its own.  

• Fine-grained tracker (FGT) 
magnetised neutrino near detector. 

• A LAr TPC target may be added for 
comparison with FD [need 
measures for event pileup at high 
beam power]. 

• May be advantages of deploying a 
high-pressure gaseous argon TPC 
[upgrade of the FGT tracker]  

• O(100millions) 𝜈μ CC events 
expected per 10 ton target

48

Chapter 7: Near Detector Reference Design 7–85

Magnet'
Coils'

Forward'
ECAL'

End'
RPCs'

Backward'ECAL'Barrel'
ECAL'

STT'Module'

Barrel''
RPCs'

End'
RPCs'

Figure 7.1: A schematic drawing of the fine-grained tracker design. fig:STT_schematic

LBNE Conceptual Design Report

Chapter 7: Near Detector Reference Design 7–92

• Electron/positron identification through the use of transition radiation (TR) in the entire9

tracking detector for low-energy and/or large angle tracks (e.g. “ conversions)10

• fi/K/p identification by dE/dx in the entire tracking detector11

• Identification of fi

0 and “ that can mimic oscillation signals at the FD12

• Use of a variety of nuclear targets, (C
3

H
6

)n, Ar, Ca, C, Fe, etc., to quantitate the impact of13

nuclear e�ects in ‹(‹̄)-nucleus cross sections14

• Provide more than 10 times the unoscillated statistics expected in a 40 kt FD on Ar target15

The requirements listed above imply the use of a low density, fl ≥0.1 g/cm3, high-resolution mag-16

netic spectrometer. A summary of the performance requirements is given in Table
tab:comparison
7.1 Regardless17

of the process under study, the goal is to have the systematic error less than the corresponding18

statistical error.19

Table 7.1: A summary of the performance for the FGT configuration
Performance Metric FGT
Dipole magnetic field 0.4 T
Average target/tracker density fl ≥ 0.1 g/cm3

Target/tracker Volume 3.5m x 3.5m x 6.4m
Target/tracker Mass 8 t
Vertex Resolution 0.1 mm
Angular Resolution 2 mrad
Ee Resolution 5%
Eµ Resolution 5%
‹µ/‹̄µ ID Yes
‹e/‹̄e ID Yes
NCfi

0/CCe Rejection 0.1%
NC“/CCe Rejection 0.2%
CCµ/CCe Rejection 0.01%

tab:comparison

7.2.1 Straw-Tube Tracking Detector20
cdrsec:detectors-nd-ref-fgt-stt

Straw Tubes21

The Straw-Tube Tracking Detector (STT) at the center of the FGT will be composed of straw22

tubes with an outer diameter of 1 cm, as well as radiators and targets that reside next to the straw23

tubes as shown in Figure
fig:STT_Detail
7.2.24

The straw walls are made by wounding together a film of carbon loaded Kapton XC (inner) and a25

Volume 4: The DUNE Detectors at LBNF LBNF/DUNE Conceptual Design Report
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Recent Director’s Review (June 2-4)
• Findings (Detector section)

• The conversion of LBNE/LBNO to LBNF and DUNE has 
brought significant changes and new opportunities for the 
detectors. International collaborators will now make major 
contributions to the near detector and the far detector. 

• Executive Summary: 
“The committee determined that the project is developing 
well and has a strong, capable project teams in place to 
develop and execute the project. All of the charge questions 
were answered positively. The consolidated and reconfigured 
project has developed rapidly and is progressing well. The 
committee feels that the DUNE/LBNF will be prepared for the 
DOE CD-1 refresh review.”

49
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Outlook
• DUNE/LBNF is becoming a highly motivated, experienced and well-organised 

international team that has the necessary expertise to accomplish this program. 

• DUNE/LBNF have developed a clear plan for reaching the P5 goals in a timely 
manner
• The FNAL accelerator complex is being upgraded to continue to provide the most 

powerful neutrino beams and a MW-class neutrino beam will be constructed.
• The design and prototyping towards the deployment of four 10-kt far detector 

modules at SURF 4850L is ongoing. 
• The performance of the more conservative single-phase design will be assessed in 

the single phase prototype at CERN and the dual-phase design will be tested on a 
large scale by the approved WA105 programme. The dual-phase design, if 
demonstrated, will bring improved performance for the far detector consecutive 
modules.

• The near detector will provide the capability to constrain the systematic errors for 
the LBL goals and will bring a generational advance in neutrino measurements due 
to its high-granularity, high-precision and very large statistics. 

• DUNE will address many of the most interesting open questions in neutrino physics, 
and will likely lead to new discoveries, e.g. CP-violation in the leptonic sector.

50
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Thank you !


