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Neutrino!mixing!
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Flavor  

Mixing    Neutrinos               Quarks             
 θ12         (33.5 ± 1)o     (13.04 ± 0.05)o  
 θ23         (45 ± 3)o    (2.38 ± 0.06)o  
 θ13         (8.5 ± 0.3)o    (0.201 ± 0.011)o 

 ¢m2
21    (7.53 ± 0.18)£10-5 eV2 

|¢M2|     (2.44 ± 0.06)£10-3 eV2  

 ±CP   (-90+115"
-122)o     (67±5)o 

sij = sin µij ;   cij = cos µij 

Neutrinos"change"flavor"while"propaga3ng"in"vacuum/maRer"
!"Neutrinos"have"mass"="evidence"for"physics"beyond"the"standard"model"

ºe"

ºµ 

º¿ 

Mass 

atmospheric"&"accelerator" reactor"&""
accelerator"

solar"&"reactor"

normal""""""""inverted"
"""""""""""hierarchy"

PMNS"(Pontecorvo,"Maki,"Nakagawa,"Sakata)"–"matrix"describes"mixing"between"flavor"and"mass""
eigenstates"in"analogy"to"CKM"(Cabibbo,Kobayashi,"Maskawa)"–matrix"for"quarks""

»2.4£1043!eV2!

»2.4£1043!eV2!
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DUNE!Primary!Physics!Program!
1)"Neutrino"Oscilla3on"Physics""
•  Search"for"neutrino"CP"proper3es":"""
"

What"is"the"value"of"the"phase"δ"?"
"
•  Measure"neutrino"mass"hierarchy"
•  Perform"precision"measurements"of"neutrino"(mixing)"

parameters":""
Test"the"3"flavor"paradigm"
"
Measure"symmetry"between""2nd"and"3rd"genera3on":""
"
how"close"is"θ23"to"π/4"?""
Measure"neutrino"cross"sec3ons"

"
2)"Nucleon"Decay""
"

"Target"SUSYafavored"mode:""
"

""
3)"Supernova"burst"and"astroaphysics""""

Galac3c"core"collapse"supernova,"best"sensi3vity"to"ºe" 4"
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Measurement!Strategy!

unoscillated"ºµ""
charged"current"spectrum""

Use"high"intensity"ºµ"(and"ºµ")"beam"
"""measure"ºe"appearance"and"ºµ"disappearance""

Choose"long"baseline""
"""large"maRer"effects""»40%"(at"L=1300"km)"""

Match"Eº"to"oscilla3on"maxima"over"broad"energy"range"
"""disentangle"CP"and"mass"hierarchy"

Suitable"large"detector:"good"Eº"reconstruc3on"and"par3cle"iden3fica3on"""
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DUNE!Overview!

Wide"band,"high"purity"ºµ"beam"with"peak"flux"
at"2.5"GeV"opera3ng"at"»1.2"MW"and"upgradeable"

•  four"iden3cal"cryostats"deep"underground"
•  staged"approach"to"four"independent"10"kt"LAr"detector"modules""
•  Singleaphase"and"dualaphase"readout"under"considera3on"""

high"precision""
near"detector""
at"574m"

muon"monitors"

1300"km"
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Long!Baseline!Neutrino!Facility!
Fermilab!Accelerator!Complex!

400"MeV"Linac"
Tp"="8"GeV"Booster"synchrotron""
"""""""""11"pulses"at"15"Hz"into"MI"
Main"Injector"(MI):"
Tp"="120"GeV;""rep."cycle:"1.33s""

Present"performance:"
achieved:"521"kW"
700kW"expected"by"2/2016"
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Planned"upgrades:"
Proton"Improvement"Plan""



Proton!Improvement!Plan!II!and!III!
Fermilab!Accelerator!Complex! Upgrades"to"increase"proton"yield"

"
PIP!II!:!!!"(ready"by"»2025)"
MI"beam"power"""1.2!MW!
•  upgrade"to"superconduc3ng"(SC)""
"""""800"MeV"linac"
•  Booster"rep."rate:"15"""20"Hz"
•  MI"rep."cycle:"1.33""1.2"s!

PIP!III!:!!!(">"2025)"
MI"beam"power"""2.3!MW!
•  Upgrade"to"8"GeV"SC"linac""
""OR"
•  Upgrade"to"2"GeV"SC"linac"and"
•  Replace"booster"with"8"GeV""
"""""rapid"cycling"synchrotron"(RCS)""
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LBNF!Beamline!

"Extract"60"–"120"GeV"primary"proton"beam"onto"95cm"graphite"target"
"""(1.1"–"1.9)"£1021"protons"on"target/yr"""
"Focusing"horns"
""""1)"NuMI"like"horn"(reference"design)"
""""2)"op3mized"focusing"design"(gene3c"algorithm)"
"Decay"pipe:""4m"diameter"»200m"long;""He"filled"

NNN15:"L."Fields"
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DUNE!Near!Detector!

Reference"design:""
Fine"Grained"Tracker"inside"0.4"T"magne3c"field":"strawatube"tracker""
Surrounded"by"leadascin3llator"ECal"and"RPC"muon"tracker""

Measure":""
"CC"ºµ"events""""(normaliza3on,"spectrum)"
"CC"ºe","NC"¼0"events""(backgrounds)"
"Neutrino"interac3on"proper3es"

Mul3ple"nuclear"targets:"
Ar,"C,"Ca,"Fe,"…"

»"107"interac3ons/yr"
""high"precision"

Other"designs"under"considera3on:"
•  Magne3zed"LAr"TPC"
•  Highapressure"GAr"TPC"

11"
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DUNE!Far!Detector!at!SURF!
Loca3on:""
Sanford"Underground"
Research"Facility""""

Can"accommodate"single"and"dualaphase"
LAr"detectors"

Cryostat"outer"steel"structure"
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Single4Phase!LAr!Detector!

62"m"58"m"

Time"Projec3on"Chamber:"
3"wire"Anode"Planes"(APAs)"
"""[induc3on"+"collec3on"wires]"
2"cathode"planes"at"a180"kV"
"
4"dris"regions:""3.6m"dris"each"
"
Photon"Detec3on"System""
integrated"in"APAS"to"measure"
nonabeam"event"3ming""

3.6m" 3.6m"3.6m"3.6m"

12m"

Detector!mass!![kt]!

total" 17.1"

ac3ve" 13.8"

fiducial" 11.6"

Readout"of"
•  Ioniza3on"charge"and""
•  scin3lla3on"light"
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Dual4Phase!LAr!Detector!

Ioniza3on"charge"extracted"into"Ar"gas"phase"
charge"amplifica3on"via"large"electron"mul3pliers"(LEM)"before"readout"
"[2"dimensional"charge"collec3on]"
"
" If"demonstrated,"could"be"used"as"alterna3ve"design"for"2nd"or""
"""""subsequent"10"kt"far"detector"modules"

Readout"of"
•  Ioniza3on"charge""
•  scin3lla3on"light"

12m"dris"

Cathode"at"a600"kV"

anode"
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LArTPC!Development!Path!
Fermilab!SBN!and!CERN!neutrino!plaVorm!provide!a!strong!

LArTPC!development!and!prototyping!program!!!

DUNE Alternative Design

WA105: 1x1x3 m3

2016 2018

WA105

Dual-Phase

35-t prototype

ICARUS

DUNE Reference Design
basis for first 10 kt module

2015 2018

protoDUNE 

SBND

LBL

SBL

Single-Phase

MicroBooNE

58m"

46"3mes"larger"than"ICARUS""

NNN15:"J."Insler"

NNN15:"S."Bolognesi"

NNN15:"R."GuenneRe"NNN15:"B."Carls"
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NNN15:"S."Wu"

NNN15:"A."Menegolli"



The DUNE Collaboration

06.02.155 Mark Thomson | DUNE Strategy and Requirements

USA$

UK$

Italy$

India$

Other$

Switzerland$

Spain$

France$

Brazil$

Americas$

Poland$

Czech$Republic$

USA$

India$

Other$

UK$

Italy$

Brazil$

France$

Americas$

Poland$

Switzerland$

Spain$

Czech$Republic$

As of today:
776 Collaborators

from
144 Institutes

DUNE"Collabora3on"
792 
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Neutrino!OscillaWon!Prospects!
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 disappearanceµνDUNE 
 modeν150 kt-MW-yr 

)=0.4523θ(2sin

νµ / νµ disappearance νe / νe appearance

""Simultaneous"fit"to"all"4"samples"to"determine"oscilla3on"parameters"

Exposure:""150"kt"MW"yr"""

Integrated"events"0.5"–"20"GeV"

Assumes:"sin22µ13="0.084,"sin2µ23="0.45,"¢m2
31="2.47£10a3,"±CP ="0""
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Projected!Performance!vs!Exposure!
%
"of"covered"±

CP "range"

%
"of"unknow

n"±
CP "range"

Assuming"reference"beam"design"

""""defini3ve"determina3on"
"""""of"neutrino"mass"hierarchy""

" 5"¾"measurement"of"CP"viola3on"for"50%"
""""""of"all"possible"values"of"±CP"

""DUNE"will"make""

Mass"hierarchy"sensi3vity" CP"viola3on"sensi3vity"

18"
Systema3c"uncertainty"on"ºµ""+""ºe""="5"+"2"%"" NNN15:"E."Worcester"



Projected!Performance!vs!Exposure!

»40%"smaller"exposure"

%
"of"unknow

n"±
CP "range"

%
"of"covered"±

CP "range"

»30%"smaller"exposure"

Mass"hierarchy"sensi3vity" CP"viola3on"sensi3vity"
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µ23!ResoluWon!and!Octant!SensiWvity!

""Informa3on"on"poten3al"symmetry""
between"2nd"and"3rd"genera3on"?""
(e.g."equal"contribu3on"of"ºµ"and"º¿"to"º3")"

Global"fit"indicates:"
global"minimum"at"µ23"="(42.2+3.0a1.6")o"""for"NH"
2nd"local"minimum"at"µ23"="(49.5+1.5a2.1)o""for"IH"
"

sin2µ23"resolu3on" Octant"sensi3vity"

20"

band"width:""
varia3ons"in"beam"design""



Nucleon!Decay!

Sensi3vity"to""p""K+"+"º 

Large"LAr"detectors"offer"enhanced"capabili3es"to"detect""
some"predicted/hypothesized"nucleon"decay"modes"

Antonello"et"al.,""
Adv."HE"Phys."(2013)"260820"

Strengths"of"LAr:"
•  Low"threshold"(no"Cherenkov"thresh.)"
•  Good"event"reconstruc3on"and"PID"
•  Low"backgrounds"

•  Cosmogenic"K0"produc3on"
""""""followed"by"charge"exchange""

ICARUS"T600"event"

events"per"Mt"yr"
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Supernova!Neutrinos!
LAr"detectors"are"predominantly"sensi3ve"to"ºe:"""ºe + 40Ar ! e- + 40K* ""
"  sensi3vity"to"neutroniza3on"burst:""flux"primarily"composed"of"ºe"
"  sensi3vity"to"neutrino"mass"hierarchy"(imprint"on"E"spectrum)"
"  complementary"to"water"Cherenkov"and""
""""""liquid"scin3llator"experiments"(ºe"sensi3vity)""""

total"burst"dura3on:"»10"s"

Expected"events"in"40kt"of"LAr"for"SN"at"10"kpc""

Expected"spectrum"in"40kt"of"LAr"

Event"nos."assume"NO"neutrino"oscilla3ons"

Signal:""Burst"of"events"with"energies"of"tens"of"MeV"" 22"



LBNF/DUNE!Timeline!

installa3on"
commissioning"

start!of!physics!

!!!!!!!start!of!
!º4beam!physics!

far"site"ac3vi3es"

near"site"ac3vi3es"

Milestones:!
7/2015:""successfully"passed"DOE"CDa1aR"
10/2015:""protoDUNE"approved"at"CERN"
12/2015:""DOE"CDa3a"review""""approval"means"start"of"construc3on"

" " " " " " """(far"site"excava3on"star3ng"in"2017)")"
""
""
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Summary!
•  DUNE"science"program"addresses"fundamental"ques3ons"in"

par3cle"physics"
1.  Neutrino"Oscilla3ons:"CP"viola3on,"Mass"hierarchy,"precision"

measurements"of"neutrino"oscilla3on"parameters"and"neutrino"
interac3ons"

2.  Nucleon"decay"
3.  SNe"burst"and"astroaphysics"

•  LBNF/DUNE"will"employ"a"1.2"MW"(and"upgradable)"neutrino"
beam,"near"detector"and"a"modular"40kt"LAr"far"detector"at"
Fermilab"and"SURF"

•  Interna3onal"DUNE"collabora3on"has"formed"and"welcomes"new"
members"to"help"define,"build"and"further"improve"the"
experimental"program""
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Backup!slides!
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Physics!Milestones!
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Effect!of!SystemaWc!UncertainWes!

" Systema3c"uncertainty"<"3%"important"aser"»200"kt"MW"yr""

Mass"hierarchy"sensi3vity""
(100%"of"±CP"coverage)"

CP"viola3on"sensi3vity""
(50%"of"±CP"coverage)"

Systema3c"uncertainty"
on"ºµ""+""ºe""

NNN15:"E."Worcester" 28"


