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General Setup
« LBNF/DUNE will consist of

- An intense v-beam fired from Fermilab
- A Near Detector at Fermilab

- A massive 40kt deep underground LAr detector in South Dakota

1300 km
< >

South Dakota

Sanford
Underground
Research L emmmemeT -
Facility L _ousmm

Chicago

Fermilab

=
P s

2 8-Aug-2019 A.Weber | DUNE - Precision Neutrino Observatory of the Future

o
@
:



Physics Program

@ @  Neutrino Oscillations

\ / - Search for leptonic CP violation

- Determine neutrino mass ordering
- Precision PMNS measurements
- Supernova Physics

- QObservation of time and flavour profile provides insight
into collapse and evolution of supernova

- Unique sensitivity to electron neutrinos
« Baryon number violation
- Predicted by many BSM theories

- LAr TPC technology well-suited to certain proton
decay channels (e.g., p—K+v)

- A(B-L) # 0 channels accessible (e.g., n—n)
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DEEP UNDERGROUND
NEUTRINO EXPERIMENT

T g

An international science collaboration

1106 collaborators from 184 institutions in 31 countries
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Neutrino Energy

Near Detector Absorber Hall
Service Building Service Building
(LBNF-40) (LBNF-30)
Absorber Hall
and Muon Alcove

Proton beam energy
60-120 GeV

Power
1.2 MW = 2.4 MW

Neutrinos and anti-neutrinos

Primary Beam Enclosure

Apex of Embankment ~ 60’

MI-10 Point of Extraction

Target Hall Complex )
(LBNF-20) Primary Beam
Service Building
(LBNF-5)
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Near Detector Complex

* Four main components, working

together:
1. Liquid argon detector w103 | \
(ArgOnCUbe) —34‘]]'[10.64]|‘ - ; '/%
2. Downstream tracker with s @ o H-
gaseous argon target ull
(MPD)

3. LAr and GAr systems can move
to off-axis fluxes
(DUNE PRISM)

4. On-axis flux monitor with neutron
detection capability (3DST-S)

 High statistics constrains

- Cross section & Flux

6  8-Aug-2019 A.Weber | DUNE - Precision Neutrino Observatory of the Future % DAu(VE



Underground Laboratory SURF

DUNE Far Detector site
« Sanford Underground Research Facility (SURF), South Dakota
« Four caverns on 4850 level (~ 1 mile underground)

Ross Campus:

Davis Campus:
* LUX
* Majorana

° LZ

* CASPAR

* DUNE

~ | Green = new excavation
commenced in 2017
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DUNE Far Detector

* 1478 m underground
« 1300 km from the beam target

« Four 10 kt target LAr-TPCs

- A potential mix of ‘single phase’
and ‘dual phase’ technology

= Each cryostat holds 17.1 kt LAr
,]'ostatl
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Far detectors: 1st module

Single-Phase

Single Phase

L

liquid

Induction2

w

CATHODE =

E-field = 500 V/cm

=
Steel Cage
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Photon Detectors
integrated in APA
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ProtoDNE |
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' \J »
Y The worlds largest LAr TPC

! / 7000 7 x 7 x 6 m3~ 770,000 kg
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dE/dx

Calibrated with muons

Applied to other particles
—>

Very good agreement
between data and simulation!

Additional calibration work and
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particle-Ar cross section measurements are underway
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Far detectors: 2nd module

Arpde deck
LF S T 3 Sigral FT chimneys with DuaI-Phase
: # P A — DAQ crates Field cage suspersion
y v s _—y chimreys

signal amplification in the gas phase

Large
e ‘/_Electron
Multiplier

N__Extraction
Grid

N\

N

/_Cathode

- D D
i i
PMT

Yy
]Lx Light Detection in DUNE DP
J. Soto-Oton Poster Thu/Fri

Photon detectors below cathode

2, ¥me Liquid Argon
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Experimental Technique

0.25

.g. 8 00
e — YepT" -
8 — 8¢ =0
© o2 ——— §cp=+90°
Q ——— 8¢p=0° (inverted MH)
_5 (1] Un-oscillated spectrum (AU)
S 0.15
‘©
[72]
@]
0.1
0.05

° 1 2 3 4 5 o

_ Energy (GeV)
Produce wide-band pure v, beam

- Cover 18t and 2" oscillation maximum

Constrain models and systematics with near detector
Measure spectrum of v, and v, at a far detector

- Combined analysis

14
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Measurement Strategy

Events per 0.25 GeV

3

ND Constrains

DUNE v, Appearance
Normal Ordering
sin®20,, = 0.088

sin®,, = 0.580

3.5 years (staged)

—— Signal (v, + V) CC
@ Beam (v, + V) CC
0 NC

B (v, + v,) CC

(v.+ V) CC

5 6 7 8
Reconstructed Energy (GeV)

Global Fit

> 800 DUNE v, Di
[ v, Disappearance
g 700 sin,, = 0.580
N Am2, = 2.451 x 103 eV?
o 32 o
= 3.5 years (staged)
4 600 —— Signal v, CC
_g v, cc
[ NC
g 500 ., + 5,) CC
w (v, + V,) CC
400
300
200
100
0

1 2 3 5 6
Reconstructed Energy (GeV)

7 8

50

45
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35

Events per 0.25 GeV

30
25

DUNE v, Appearance
Normal Ordering
sin®20,, = 0.088

sin®e,, = 0.580

3.5 years (staged)

—— Signal (v, + V) CC
8 Beam (v, + V) CC
{0 NC

B (v, + v,) CC

(v, + v;) CC

7

5 6 8
Reconstructed Energy (GeV)

~1,000 v,/ v,
appearance events
in 7 years!

(normal ordering)

» | Oscillation Parameter

> 350
[0} N DUNE v, Disappearance
8 [ sin’,, = 0.580
§ 300F AmZ, = 2.451 x 10° eV2
5 [ 3.5 years (staged)
[-% 250 - —— Signal v, CC
2 N [l v, cC
S L [ Ne
> F I (v, + V) CC
w 200f (v. + v)) CC
150F
100

sog
0

5 6 7 8
Reconstructed Energy (GeV)

~10,000 v,/ vy events
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CP Violation and Mass Ordering

CPv sensitivity Mass ordering sensitivity
L DUNE Sensitivity 7 years (staged) 40 DUNE Sensitivity 7 years (staged)
- All Systematics 10 years (staged) All Systematics 10 years (staged)
10—Normal Ordering = Median of Throws 35 Normal Ordering = Median of Throws
e Sin22913 =0.088 + 0.003 1c: Variations of Sin22913 =0.088 +0.003 1o: Variations of
- 0_ 4 < sinze < 0.6 statistics, systematics, 0. 4< sinze < 0.6 statistics, systematics,
- 2 and oscillation parameters 30 3 and oscillation parameters
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« Updated Sensitivity with realistic systematics and reconstruction
- Move quickly to potential CP violation discovery

- Rapid, definitive mass ordering determination (>50)
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Other Physics

Events per bin

supernova
ES: Elastic Scattering (on electrons)
g Infall  Neutronization Accretion Cooling .ES 1
e W, “Ar
sok- W v. “Ar

102 107

sterile neutrinos

10°g

10" E
»| . DayaBayBugey-3 and
107 |- e Kopp et al. (2013)

10755507 10% 10° 10% 100 10% 107 1

E DUNE
Simulation

—DUNE95% C L

E MINOS 95% C.L.

F CJLSND90% C.L.

-~ MiniBooNE 90% C L

- — MiniBooNE (v mode) 90% C.L

E 122 Ganlazzo et al. (2016)
T — NOMAD 80% C.L.
L ---- KARMENZ 90% C.L

$in?28,c = 4 |Uea]? Upaf?

1I'ime (seconds)

atmospheric neutrinos

30 S
Mass Hierarchy Determination .
25 Normal Hierarchy \
20 =
15 S .
10 -
el Atmospheric neutrinos (HyperK*, 5600 kt-yrs) ]
5 - V/77777Z} Atmospheric neutrinos (LAr, 340 kt-yrs) N
| Width of bands is due to unknown CP phase o 1
- and covers 100% of 5, values arXiv:1309.0184 .
B L 1 | 1 | L 1 1 L | 1 1 1 1 | 1 1 1 1 N
%.4 0.45 0.5 0.55 0.6

s 2
sin 623

Dark matter
Large extra dimensions
Dark photons

NS interactions
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Summary and Conclusion

 DUNE has an ambitious physics program

- Precision oscillation parameter measurements

- CPV, mass ordering
- Nucleon decay, SN
 Truly international project with strong support
- US & internationally
» Technology is well understood
- Prototyping and verifications are well underway

 DUNE is the neutrino physics of the future
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Why Liquid Argon ?

Dense:
40% denser than water

« Cheap:
abundant (1% of atmos.)

 lonizes easily:
55,000 electrons/cm

« Excellent scintillation:

20,000 photons/MeV
(@ 500 V/cm)

)
{8
[
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DUNE-PRISM

= Vary the incident neutrino 5 o B P |
spectrum by moving off-axis 5 | §l [ 8 & -
% © % l ' v-mode 33m Off-axis |
» Break cross section model 5 eF 8 3
degeneracies z o -
10 | .

» Linearly combine off-axis samples _F

00 05 1.0 15 20 25 30 35 40 45 5.0

to craft “‘arbitrary’ neutrino Energy v, (GeV)
spectra "
; ! i : 2 j 2 3
- narrow Gaussian spectra s | = i = 0.6, Ay = 22 x 107
. . 5 9 E ' Fluxes up to 33m
- FD-like oscillated spectra R = Firdgiel
2 T | :
) ’g‘ 1 ' !
= Unprecedented reduction !
. . . = 07
in cross section modeling g 5
uncertainties ® "
T=0.5
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Filling ProtoDUNE (1)

August 13th

LAr surface

Ground planes

r
y

2
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Filling ProtoDUNE (lI)

August 14th

Ground planes
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Two Technologies

Single-Phase

Dual-Phase

3.6 m horizontal drift 6 m vertical drift

Charge

A
©:

Field Cage

Photon
“.. |Detectors

[
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ProtoDUNE status

* ProtoDUNE-SP detector was completed at the end of June,
filling of the cryostat completed on September 13th, TPC
activated and on data taking since September 21st

* ProtoDUNE-SP took beam data until November 11th, followed
by an endurance run with cosmics to assess the stability and
performances of the detector

* ProtoDUNE-DP being filled now

* Once filled, ProtoDUNE-DP will go for an extended cosmic run
to assess the stability and performances of the detector

ProtoDUNEs have submitted a proposal to the SPSC for

taking data with beam after Long Shutdown 2
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Temperature (K)

Liquid Argon Temperature

87_752 OSSOSO OSSOSO OO O OO U OO P OO PUUO O UORPUOU RPN
8775 . Dynamic T-gradient monitor | .. N -
—— CFD simulation ) 2

87.748

87.746

87.744

87.742

Height from bottom membrane (m)
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e- Lifetime (msec)

Liquid Argon Purity

The purity is measured as the electron lifetime

—8— PrM Bot e- lifetime
~@— PrM Mid e- lifetime
~e— PrM Top e- lifetime

> 5 ms lifetime is achieved

0 o o oo 0 o® o o® o o o o8 o o8 o o oo
o 0% 0% O W WY WP WP WP 0 W0 WP OO W0 WO WO W0 O°

S I e e R S ORI A SR AU AU I DO RS
Q217 A0 A0 401" 40T A0V A0V AT AR AT AT AT AT AT AT AT AT oM oY

Timestamp

Electrons need 3 ms to cross the drift volume

N

0"‘\'1
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APAs and Cold Electronics

Exceptionally low noise operation and scalable cryostat design

~ 15000 wires, only 4 channels dead (0.03%)

Electronics on top of APAs
submerged in LAr at 87 K ENC<750e- — S/IN~20

Cold ‘
electronics\‘ meets DUNE requirements (S/N>10)

ALL plane: Noise Measurement
2000 plane: : :
'''''''''' 4 wiB 181
1750 FEMB1 FEMB1 FEMB1 FEMB1 FEWB1 FEM FEMBO FEMBO FEMBO FEMBO FEMB3 FEMB3 FEMB3 FEMB3 FEMB FEMB2 FEMB2 FENB2 FEMB2 FEMB
1500 - Known readout iss Je/,

(not true noise)

[
N
(%
o

Cold box

| WU L gw('e\]‘»'\ﬁ U 4 |‘ ol AL [ J /a,ﬁ_.
e Lt AR R

500 il

ALL plane: RMS noise / e-
)
o
o
|

250 Disconnected wires el

‘ 7
- :T"FEMB - B301 B302 B303 B304 B305 B306 B307 B308 B309 B310 A311 A312 A313 A3l4 A315 A316 A317 A3l8 A319 A320
. 0
: 0 500 1000 1500 2000 2500

APA ALL Channel No.

28 8-Aug-2019 A.Weber | DUNE - Precision Neutrino Observatory of the Future % 0



The First Event

UL =

'EEEEREER

Time (Ticks)

Time (Ticks)
§ £ § 8 ¢

HEEEEREE TR RO R RO AR nen

Time (Ticks)
EEERRERE

Wire Number
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Real Events

30 8-Aug-2019 A.Weber | DUNE - Precision Neutrino Observatory of the Future




Automatic Reconstruction

3500

2500

2000

1500

350

400 450 500

550

600

650

700

[N

Grey hits are calo
that haven’t been clearly
associated to
reconstructed 3D
PFParticle
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ProtoDUNE-DP
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Sensitivity vs Time

i CPv sensitivity Mass ordering sensitivity
- Z 3
. DUNE Sensnt.IVIty (Staged) — g%g,/' "’;’g | d - DUNE Sensitivity (Staged) . O = -2
- All Systematics —75% of o valuos [ All Systematics B 100% of 5, values
- P{Ol;mal Ordering Nominal Analysis - Normal Ordering —— Nominal Analysis
10|-sin?20,,=0.088 +0.003 ... 6,5 unconstrained 30[ sin220,,=0.088£0.008 0, unconstrained

L sin’,, = 0.580 unconstrained

sin,, = 0.580 unconstrained

—r
(31
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o‘;IlIIlIIlIIIIIlIIlIIIIIlIIIII
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0 2 4 6 8 10 12 14 0 1 2 3 4 5 6 7
Years Years

Significant milestones throughout beam-physics program

Note: When a choice is called for, NuFit 4.0 (Nov 2018)
best-fit parameters and/or uncertainties are assumed
JHEP 01 (2019) 106, www .nu-fit.org
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PMNS Precision

O cp resolution Octant determination at 10 years
435 DUNE Sensitivity B 7 years (staged) 10 b DUNE Sensitivity Median of Throws
All Systematics 10 years (staged) 9:_ All Systematics 16: Variations of
40 Normal Ordering 15 years (stagec.l) = Normal Ordering s
—— Nominal Analysis - statistics, systematics
sin’20,,=0.088 +0.003 6.. unconstrained sE- sin26,, = 0.088 +0.003 % '
—_ 35 sIn2623=0.580 unconstrained 3 S 10 years (staged) and oscillation parameters
m -
8 7F
S 25 B °F
5 ., 5:_ ......................................................................................................
5 20 o F
o 4
&’ -
a | . WTG— . A—_—
2=} o -
10 oF-
5 1E
0 | o:lllllllllllllllllIlllllllllllllllll
-1 -08-06-04-02 0 0.2 04 06 08 1 0.42 0.44 0.46 048 0.5 0.52 0.54 0.56 0.58
Ocp/m sin®0,,
6.p measured to ~7° —17°
Single-experiment* >S50 octant determination possible

precision oscillation measurement! *solar parameters 6, and Am3, are still inputs
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PMNS Precision

0.1

0.095

< 0.09

sin?2

0.085

0.08

Sin22013 VS. 6CP

DUNE Sensitivity
B —— 15 years (staged
| All Systematics y (staged)
. Normal Ordering NuFIT 4.0 90% C.L.
| sin®,, = 0.580 unconstrained
90% C.L. (2 d.O.f.) * True Value
L (5]
— N
D
- N
IE
r ]
lllllllllllllllllllllllllllllllllllllll

-1 -08-06-04-02 0 02 04 06 08 1

dcp/m

sin%6,; vs. 0CP

0.75( —
- DUNE Sensltlylty 15 years (staged)
- Normal Ordering
0.7|-sin’26,, = 0.088 +0.003 NUFIT 4.0 90% C.L.

" 90% C.L. (2d.o.f.)
*  "True" Value

9

0.4

0.35-1111111llllllllllllllllllllllllllllllll

-1 -08-06-04-02 0 02 04 06 08 1
dcp/T

Ultimate sin?26,; precision competitive with reactor measurements
sin®260,; resolution: 0.004 (4.5%)
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Supernova Neutrinos

" 99% of energy released in a core-collapse supernova is
carried away by neutrinos (cf.: 0.01% carried away by light)

= Rich information embedded in neutrino signal:

eyue[ " I, pue AS[SOOM 'S

* Supernova physics: core-collapse mechanism, black hole
formation, shock stall/revival, nucleosynthesis, cooling, ...

(S00T) L1 ‘T sd1sAyd amjeN

 Particle physics: flavor transformations in core, collective
effects, mass ordering, nuclear equation of state, exotica

400

70 T

Argon target: . Neutronization] f 2
Unique sensitivity © 50 =
to v, flux = 200} “oF 1%

e z 30k {8
é 100} 201 1&
3 10§ i~
DUNE at 10 kpc: . &
~3000 v, events  _ " 5
(] 16 1~
over 10 seconds = |
>
g 12}
% 10
6 . . . — : ' : 6 ' : '
-20 . . 0.4 0.6 . 0 2 4 6 8

Time [ms] Time [s] Time [s]
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10.25 MeV electron,

D i re Ct i O n a I ity simulated and reconstructed

* Prompt pointing to a supernova is
highly valuable information to

astronomers: collection

 Catch early turn-on of EM signal

* Support observation of optically dim SN 1
* Era of multi-messenger astronomy induction

induction

<— Direction likelihood surface at
DUNE for 10 kpc supernova

Cos(Theta)

v, CC and v + e (elastic scatter) events

@® True SN direction

Channel tagging can improve this further.
. Much better pointing with ES events!

-3 —2 -1 1 2 3

0
Phi (rad) But only ~7% of sample.

==
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—

Fraction of SNe
o © O O o o o o o
LN W R OO0 N 0

(ala)

Y
\W Forward reconstructed
A
7%%/ e Backward reconstructed

N

0.96

O [TTTT
(S N

Cos(Angular Difference)

0.97 0.98 0.99

< 4.5° pointing resolution

(10 kpc progenitor)

= Several other low-energy neutrino measurements under study

* Some discussion in Technical Design Report

- diffuse supernova neutrino background

- solar neutrinos
- absolute neutrino mass from SNv
- Lorentz/CPT violation

38
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