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¢ “Deep Underground Neutrino ¢ Primary physics goals:
EXperiment” « voscillations (Vp/vu disappearance,
1300 km baseline Vv./Ve appearance)
« Large (40 kt) LArTPC far — Ordering of v masses
detector and near detector 5. .00
o Cp» Y23» Y13

(w/ LAr component)

* Far detector 1.5 km * Nucleon decay

underground * Supernova burst neutrinos

* Wide-band, on-axis beam * Solar neutrinos

SURF = FNAL

Sanford

Underground
Ressarch
Facility

Fermilab

Begins Taking Physics Data in 2026 2



DEEP H’?‘ )
NEUTRINO EXPERINENT




DuVE

DEEP UNDERGROUND
NEUTRINO EXPERIMENT

The DUNE Far
Detector:

A Giant LArTPC
Detector
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Begins Taking Physics Data in 2026 4




ME Far Detector LArTPC
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¢ Two far detector (FD) designs being considered: 7
single phase (LAr) and dual phase (LAr + GAr) f§L
¢ Single phase FD uses modular drift cells (scalable)

* Suspended Anode and Cathode Plane Assemblies "
(APAs and CPAs), 3.6 m drift, 500 V/cm field E

* Wrapped wire to reduce number of readout
channels needed and cabling complexity

TR L P

¢ Four 10-kt modules deployed in stages %‘m
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¢ Two ~6x6x6 m3 “ProtoDUNEs” in charged
test beam at CERN (one per FD design)

¢ Test of component installation,
commissioning, and performance

¢ ProtoDUNE-SP operating since September




ProtoDUNES

¢ Two ~6x6x6 m3 “ProtoDUNEs” in charged
test beam at CERN (one per FD design)

NEUTRINO

¢ Test of component installation,
commissioning, and performance

¢ ProtoDUNE-SP operating since September
2018; ProtoDUNE-DP in 2019
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Inside ProtoDUNE-SP

ProtoDUNE-SP Prior to
Closing of Temporary
Construction Opening




\& ProtoDUNE-SP From Above
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LArTPC Event Display

¢ Raw data representations are images with very fine-grained
spatial resolution (~1 mm)!
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Color scale indicates
amount of deposited charge

.

h

Beam Direction

ﬁ

Time [-drift direction]

-
>

Wire [beam direction]

Scale bar applies to both vertical and hornizontal directions

.

Run 3493 Event 41075, October 23", 2015

75 cm
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UBooNE LArTPC

E, ..~ 273 V/cm

Wion - e Wion dQ/dx _
dE /dx = dE/dz B

l N/
h 7 'l "4 '!'*
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Argon is ionized Ion Recombination

W, = 23.6 eV JINST Vol.8 P08005

‘
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UBooNE LArTPC

E, ..~ 273 V/cm

‘VIOT& - eﬂ Wion dQ/dx _ o
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Argon is ionized Ion Recombination

W, = 23.6 eV JINST Vol.8 P08005
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UBooNE LArTPC

E, ..~ 273 V/cm
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Impurities absorb drifting
electrons
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UBooNE LArTPC
E, ..~ 273 V/cm
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Impurities absorb drifting
electrons
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UBooNE LArTPC
E, ..~ 273 V/cm

Impurities absorb drifting
electrons
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UBooNE LArTPC
E, ..~ 273 V/cm
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Impurities absorb drifting
electrons
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Impurities absorb drifting
electrons
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UBooNE LArTPC
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Impurities absorb drifting
electrons
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UBooNE LArTPC
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UBooNE LArTPC
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Impurities absorb drifting
electrons
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UBooNE LArTPC
E, ..~ 273 V/cm

Impurities absorb drifting
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Three Images
(One Per Wire Plane)
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DEEPUNDERGROUND RaW Waveform Output .
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[LArTPC Imaging
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¢ Combine two/three 2D wire plane views — reconstruct event in 3D

 Below: neutrino interaction event from MicroBooNE data
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First Results
from ProtoDUNE-SP

31



¢ Data-taking w/ beam
began Sep. 21%, 2018

Showing first events
in data from charged
beam (y, 7, K, p, €)

3 GeV - Pion Interaction(s)
(and decay)

1 GeV - Pion Interaction
(Absorption —> 2 p)

-f‘l
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Time (Ticks)

Time (Ticks)
% 9

—

700
5700 5750 5800 5850

Time (Ticks)

2%
)
88
Charge (ADC) g
SENTE
g
E

¢ First tracks in data — without any software noise filtering,
event display looks very clean!

¢ Some very mild coherent noise, but manageable 23
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Known Issues with Cold ADC (Fixing
for DUNE Far Detector)

/ ALL plane: Noise Measurement \

il i J 1
Ui A 1 h 21 2) U b b | p /
750 LA 4laleAll “ pul ‘I\ ‘lw i I:"j“{l"*"‘ | ik I"\'ﬂ‘\ W ' Lad “‘N 4 \ .‘ [‘vn" 35 s ) Rt A { i ‘K‘A
R Sl i A T i B e
I | | f | # I I |

00 500 1000 1500 2000 2500
APA ALL Channel No.

Unresponsive Channels
(0.3% of All Channels)

ALL plane: RMS noise / e-
o
o
o
[]]

¢ Noise: 550 (480) e for collection plane, 650 (550) e for
induction planes without (with) coherent noise filtering 34
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¢ Noise: 550 (480) e for collection plane, 650 (550) e for
induction planes without (with) coherent noise filtering 35
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ProtoDUNE-SP Data
1.0 |- - | | =
i I I [ U Plane, Raw ]
08 ‘_ -------- V Plane, Raw __
@ : -------- Collection Plane, Raw :
g 0.6 —_ U Plane, Noise-filtered _‘
> - V Plane, Noise-filtered 1
m© = N
:E = Collection Plane, Noise-filtered -
204 —
< - . 7
- Study Using
0.2 |- Cosmic Muons

0 50 100 150

Angle-Corrected Peak Signal-to-Noise Ratio

dQ/dx [ADC/em]

315

ProtoDUNE-SP Cosmics
' . . ' .

Cathode

| 1 .
-200 0 200
X coordinate [cm]

¢ Signal-to-noise ratio very high (before or after noise filtering)!

 UPlane: 16 - 18
 VPlane: 19 - 21
* Y Plane: 38 - 49

¢ After corrections for space charge effects (see later), electron lifetime
observed to be very high: > 20 ms

36



¢ Looking at cosmic data, notice offsets in track start/end points from
top/bottom of TPC

* Very suggestive of space charge effects (SCE) as expected as the
ProtoDUNE-SP is near the surface; also seen at MicroBooNE

* Space charge: build-up of slow-moving Ar* ions due to e.g. cosmic
muons impinging active volume of TPC (via ionization)

* Leads to E field distortions, distortions in reconstructed ionization position
— Both can bias particle dE/dx and energy! Important to calibrate!

dE/dx at the beginning of the shower

€ o F o ProtoDUNE Preliminary
S 600 praneees Y Spmmecniorrty - ProtoDUNE Preliminary
-~ -3 i = MC W/SCE
500 - —
5 3 L MC w/o SCE
400[—g o 2
o o) <
aoof 2 2 > +
o ®
H 5 E et dE/dx
20014 T o
C 4 o < (Shower Start)
100 # o
C o
-y o
0__.!;'- ..... amd
sl AN NN NN NN N NN TN NN T A T T S T T T T T T 1 .I I 11 1 1 I‘I 11 1 I 11 1 1
-400 100 200 300 400 0 1 2 3 4 5 6 7 8 9 10 37
X (cm) Reconstructed dE/dx (MeV/cm)
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MC: Top Face AY [cm]
Data: Simulation:
TPC Top TPC Top
Data: Upstream Face AZ [cm)] : MC: Upstream Face AZ [cm] -
Data: B " Simulation:
TPC Front . = TPC Front

30

100| 100

35

ol | 1 | | 1 1 40 ol | 1 1 | | 1 1
300 200 100 0 100 200 300 300 200 100 0 100 200 300

xrecu xreco

40

¢ Look at spatial offsets from top, front edges of TPC
¢ SCE 50-75% larger than prediction from simulation (up to 35 cm!)

 Still investigating — tune argon flow model, and/or ion drift speed? 38
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o
AEE, [%): Z,, =347 cm

AVE, [%]: Z,, =347 cm
E 600
S,

E
9,
3
=
> 500
400
300
200

100

0 -300 -200 -100 0

100 200 300 0300 -200 -100 o0
Xine [eM]

100 200 300

Xipe [cm]

¢ Straightforward to calculate E field distortions everywhere in
detector with measured spatial offsets — also put in simulation

¢ Result: nearly 25% higher E field near cathode than nominal E field
* Reminder: nominal E field is 500 V/cm

That means E field near cathode greater than 600 V/cm!

¢ Following results include calibration of SCE (spatial, E field) 39
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5 ProtoDUNE-SP Cosmics

dE/dx [MeV/cm]
dE/dx [MeV/cm)

150 200

1 L L
100 150 200 0 50 100
Residual Range [cm] Residual Range [cm)]

(a) Data (b)y MC

ProtoDUNE-SP Cosmics

vvvvv

Arbitrary Units

4 6
dE/dx [MeV/cm)]

(¢) dQ/dx comparison

¢ Use muon dE/dx at high residual range for absolute energy scale

¢ After calibration, good agreement between data and simulation for
cosmic muon dE/dx — smearing in MC slightly larger 40
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ProtoDUNE-SP
T T

dE/dx [MeV/cm]
dE/dx [MeV/cm)]

I.I D . . III...'
80

120

40 60 100 40 60
Residual Range [cm] Residual Range [cm]
(a) (b)
12 ProtoDUNE-SP Protons (1 GeV/c)
- I I
10 |- { Data
: — MC
208
=
2 i
E 06 |-
5 -
< 04
02}
0.0 Lo -
0 15

5 10
dE/dx [MeV/cm]

()

¢ Proton dE/dx distribution sees very good agreement between data

and simulation — sign that calibrations are working well 4
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ProtoDUNE-SP

Positrons
l LI L l' LI LI L l Ll LI LI l L L LI

— MC
t Data

lllll.llll.llll]lllll

L

L

4 6
dE/dx [MeV/cm]

¢ First studies of beam positron selection carried out, including study
of dE/dx near beginning of shower

* Good agreement between data and MC

¢ Shower reconstruction (beam positrons, photons from neutral
pions) is major focus of ProtoDUNE-SP analysis moving forward 4,



\ Final Remarks

NEUTRINO

¢ ProtoDUNE:s are necessary step along way to construction
and successful data-taking with DUNE {far detector

* ProtoDUNE-SP: took data with beam in late 2018
* ProtoDUNE-DP: will begin first run in late 2019

¢ First ProtoDUNE-SP results presented here — promising!
¢ ProtoDUNE-SP continues to take cosmic data

* Plan is to continuing to take data for a while in order to study
detector performance, reconstruction, calibration

¢ Discussion of second ProtoDUNE-SP run in beam in 2022
* Study detector performance after upgrade of TPC electronics

* Test dedicated calibration systems for DUNE far detector
43
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Backup

45
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Data/prediction (null oscillation)

Neutrino Oscillations

¢ Neutrinos oscillate — neutrino flavors mix — neutrinos have
mass! Not predicted by Standard Model!

Two-Flavor
Approximation:

Super-K

L [eV?] [km
P, g0+ =Si112(29) sin? 1_27@ eV?] [km]

E  [GeV]

T See oscillations in data, with multiple

o Data -
— Vy v a

Ratio to no oscillations

IIII| 1 lIIIIII| 1 |IIl|||| : 0-

10'

10? 10° 10¢ 0

L/E (km GeV-")

experiments using different detector
technology and neutrino sources!

4

g s o

------- Best decoherence fit
1

5 Bl 1|0"”115'“'2|0 30
Reconstructed neutrino energy (GeV)

50
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¢ Open question: is neutrino mass
ordering “normal” or “inverted”?

() — — N J— ()’
(Amz)sol
(ml)2 =
v,
(Am®),,,
g v, |ew),
H v
m— o — (m,)’
‘(Amz)ml
(mj)zl Y — — (m])2
“Inverted” Mass “Normal” Mass
Ordering Ordering

generation

1 GeV

MeV

keV

47
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¢ Open question: do neutrinos violate CP (charge-parity)?

* Or: do neutrinos and antineutrinos have different oscillation
probabilities? (smoking-gun feature of non-zero 6.p)

* Could explain matter-antimatter asymmetry in universe

 If so, precise measurement of §.p tells us details of mechanism

* If not, there must be new physics to explain asymmetry!

48
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Physics milestone  Exposure Exposure.
- (keMW.year)  (years)
1° g3 resolution (fay = 42°) 29 1
CPV at 30 (0cp = —7/2) 77 3
MH at 50 (worst point) 209 6
10° é¢cp resolution (dcp = 0) 252 6.5
CPV at 5o (0cp = —7/2) 253 6.5
CPV at 50 50% of dcp 483 9
CPV at 30 75% of dcp 775 12.5
Reactor 6,5 resolution 8b7 13.5

(sin® 26,3 = 0.084 £ 0.003)

49
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Boiling Point [K] @ 1atm 27.1 87.3
0.125 1.2 1.4 24 3
755.2 24 14 4.9 2.8

dE/dx [MeV/cm] 0.24 1.4 2.1 3 3.8 1.9

Scintillation [y/MeV]l | 19 000 30,000 40,000 25,000 42,000
80 78 128 150 175
Approx. Cost [$/kg] 52 330 5 330 1200

Density [g/cm?]

Radiation Length [cm]

Scintillation A [nm]

¢ Argon is cheap: ~1% of atmosphere
¢ Dense target (more v-N interactions per unit time)

¢ High scintillation light yield, argon transparent to own light

¢ Relatively small radiation length for shower containment
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¢ LArTPC provides high signal efficiency,
low backgrounds for oscillation physics

* Key to answering open questions from
previous two slides

¢ Extract v oscillation parameters by
means of a 4-sample (v, / Vu /v, /v,)fit

* Constrain flux, cross section systematics
using LAr near detector (ND)

¢ DUNE currently studying impact of
detector systematics on measurements

* Preliminary goal: constrain detector
systematics to 1-2% level (difficult!)

Events/0.25 GeV

20

%ﬁ%ll!@
L ::DUNE v, disappearance
C i:150 kt-ﬁw-yr v mode
= i isin?(8,,)=0.45 —— signalv, CC
it — NC
H — (V.4v) CC
—— Bkgdv, CC

I == CDR Reference Design

60

a0f-.;

1 2 3 4 5 6 7 8
. DUNE v, appearance
 E 150 kt-MW-yr v mode
: I : Normal MH, 5,,=0

sin®(6,,)=0.45
= Signal (v,+v,) CC
= Beam (v, +v ) CC
- NC
—— (v+v)CC
—— (V,+v,)CC

= CDR Reference Design
------ Optimized Design

1 2 3 4 5 6 7 8
Reconstructed Energy (GeV) 51
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¢ DUNE physics program requires detector
technology with:
* Low Thresholds — important for detecting

low-energy particles (e.g. in supernova/solar
neutrino detection)

* Excellent Calorimetry — important for
precise estimation of neutrino energy,
particle ID with dE/dx

* High Spatial Resolution — allows for
background rejection and particle ID

* Scalability — large detectors yielding high
event rates for precision physics
measurements

¢ These are all traits of the LArTPC!
* Liquid Argon Time Projection Chamber

52
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4%, HV Feedthrough

¢ 1/20 of full 10-kt FD module
* 0.77 kt total LAr mass

Detector Support Structure (DSS)

* Components are 1:1 scale . -

¢ Six APAs (three per side)
* 2,560 channels per APA

¢ Central cathode plane (CPAs)
divides active volume into two
separate drift volumes

* 3.6 m max drift length
* Efield of 500 V/cm

¢ Field cage for keeping E field
uniform (up to space charge)

Photon Detectors

Bottom Field Cage

¢ Cryogenic TPC electronics
53
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27 ntillation light
&
g@" ~430 nm shifted light (in surface)
k)

127 nm L ntillation light

¥ 430 nm shiftey et fight from plate
~490n nag(n)

"Double-Shifted” (DS) Type Collector X 29

lqd 9
intillatio

chafge ‘/'/ l e
+

127 nm

"ARAPUCA” Type
Collector X 2  *'™

I
430 nm
* TPB

¢ Three types of photon detection units (60 in total, 10 per APA)

PTP
Dichroic Filter

* Detect prompt (T = 6 ns) and late (t = 1500 ns) scintillation light
¢ Key for proton decay and supernova/solar neutrino physics (trigger)
¢ Provides timing information (t ) for non-beam particles

* Allows one to perform/apply drift-dependent calibrations 54
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X wire

Cold electronics (in LAr) directly
attached to APA — low noise levels

1 APA - 20 Front-End Mother
Boards (FEMBs)

128 channels/FEMB

FEMB holds 8 Front-End (FE)
ASICs (16 channels/ASIC) and 8
ADC ASICs (16 channels/ASIC)

FE ASIC performs two tasks:

Pre-amplification of signals

Signal shaping (0.5-3 us)

Each FEMB multiplexed to 4

outputs (via FPGASs) 55
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cccccccc

Beam Plug

w/ BP w/out BP

Material Budget 0.1Xg, 0.01 A 3.5Xq, 0.9 A

“Beam Plug” to
displace the amount

of LAr - L~50 cm -

upstream the front
face of the TPC active

volume, along the
flight line of the beam
particles

o7
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« CERN H4 beamline-extension & Beamline Instrumentation
- Known particle type (hadrons and electrons) & incident energies

400 GeV/c protons — target — 80 GeV/c beam - target — 0.5 -7 GeVl/c
(primary beam) (secondary beam) pITtIK* lptle: beam

(tunable tertiary beam)

NPO4front, z=717.243

, Downstream
Upstream TOF | | Trgger 1/ o, s nar
+ Trigger Counter 99
" g | A = d
RS —en ) »al
3 5-'__' g 5 A 238 Az ProtoDUNE-SP
80 O jaies ." 2 3 $ RRR 1| 2 Cherenkov
e >l 5 i o o o2 %| counters*
~__ & g g 582 g
g - 8 3 58 -3
o

Dipoles
(momentum selection+bending)

* Not'shown in the plot 58
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1200

Beam Data Collection

« Beam data taking: from 09/21/2019 to 11/12/2019

« Beam momentum: 0.5-7 GeV/c (p/Tt*IK*Iutle’)

* Over 4 million beam events (all momenta) collected
« Successful data collection as designed
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INEUTRINO EXPERIMENT

Number of Events
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Have begun characterizing gain and relative timing of PD units

* Plots above: characterizing gain of dip-coated light bars

Studies underway on performing energy reconstruction using
light signals

* 60% of energy converted to light at 500 V/cm — use to help energy

measurement obtained nominally using ionization signals
60



DU\VE SCE Calibration

NEUTRINO EXPERIMENT

e Calorimetry information (dQ/dx or dE/dx) is affected by both spatial and
electric field distortions (latter: through electron-ion recombination)

e From spatial distortions, both position and dx vector must be corrected

-

Will include SCE corrections in next round of data processing! 51



R  SCE Calibration (cont.)

NEUTRINO EXPERIMENT

e Calorimetry information (dQ/dx or dE/dx) is affected by both spatial and
electric field distortions (latter: through electron-ion recombination)
From spatial distortions, both position and dx vector must be corrected
Corrected electric field used to calculate dE/dx

dE d
d_:f _Qa
X

Electric field

Previous spatial _
correction

correction

Will include SCE corrections in next round of data processing! 62
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