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Introduction—(What is DUNE?)

The Fermilab Deep Underground Neutrino Experiment (DUNE) is a
future accelerator-based multi-detector long-baseline neutrino
oscillations experiment.

Sanford

Underground
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Will measure with greater precision: Will observe or further constrain:

?&V * leptonic CP-violation (8., AL=07?) s’ * Er‘??STDecay (AB=0? A(B-
VY * Neutrino oscillation (043, and 0,3) @ )?, )
‘v ¢ Neutrino mass hierarchy (NH or IH)
Will observe:
* Core-collapse/supernova
burst neutrinos
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Background—(Neutrino Oscillations)

Neutrino Oscillations: Example of leptonic CP-violation, demonstration of
possible mechanism for matter/anti-matter asymmetry.
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Background—(Neutrino Oscillations)

Neutrino Oscillations: Example of leptonic CP-violation, demonstration of
possible mechanism for matter/anti-matter asymmetry.

(NOVA, Himmel, Neutrino 2020) _—
(T2K, Nature 580 (2019) ) NOVA Preliminary
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Will measure with greater precision:
* Neutrino oscillation (04,,053)
B+ leptonic CP-violation 8¢ (AL=0?)
* Neutrino mass hierarchy (NH or
IH)
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Background—(Proton Decay)

Proton Decay: Statements about GUT!

arXiv:2002.02967

Most popular, accessible theories:
p— ¢t O eeess——
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Mediated GUT /B (years)
About ~5.5 X 1032 nucleons at DUNE FD
Will observe or further constrain:
Sanford
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Background —(Supernova Bursts)

Rare measurements of supernova bursts!

(Wikipedia)
q SN 1987A __[Wikped
7 oY it * Events are rare,
% 1 S o neutrinos are in the
~o- \ few to tens of MeV

 SN1987A produced
25 events across
world neutrino
detectors
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muIatied 10 kpc SH ernova
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arXiv:1804.01877
Neutrino signal evolves over time and is related to SN structure!

Sanford
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If lucky, will observe:
* Core-collapse/supernova burst
neutrinos
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The DUNE Detectors

DUNE is a multi-detector Long-Baseline Neutrino Oscillations Experiment.

North Dakota
Sanford Underground

Research Facility

Lead, South Dakota Minnesota
. Sanford Underground ) )
\/ Fermilab Research Facility South Wisconsin
Batavia, lllinois Bakeis
T (4] Rt (Proposed)
-~ = ‘
lowa Fermilab

Nebraska

lllinois

Detector baseline is 800 miles with 20 miles maximum depth, enhances
sensitivity to the neutrino matter effect!
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The DUNE Near Detector

DUNE is a multi-detector Long-Baseline Neutrino Oscillations Experiment.

Near Detector Hall ¥62 meters underground

arXiv:2002.02967

Near-Detector Hall to constrain

observation systematics!

* Gaseous Argon ND (ND-GAr)

* Liquid Argon ND (ND-LAr)

* System for on-axis Neutrino
Detection (SAND)
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The DUNE Far Detector

DUNE is a multi-detector Long-Baseline Neutrino Oscillations Experiment.
arXiv:2002.02967

i Far-Detector designed to observe
physics:

* 4-17 kt Fiducial Volume

e 15t & 2nd Modules planned to be
— Single Phase

"% « Ppossible "Module of Opportunity"
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DUNE FD Single Phase (SP)

Single Phase Detector Details:

V wire plane waveforms

arXiv:2002.02967

Liquid Argon TPC
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Charged Particles
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bottom field cage

14m

747440
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X wire plane waveforms '

"Drift” Action
Far-Detector Module Details: Photon Detection System:
* Photon Detectors embedded in unused

e 3.6 mdrift @ 500 V/cm
* Implies 180 kV Field Total APA space
 Each APA has 10 Photon Detectors

Modular Electric Field Cage
600 Cathode Plane Assemblies (CPAs) 1500 total detectors per SP module
* 150 Anode Plane Assemblies (APAs) Primary detector will be X-ARAPUCA

Photon Detectors embedded in APAs
Liquid Argon purity is very important!

3& Fermilab oune
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Projected Oscillations Sensitivities

arXiv:2002.02967

Required operation for physics. “SF oo ey = 7y
B s

sin?20,, = 0.088 + 0,003 _— ;‘:’:;::':.’:‘n'ﬁ"l;

35}~ sin®,, = 0.580 unconstrained
30|
25
20|

15

3.p Resolution (degrees)

10

0

-1 -0.8 —0.6—0.4—0.250 0.2 04 06 08 1
c

50 mass ordering

((S(VP = -77/2)
Detector Parameter DUNE Specification 50 mass ordering 2
(100% of d¢p values)
Average E-Field 250 V/em (Minimum) 3 (C)P:’ —/2) 3
500 V/ecm (Nominal) 30 CPV 5
0 ) ~
LAr e- Lifetime >3 ms - (CSg\j" of dcp values) :
(5(*]3 = —’17/2)
TPC+CE Noise <1000 e ENC 50 CPV 10
Signal-to-Noise <SNR> (50% of dcp values)
30 CPV 13
) (75% of dcp values)
CE Dead Channels S 1% dcp r_esolution of 10 degrees 8
PDS Light Yield > 0.5 Photons/MeV @ 3.6 m (dcp = 0)
(Minimum) dcp resolution of 20 degrees 12
(5(*]) = -77/2)
PDS Time Resolution <100 ns sin® 20,5 resolution of 0.004 15
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FD Photon Detection System: Uncertainties in LAr

Uncertainty in the scintillation medium!
A well functioning PDS system provides many benefits to the DUNE mission:

+ Detector wide timing resolution improves by a factor of 1000!

« ~50% of interaction energy produces scintillation light, additional handle
on reconstruction systematics

* Necessary for “t0” on proton decay and supernova burst events.

...but propagation of Vacuum UV Light in the medium is not well understood!

Precision understanding of scintillation and scattering
in Liquid Argon medium is very beneficial to the DUNE mission!
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Light Propagation in LAr

Light Scintillation Mechanism.

Excited
Dimer

128nm Scintillation

— \L/ ) ) 4

Charged !
Particle |

Bonding
@
lonized
Dimer
0.0)= —=(tl—11) | s=0 (singlet)
Dimers can form with aligned or Ly =1
T . 1,00 = %(Ti +11) s=1 (triplet)
anti-aligned spins 1L-1) =1
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Light Propagation in LAr

Light Scintillation Properties.

(Heindl et al., EPL 91 62002, 2010)
10000 —————————————
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Light Production
*  Majority of scintillated light produced at 128 nm through short-lived excimer (excited dimer)
* Scintillation time constants depend on excimer decay from singlet (6 ns) or triplet (1.6 us) states
* Generated light is isotropic and unpolarized
* About 40,000 photons/MeV, 26,000 photons/MeV in nominal field
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Light Propagation in LAr

Propagation and Scattering of scintillation light!

LAr Medium

Iy ,(27n\"1+4cos?® x
I=r—2a()\) > w— [ =]ye A

Tension in measurements and calculation

Ishida et al (1997) report 66 cm with 5% uncertainty.
Calvo et al (ArDM Collaboration) (2016) report 52 cm with
13.5% uncertainty.

Seidel et al (2002) calculate 90 cm.

Babicz et al (2020) measure 99.9 with 1% uncertainty.

R
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(Liou, 2002)
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DUNE FD SP Prototype—What is ProtoDUNE-SP?

The ProtoDUNE project is two full scale prototypes of different DUNE FD
Modules with proton beam from the CERN SPS. The first, ProtoDUNE-SP is

based on the SP Module design with full scale parts.

ProtoDUNE-SP consists of:

* Tertiary CERN SPS Beam

* Single-Phase LArTPC

* Photon Detection System (PDS)
e Cosmic-Ray Tagger (CRT)
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DUNE FD SP Prototype—What is ProtoDUNE-SP?

The ProtoDUNE project is two full scale prototypes of different DUNE FD
Modules with proton beam from the CERN SPS. The first, ProtoDUNE-SP is

based on the SP Module design with full scale parts.

ProtoDUNE-SP consists of:

* Tertiary CERN SPS Beam 6m
* Single-Phase LArTPC

* Photon Detection System (PDS)

e Cosmic-Ray Tagger (CRT)

HV,
Feedthrough

DSS
il Feedthroughs
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DUNE FD SP Prototype Tertiary CERN SPS Beam

How do we know what particles we’re measuring?

ProtoDUNE-SP consists of:
[+ Tertiary CERN SPS Beam
* Single-Phase LArTPC
e Cosmic-Ray Tagger (CRT)
* Photon Detection System (PDS)

CERN SPS Beam:

* Protons from 400 GeV CERN SPS
* Incident on Beryllium Target
 Secondary Beam is 80 GeV

* Incident on secondary target

* 0.3-7 GeV H4-VLE Beam

[Time of Flioht |

Time of Flight
28.575m l

XBTF XBPF XBPF XBTF

XBTF, XBPF
t t 3
Ll Momentum Spectrometer P Beam line Trigger
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DUNE FD SP Prototype—Single Phase LArTPC

How are we providing a uniform electric field?

ProtoDUNE-SP consists of:

Tertiary CERN SPS Beam

Single-Phase LArTPC “

2.3m

Cosmic-Ray Tagger (CRT)
Photon Detection System (PDS)

Single Phase LArTPC

Consists of DUNE FD SP Module Design
6 APAs and 18 CPAs

Dual 3.6m Drift Volumes
500 V/cm, 180 kV per volume (WR)
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DUNE FD SP Prototype—Single Phase LArTPC

Can we reconstruct particles?
Single Phase LArTPC
 ~10.5ms average electron lifetime
* (as high as 89 ms)
* Pandora used for particle and event
reconstruction

* 0.5 microsecond resolution
DPNE:.PTMPPU.N.E'SP, _ .a.r),(i‘.’:.zqo.7;05.72.2

ProtoDUNE-SP consists of:
* Tertiary CERN SPS Beam
N- Single-Phase LArTPC H
e Cosmic-Ray Tagger (CRT)
* Photon Detection System (PDS)

DUNE:ProtoDUNE-SP
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npor & aE, aE;
S \IJZFJ{(Data) + JZK;(MC Proton)

Effective demonstration of particle ID through energy loss! h
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DUNE FD SP Prototype—Single Phase LArTPC

Can we reconstruct particles and events?

ProtoDUNE-SP consists of: Single Phase LArTPC o
» Tertiary CERN SPS Beam . 10.(5msh§v:rage eIec;cron lifetime
: * (as high as 89 ms
u- Single-Phase LArTPC u
, . :
« Cosmic-Ray Tagger (CRT) Pandora usgd for particle and event
 Photon Detection System (PDS) reconstruction |
DUNE:ProtoDUNE-SP Run 5770 Event 59001 o * 0.5 microsecond resolution
c 2O
g2 IE
3 3 50 8 2
; -g 2.5 % Q
v S s 3 C
O 02w O
(o) : 55 S
200 300 -25% 5 S
Wire Number 8_ b
DUNE:ProoNE-P Run 5770 Event 50648 8 2
- Q9
— g Q Q
3 2 E =
o o S (o)
9 5 5 o O
I= ph o ™ M
7 < = Ko}
8 3 : 8
p= : S =
- o 3
oo "400 600 800 1000 1200 1400 arXiv:2007.06722

Wire Number

yoed] Jo 3ulwi] 03 spuodsalio) J0|0)
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DUNE FD SP Prototype—Tagging Cosmic-Rays!
Additional Triggers? Cosmic Ray Tagger

ProtoDUNE-SP consists of: 32 modules

* Tertiary CERN SPS Beam * 64-5cm x 365 cm strips per module
* Single-Phase LArTPC 20 ns resolution

I- Cosmic-Ray Tagger (CRT) I * 60 ns trigger coincidence

* Photon Detection System (PDS) 10m upstream stagger

68m

g 1.65m |

3.65m

Y 68m

arXiv:2007.06722

m
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DUNE FD SP Prototype—Tagging Cosmic-Rays!

Triggering coincidences? Cosmic Ray Tagger
ProtoDUNE-SP consists of: * 32 modules

* Tertiary CERN SPS Beam * 64-5cm x 365 cm strips per module
e Single-Phase LArTPC e 20 nsresolution

e Cosmic-Ray Tagger (CRT) * 60 ns trigger coincidence

* Photon Detection System (PDS)  10m upstream stagger

Interesting effects on trigger acceptance! arXiv:2007.06722

CRT-Module Upstream Left

CRT Module
Downstream Left

CRT Module
Upstream!Right
Beam side

J
CRT Module
Downstream Right
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DUNE FD SP Prototype—Photon Detection System

Testing new technologies! Photon Detection System
ProtoDUNE-SP consists of: * Photon Detector Technology Demonstration

: 60 Photon Detectors
Tertiary CERN SPS Beam * 3 Photon Collector Technologies

* Smglg—Phase LArTPC e 29 Dip Coated Light Guide Detectors
e Cosmic-Ray Tagger (CRT) « 29 Double Shift Light Guide Detectors
N- Photon Detection System (PDS)H * 2S-ARAPUCAs
____________ e * 2 Photon Sensors Manufactures
& o / * SensL & Hamamatsu
”Dip-Coated” (DC) Type @_IIector X 29 ;Zﬂm&@\w«\oe — |
T T -”1—27nmLA intillation light - = —~ ? ‘;;_,
o as e 4
”Double-Shifted” (DS) Type Collector X 29
s ié’i e
o ,/'/l light
;2’“"‘ ARAPUCA Concept

430 nm
TPB

o
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Cosmic Ray Collection Scheme
1.

4. Compare to simulation.

Probing Attenuation in ProtoDUNE-SP

Coordinating all three ProtoDUNE-SP subsystems!

Steps 1 &2 Steps 3 & 4
Calculation of Trigger/Track Orientation Agreement Track-Integrated Pseudo-Attenuation Event
CRT/CTS Pixel
e l. Scintillation
( ....... Medium
Particle Track \
.P;x;l-c;; | ® - — Pors
0 Vector er W
] 8 Phot
TrlgyTraCk E S Downstream Det:c(::r \ \
3 CRT/CTB Pixel o
y Remember = ¥ ctance
X per: y| X .
L, COSOrrig 7rack) = Virig * Virack Z Transverse Distance = x? + y?

ProtoDUNE-SP Trigger and Event Structure

=P | Time Projection Chamber (TPC)

Look for throughgoing muons with 60 ns coincidences
through the CRT.

Use reconstructed track vector agreement through
pixels centers to confirm trigger. b | comru ey mogeeieem

—> Photon Detection System (PDS)

Use reconstructed light to examine attenuation in the ot Tigger Board 078

Timestamps & Trigger Signal

250ctober 29, 2020 Bryan Ramson | Photons from Cosmic-Ray Muons at PDSP # Fermilab

(\



Probing Attenuation in ProtoDUNE-SP

Collected triggers
Upstream Downstream

Particle Track Upstream Projection Transverse Position

Particle Track D Projection Tr. Paosition

60— T

SERALE.

y [em]

600

wf T A

200 2000

o

_20 B L L L L 0 B
—QOO -200 0 200 400 600 —ZQQOO
x [cm] x [cm]

CRT/CTB Pixel Pair/Track Agreement

Pixel/Track agreement impossible & 1of
beyond 7.5 degrees or cos(8) >.991

. T R
Track Collection O By ra)

* 1.13 million candidate events from cosmic data period of November 2018 to February
2019

 10m beam right offset for CRT makes trigger incompatible with throughgoing particles
on that side

e About 43 thousand events with proper agreement and light signals!
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Probing Attenuation in ProtoDUNE-SP

Collected triggers

Upstream Downstream
Particle Track Upstream Projection Transverse Position Particle Track D Projection Tr Position
= AL s0o——mMmMmmm —————r———— 71—
O, 600~ i . .
> | ! T rank
| - - et s 400 " PR '—ﬁ&
4001~ 4 LT i
200 2001~
of of
_20 [ L L L L B - h =
50 =00 0 200 400 20955340
x [cm] x [em]
Upstream CRT/CTB Pixel Map Downstream CRT/CTB Pixel Map
T T
EE Ch3 Ch2 Ch1 cho éil ch19 | ch18 Ch 17 ch16
-1 -1
| (R | | R |
Ch4 Ch 13 Ch 12 Ch11 Ch 20 Ch29 Ch 28 Ch 27
Chs Ch14 Ch15 Ch 10 Ch 21 Ch 31 Ch 30 Ch 26
Ché Ch7 Chg Cho9 Ch22 Ch23 Ch24 Ch 25
Tra c k Co I I eCt I o n ’ Z Beam Side Non-Beam Side ’ ‘L Beam Side Non-Beam Side

« 1.13 million candidate events from cosmic data -|xoeriod of November 2018 to February
2019

 10m beam right offset for CRT makes trigger incompatible with throughgoing particles
on that side

e About 43 thousand events with proper agreement and light signals!
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Probing Attenuation in ProtoDUNE-SP

Collected triggers

Upstream Downstream

Particle Track Upstream Projection Transverse Position

Particle Track D Proj Tr Position

60— T T

a00f- : AT -

y [em]

600

400

200

~20950

pstream Left

CRT Module
Downstream Left

CRT Module

Upstream(Right ol
Beam side CRT Modulcf
Downstream Right

Track Collection

* 1.13 million candidate events from cosmic data period of November 2018 to February
2019

* 10m beam right offset for CRT makes trigger incompatible with throughgoing particles
on that side

e About 43 thousand events with proper agreement and light signals!
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Probing Attenuation in ProtoDUNE-SP

Analysis of collected photons.

*Efficiency analysis derived from beam data and simulation

N2 of PDS elements examined

Detector Type

Efficiency

8

ARAPUCA cell

€a = (2.00 = 0.25) %

4

ARAPUCA cell (double area)

Exr = (1.06 + 0.09) %

10

Double-shift module

éps = (0.21 £ 0.03) %

9

<PE>

puon

Dip-coated module

s from bea“. -

épc = (0.08 + 0.02) %

arXiv:2002.02967

module 2

00

S-ARAPUCA between 5 and 10 times more efficient than competing technologies and in central
location on non-beam side.
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Probing Attenuation in ProtoDUNE-SP

Analysis of collected photons.
K Pseud ion Event arXiv:2007.06722

RN AL

Tr

Scintillation

Sl | 200}

Data;

—_
(0)

Transverse Distance [cm]

100}
: i 1o agreement at

1 18.6% with Rayleigh
{  Scattering at 90 cm

01
o g ™

5 2 wdistan co
v x -
Z, Transverse Distance = x* + y?

Simulation; o——
3000F ' ' ' =

12 -
c 2000
G>J C
L 1000

%

— e ———— — — —
lllllll

2 3 4 5
Data/Simulation

Data-driven simulation using radial distance measurement from beam left S-ARAPUCA
agrees with data after normalization!
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Probing Attenuation in ProtoDUNE-SP

Choosing Rayleigh scattering length for simulation.

arXiv:2007.06722

= : ” R
O B leigh Scattering 60cm 1
— 200_— —
q) -
O B RylghS attering 90cm ]
c B i
2 150F "+ ~
S K :
& - '+- + i
(0)) B i
501 /4 |H- -
s 411 :
— - / iy e

s 0.9 1 EK] 1.0

Data/Simulation
Difference between two comparisons show about 5% on average but grows exponentially

with distance

Using same data driven simulation method at 90 cm and 60 cm Rayleigh scattering,
data prefer 90 cm regardless of normalization!
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Summary & Conclusions
ProtoDUNE-SP is a successful fully operational prototype of a DUNE FD SP Module

Design goals for single phase detector achieved!

Detector Parameter DUNE Specification ProtoDUNE Operation

Average E-Field 250 V/cm (Minimum) 500 V/cm (Everywhere)
500 V/em (Nominal)

LAr e Lifetime >3 ms 10.5 ms (Average)

>89 ms (Maximum)
TPC+CE Noise <1000 e ENC (C) 550 €, (1) 650 e ENC
Signal-to-Noise <SNR> (C)48.7, (1) 21.2 (W/CNR)
CE Dead Channels <1% 0.2%
PDS Light Yield > 0.5 Photons/MeV @ 3.6 m 1.9 Photons/MeV @ 3.3 m
PDS Time Resolution <100 ns <14 ns

Using all three subsystems, a measurement of
attenuation of light in the medium was attempted,
data prefer 90 cm Rayleigh Scattering length.

320ctober 29, 2020 Bryan Ramson | Photons from Cosmic-Ray Muons at PDSP # Fermilab



Current Work

Improvements on the light system

ProtoDUNE-SP has been contaminated and doped!

Air (Nitrogen & Oxygen) quenches light, but the
addition of ~ppm liquid Xenon may recover it!

Xenon also scatters less (ly./I5, ~ -29)

Iy 2(271)4 1+ cos* ®
- 2

(Heindl et al., EPL 91 62002, 2010)
—— ] 10000 3 +—————— ;
Liquid ] Liquid ;
1000 ? Gas 1

1000

Intensity

100+

10*
120 140 160 180 200 220 240 260 280 300 320 o 1 2 3 4
Wavelength [nm]

5 6 7 8
Time [us]

Improvement of light production and collection through Xenon?
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