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v oscillation

In-flight transition between different neutrino flavors, caused by nonzero neutrino masses
and neutrino mixing

1.0

Vogel, P. et al. Neutrino oscillation studies with reactors. Nat. Commun. 6:6935 (2015). u
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v sources to study oscillation

J.A. Formaggio and G.P. Zeller, Rev. Mod.

Primarily v, (or v,)

Phys. 84, 1307 (2012) from |n—fI|ght meson

SuperNova

Cross Section (mb)
8

Ehg Bang

NE
107
10
10"
10"
10
10
E

107 I O« B IS Y Y Y Y Y Y

Atmospheric

decay

Galactic

Accelerator

Primarily v, (or v,)

from in-flight meson

decay — can tune
ol neutrino energy and

10"  10* 1 10 1wt 10* 10°

10°  10% 10" 10® 10" baseline distance

Neutrino Energy (eV)

5
B. Russell | LANL P3 Seminar | 6-30-21



Neutrino Oscillation

Neutrinos change flavor (ve, vy, v;) with time

« Governing principle: interaction (flavor)
eigenstates + mass eigenstates

Ve V1
VH' = U X VZ
Vr V3

* Physical parameters

— Three angles between mass/flavor eigenstates
set oscillation amplitude 6,,,6,3, 043

— Differences in three neutrino masses determine
oscillation frequency Am3, Am34

— Off-diagonal phase Scp

B. Russell | LANL P3 Seminar | 6-30-21

M.V. Diwan, V. Galymov, X. Qian, A. Rubbia, Annu. Rev. Nucl. Part. Sci. 2016, 66:47-71
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Open questions:
Mass hierarchy: Am%, > 07
CP violation: §.p =7




v osclillation probability

Probability to measure a particular flavor of neutrino as it propagates through space
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Precision measurement of
v osclillation parameters

Complimentary ability to explore the nature of v
oscillation physics with solar, atmospheric,
reactor, and accelerator oscillation experiments

Disappearance: P(v, — v,) or P(v, = v,)
Appearance: P(v, — v,)

€13

P, = sin” (26) sin” (.1.27Am2 [eVQ]EL[g{IenX]/J
iAtmospheric and Iong—i | Reactor and long- | |Reactor and solar :
1 baseline accelerator | | baseline accelerator | I experiments |
: experiments : ! experiments : : Ve > V, :
: v, =y : : Vo = V, : L Ve =V, + Vg _:
Ve o W2Ye b TS
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Precision measurement of
v osclillation parameters

Complimentary ability to explore the nature of v
oscillation physics with solar, atmospheric,
reactor, and accelerator oscillation experiments

Disappearance: P(v, — v,) or P(v, = v,)
Appearance: P(v, — v,)

€13

P, = sin” (26) sin” (.1.27Am2 eV?] L [lan] )
E |GeV]
iAtmospheric and Iong—i | Reactor and long- | |Reactor and solar :
1 baseline accelerator 1 | baseline accelerator ! | experiments |
: experiments : ! experiments I : Ve > V, :
L v o > : Ve = Ve : L ve oyt _:
v <mow> i bt
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Neutrino Oscillation

Neutrinos change flavor (ve, vy, v;) with time

» Governing principle: interaction (flavor)
eigenstates + mass eigenstates

Ve V1
Vr V3

* Physical parameters
— Three angles between mass/flavor eigenstates
set oscillation amplitude 6,,,6,3, 043

— Differences in three neutrino masses determine
oscillation frequency Am3,, Am3,

— Off-diagonal phase Scp
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Mass hierarchy: Am3, > 0?

normal hierarchy (NH)

m2 4

inverted hierarchy (IH)
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DUNE v oscillation physics



Horn-focused broadband neutrino beam to maximize

statistics and enhance dynamic range

Measure enhancement (normal ordering) or

suppression (inverted ordering) in neutrino oscillation

probability to determine sign of Am3,

Measure §.p exploiting the distortion of the energy

spectrum and neutrino-antineutrino oscillation
probability asymmetry A%
All’ — P(vl - vl’) - P(W - v_l’)
P(vy = vy) + P(V; > V)

Exploiting the matter effect which increases as a

. . . 2N
function of baseline like + =%
N,

e
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South Dakota

Neutrinos Antineutrinos

1285 km F 1285 km ~
Normal Ordering B, =0 Normal Ordering =0

2 3 4 5678 2 3 45678
Neutrino Energy (GeV) Neutrino Energy (GeV)

Fermilab
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Physics Milestone
(SiIl2 923 = 0580)

Staged years kt-MW-years

Exposure

5a Mass Ordering

Neutrino Experiment

1 16
écp = —ﬂ‘/2
50 Mass Ordering
2 66
100% of écp values
30 CP Violation
3 100
dop = -m/2
30 CP Violation
5 197
50% of dcp values
5o CP Violation
7 334
dop = -7/2
5 CP Violation
10 646
50% of §cp values Mass Ordering Sensitivity
40
30 CP Violation [ DUNE Sensitivity 7 years (staged)
13 936 [ All Systematics 10 years (staged)
35[-Normal Ordering Median of Throws
75% of 6CP values - sinz2e‘3=0.083t0.003 1a: Variations of
[ 0.4< sinzez3 <06 smistic-a, .,_mematic.,
6 RESOIUtiOH Of 10 degrees 30:_ and oscillation parameters
or 8 400 25:
écp — 0 -
4 Resolution of 20 degrees F
“r & 12 806 C
5cp = —ﬂ‘/2 C
sin? 2015 Resolution of 0.004 15 1079 F
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Deep Underground

35[-Inverted Ordering

South Dakota

Mass Ordering Sensitivity

[ DUNE Sensitivity
[ All Systematics

7 years (staged)
10 years (staged)
= Median of Throws

1o: Variations of

C sin?26,, = 0.088 * 0.003
L 0.4 <sin%,,<0.6

statistics, systematics,

and oscillation parameters

[3)]

-1 -08-06-04-02 0 02 04 06 08 1
Bes/m

Fermilab

Illinois
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Physics Milestone Exposure

(sin? 023 = 0.580) Staged years kt-MW-years Deep Underground
50 Mass Ordering Neutrino Experiment
1 16
écp = —ﬂ‘/?
50 Mass Ordering South Dakota
2 66
100% of écp values
30 CP Violation Fermilab
3 100
dop = -m/2
lllinois
30 CP Violation
5 197
50% of dcp values
5 CP Violation
7 334
bop = -7/2
50 CP Violation
10 646
50% of 5@1:- values CP Violation Sensitivity CP Violation Sensitivity
30 CP Violation 13 936 L DUNE Sensitivity —— 7 yoars (staged) [ DUNE Sensitivity —— 7 years (stageq)
12— All Systematics 10 years (staged) 12 All Systematics 10 years (staged)
75% of écp values [ Normal Ordering ——— Median of Throws [ Inverted Ordering Median of Throws
[ sin’26,, = 0.083 +0.003 to: Varlatonsof [ sin?25,, = 0.088 + 0.003 to: Vaistons of
. 10—0.4<Sin2923<0.6 ||.|l|=l|c-i, l-ystemnlcs, 10—0.4<sin262,<0.6 sunsnc-l, u?csl.emam:l,
) cp R,ESOILIthIl of 10 degrees L and oscillation parameters | and oscillation parameters
8 400 r i
ocp =0 N 8 . 8-
gt = [
1) Resolution of 20 degrees [ [
“r & 12 806 o 9 —\ s T [/ N\ /A
5cp = —ﬂ‘/2 L : L
NP N W NF N\
sin? 20,3 Resolution of 0.004 15 1079 C
ol \/ \ V \
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The near detector’s role in long-baseline
v oscillation measurements

Sanford
Underground
Research Facility

A performant near detector is ,
. = kM NEUTRINO
requn‘ed such that s 300 PRODUCTION
measurements can be |
UNDERGROUND PARTICLE
extrapo|ated to the far PARTICLE DETECTOR DETECTOR
detector to predict far ——
detector observed v, ,CC
event spectra

APEX OF EMBANKMENT

MI-10 POINT OF EXTRACTION

TARGET HALL
COMPLEX

KIRK ROAD NEAR DETECTOR ABSORBER HALL
|

SERVICE BUILDING SERVICE BUILDING ERIMARY BEAM

SERVICE BUILDING

ABSORBER HALL
SoIL & MUON ALCOVE

ROCK MUON SHIELDING A9 W y TARGET (MCZERO)

NEAR DETECTOR HALL ¢ BEAMLINE

~ 205 FT DEEP (62 M) MAIN INJECTOR EXTRACTION
ENCLOSURE

ot p\M\'\NE

NOT TO SCALE
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LAr Near Detector (ND-LAr) design



DUNE Near

Detector Complex
Three complementary

detector systems working

in concert to constrain

(1) neutrino flux,

(2) interaction model,

(3) and detector response

to predict the observed

neutrino spectrum at the

far detector ND-LAr
 Transfer measurements to FD

B. Russell | LANL P3 Seminar | 6-30-21 17



DUNE Near

Detector Complex
Three complementary

detector systems working

in concert to constrain

(1) neutrino flux,
(2) interaction model,
(3) and detector response

to predict the observed

neutrino spectrum at the

3 15 — All Reconstructed | :
S O'gé_ LAr contained N D-LAr
far dEte ctor § 0.Bg Gas TPC matched
8 orf « Transfer measurements to FD
g 06F
= osf
04fF
0.3f
0.2F
0.1F
B. Russell | LANL P3 Seminar | 6-30-21 ¥ R TR V- 18

Muon energy (GeV)



DUNE Near

Detector Complex
Three complementary

detector systems working

in concert to constrain

(1) neutrino flux,
(2) interaction model,
(3) and detector response

to predict the observed

neutrino spectrum at the

far detector ND-GAr ND-LATr
* Transfer measurements to FD

* Constrain the v-Ar cross section model

B. Russell | LANL P3 Seminar | 6-30-21 19



DUNE Near

6m On Axis ~FHC v,
—RHC v,

Detector Complex o | Bu  peesownmovi ]

Three complementary

detector systems working

in concert to constrain

(1) neutrino flux,
(2) interaction model,
(3) and detector response

to predict the observed

neutrino spectrum at the

far detector ND-GAr ND-LATr
 Transfer measurements to FD

* Constrain the v-Ar cross section model
« Sample measurements with different v fluxes
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DUNE Near

Detector Complex
Three complementary

detector systems working

in concert to constrain

(1) neutrino flux,
(2) interaction model,
(3) and detector response

to predict the observed

neutrino spectrum at the — = , 8 =
far detector - SAND . ND-GAr ND-LAr

.+ Monitor v beam: - Transfer measurements to FD

time variations

* Constrain the v-Ar cross section model
« Sample measurements with different v fluxes
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DUNE Near

Detector Complex
Three complementary

detector systems working

in concert to constrain

(1) neutrino flux,
(2) interaction model,
(3) and detector response

to predict the observed

neutrino spectrum at the

far detector § SAND_ ND-GAr ND-LAr
.+ Monitor v beam : - Transfer measurements to FD

time variations

Operate in high rate environment * Constrain the v-Ar cross section model
« Sample measurements with different v fluxes

— challenging for LArTPCs due to slow charge signals

B. Russell | LANL P3 Seminar | 6-30-21 22




Liquid Argon Time Projection Chamber (LArTPC)

* Charge signal is slow — microsecond to millisecond timescales
« Light signal is fast — nanosecond timescales

Anode wire planes:
u v y

MicroBooNE
85t

Liquid Argon TPC

Il
1

m.i.p. ionization:
6000 e/mm

Cathode
Plane

DUNE far detector
four 17kt modules

luwwmmwwwwmwwﬁwmﬂ )
! 'R:MWH:HJMW{\.THLHWII ';'NI‘““-H‘M“‘«J
A 1 1 1
L]

-

Egirift ~ 500V/cm _
time

Figure from Bo Yu (BNL)
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ND-LAr Event Rates

Ample statistics for FD constraint & rich physics program

Forward Horn Current

> 10°g
& : — v, CC total
i [ e v, CC reco
> 10E — v,+v, CC total
S  F [ . Ly v+V, CC reco
) 6| SO B
Q 10 F :
2 =l :
c C T e
(] i
2 [
10°
10°F
-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 1 2 3 4 5 6 7 8 9 10
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Neutrino energy (GeV)

*On-axis
FHC mode total accepted 0.5GeV to 4.0GeV  accepted
CCy, 8.21e+07 3.01e+07 5.88e+07 2.41e+07
CCy, 3.56e+06 1.47e+06 1.09e+06 5.29e+05
neutral current (NC) total 2.76e+07 1.66e+07 1.9e+07 1.36e+07
CCr,+0m 2.93e+07 1.57e+07 2.57e+07 1.34e+407
CCry+1 7t 2.04e+07 7.48e+06 1.66e+07 6.04e+06
CCyp+17" 8.05e+06 2.85e+06 6.45e+06 2.23e+06
CCy,+27 1.05e+07 2.59e+06 6.86e+06 1.77e+06
CCy,+3m 4.62e+06 7.2e+05 1.73e+06 3.78e+05
CCu,+ other 9.22e+06 7.44e+05 1.46e+-06 3.09e-+05
CC v + e 1.43e+06 6.56e+05 4.47e+05 3.34e-+05
v+e 8.39e+03 7.16e+03 5.31e+03 4.24e+03

Key measurements:
« Charged-current v, as a function of off-axis angle

« Direct flux constraints (v — e elastic scattering and

low-v CC v,,)

e Exclusive, multidimensional v-Ar cross section

measurements

24



Beam v Pileup Mitigation with Modularity at ND-LAr

/ Signad feedthroughs

Overpressure gas bypass

Vacuum isolation

valve
High voltage

Feedthrough Stainless steel
l vacuum-pocket
- top flange
i A
LAr TPC Feedthroughs Uiquid Angon (oo i leve
Supply

LAr Cryostat Lid

Central resistive
ArCLight tiles cathode
LAr TPC Structural ——e

Support

LAr TPC Detectors Light Collecson

Modules (LCM)

Resistive field
Pixelated sheli

anode plane

G10 *Bucket’

Liquid outlet module struciure

Stainless steed
dummy flange
flange

Optical segmentation — ArgonCube modular LArTPC technology to enhance charge-light signal association

Liquid isolation
valve

High photodetector coverage with minimal mass — ~40% photocoverage coupled with low-profile field structures

Unambiguous 3D charge — low-power pixelated readout eliminates the ambiguities common to projective readout

B. Russell | LANL P3 Seminar | 6-30-21 25



3D charge reconstruction ambiguity

3 GeVv,
Reality ‘ Reconstruction with wire readout

DUNE Doc-DB 1708
* Natural consequence of projective readout with wire geometry

26
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Neutrino Pile-up at ND-LAr

« Within a given 10 us beam spill, on average 55 v
interactions produce signals within the ND-LAr
active volume

« Scintillation signals can resolve each neutrino
interaction within a spill, assuming that the
scintillation and ionization signals are accurately
associated

« Use optical segmentation to enhance fidelity of
lonization-scintillation signal association

[ Total w: 54.98 + 7.73
[ ArgonCube v: 31.34 £ 5.78
80 [ Rock v: 23.64 £ 5.17

[}
[=]
1

Spill Count

8

Geant4 visible energy depositions from a single simulated LBNF
neutrino beam spill at forward horn current and 1.2 MW beam power.
Neutrino interactions on material both internal and external to ND-LAr

are shown.

0 ’ . - -

0 ] 20 40
B. Russell | LANL P3 Seminar | 6-30-21,, per spill 2!




Light-assisted Al=—1t=T—1 LBl =107

. P ——— - | » |

charge clustering R
-",.-_-; ‘ i 20 / 7 (2.0

Charge before (A) and after | '._.:._:':;-' B 1s -

(B) association to light
signals, where (C) provides
the corresponding scintillation
light signals with the charge-
light signal association
provided between (B) and

(D).

The light-tight meter-scale
modular design should afford
few-to-few charge-light
signal association
combinatorics, a tractable

| Jl | | l

AU
AU.

situation for software
SO I Utl 0 n S - 6 20|00 40|00 GDIOO BOIOO 10600 6 2 0:00 40|00 GDIOO BDIOO lD{I)OO
Time [ns] Time [ns]
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ND-LAr prototyping program



ND LArTPC Module Design

High Voltage
Feedthrough
Cathode &
Field Cage Top / Charge
. . & Bottom
Module size Field Cage Light Readout ~ Readout Plane
Each 1m x 1m x 3m module has Side Panel Plane(s)

signals from multiple neutrinos (~5) per N
10us beam spill at 1.2 MW.

} Anode Support
Pixelated charge readout pane|pp

Provides true 3D imaging of ionization \

Anode Support
<« Panel

Low-profile field cage
Maximizes instrumented region
Provides optical segmentation

High-performance light readout
Enables accurate charge-light signal
matching within each module to
overcome pile-up.

\

Charge Light Readout
Readout Plane Plane(s)

Field Cage
Side Panel

Enables accurate signal reconstruction in
high pile-up ND environment

B. Russell | LANL P3 Seminar | 6-30-21 30



ND LArTPC Module Design

High Voltage
Feedthrough
Cathode &
ceiicage oo |/
Module size Field Cage Light Readout ~ Readout Plane

Maximizes instrumented region
Provides optical segmentation

High-performance light readout
Enables accurate charge-light signal
matching within each module to
overcome pile-up.

Each 1m x 1m x 3m module has Side Panel Plane(s)
signals from multiple neutrinos (~5) per ~

10us beam spill at 1.2 MW.

. Anode Support ]
Pixelated charge readout no; U:Opor

P ides t 3D i . f ionizati ane Anode Support

rovides true 3D imaging of ionization \ : —— Panel

Low-profile field cage ;

Field Cage
Side Panel

Charge Light Readout
Readout Plane Plane(s)

Enables accurate signal reconstruction in
high pile-up ND environment
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Key challenges:

Power

Pixel Readout R&D for LArTPCs

Channel density

e —_— e TRR ¢ cost o-Pi
LHEP — Pix
%’"‘“‘“‘“ | MfJ_

=

c; 0
In —%%ﬁ 32-bit latch and buffer |
A

S

UNIVERSITAT BERN ArgonCube
[ = —_—l

| 32-bit Gray-code counter l

O
by

Background Signal

-

time

Each pixel produces a series of

Demonstrated pixel readout
digital trigger pulses

in LAr (Summer ‘16) Large-area pixe|

sensor in LArIAT

(Dec. ™17 — Jan. “18) / % . Given a Scmitt threshold dQ,

Combined pixel signals to
current arriving at pixel in interval dt

dramatically reduce channel

o 28,800 pixels | ving at
count ¥ merged into 480 oy — between triggers is dQ/dt
J. Asaadi et al. Instruments channels D. Nygren & Y. Mei arXiv:

1809.10213

4 (2020) 1,9

B. Russell | LANL P3 Seminar | 6-30-21
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Low-power, integrating amplifier
with self-triggered digitization
and readout

|c| CONVERT
Q / = | SERIAL
in . Digita
(from D_ BUFF 8'b ADC LAUO’] Coﬁtrol ﬂ;
detector) \
STROBE
+ HIT
¥ - >
. Y,
o, ety <5_b DAC ke TDAC4:0]
s ? .‘:f
! AN d.-t-. Global
v ey Threshold
'I'.".' M ':. LN 1
V7
e "'.,.. First proof of principle demonstration by
-k - Dan Dwyer et al. JINST 13 (2018) P10007
100 em - -

LArPix-v2



64 channels

LArPix-v2 ASIC on 25 mm?die

Custom ASIC with amplifier, digitizer, multiplexer

! f.s.mm ‘

N

gt
aN-

r

...,-,-.;-ym!u;_u

b

RRNN
g 4

* Low-power, low-noise cryogenic-compatible ASIC
— S/N ratio of ~30:1 for MIP tracks

* No resistive feedback or shaping
— Charge stays on pixel until you do something with it
— Self-, external-, cross-, and periodic-trigger reset modes
- Optional “burst” modes to process N hit cycles

e B

U SR

e

MH NN

=3
=
e |
e
T A
'__8
X
S sl
eV |
-
=

>
T

=
-—

T

4
N uuunnkinn

l
{
A

L0

H
e M.

\/ NERNE *'::‘ FUTECEVE N
- N LEERY /B
it L. i ; Y RE:
NJNIO hlkhnil l!l( AL l’l&ﬂﬂﬂkﬂlﬂl () NUH“RHNN‘W'“ U A

T

» Pixels are continuously active

— Serial data packets stream out of system as channels self-
trigger

— Serial 1/0 data rate is slow (~ 5Mb/s per channel) to limit digital
power in cryogenic environment

— Modest data volumes: ~1 MB/s per square meter of anode
in surface cosmic flux

Unexpected
substantial reset-
correlated noise

B. Russell | LANL P3 Seminar | 6-30-21 34



/ _ e

LArPix-v2 Anode Tile jif¢ 81 \
A commercially scalable large-format : &
3D charge-readout scheme

- Digital multiplexing for viable cable — .
plant & cryostat feedthroughs e ==
— 10x10 array of ASICs instrument

a 4.9k pixel PCB-based anode (32 cm by 32 cm) [ Stackew

Top and bottom microvias
Through-vias from inner1 to inner 6

Top: Parts, routing, remainder GND fill

- Scalabe design compatible with standard large-scale s et e %8
commercial electronics mass production techniques 2 st
— >200 m? anode at <$10k/m? e a0
— ‘Tileable’ design to cover anodes of arbitrary scale frrs 5L
— Quick-turn (~few weeks) fully-commercial g Dieectric47rmis
5

P roduction/assemb |y oeecrcasmis T Inners: routing 10% fil

Bottom: Large copper pads, ~70% coverage

Micro-vias to enhance shielding between

B. Russell | LANL P3 Seminar | 6-30-21 . .
digital/analog traces and vias
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Four chips have direct

LArPix-v2 Robustness off-tile 1/0 channels

* Minimize single-point failures in cryogenic environment
— Tile robust to failed ASICs

* Robust to repeated cryogenic cycling

Example: 5 x 5 Pixel Tile

MOSI EXT MISO EXT
| 4
ﬁ ﬁ I/O can occur
between any
neighboring ASICs
on pixel tile
Upstream configuration Downstream data flow
commands

B. Russell | LANL P3 Seminar | 6-30-21 36



LArPix-v2 Robustness

* Minimize single-point failures in cryogenic environment

— Tile robust to failed ASICs
* Robust to repeated cryogenic cycling

Example: 5 x 5 Pixel Tile
MOSI EXT

Upstream configuration
commands

B. Russell | LANL P3 Seminar | 6-30-21

Four chips have direct
off-tile /O channels

MOSI EXT

\

Network reconfigured
to avoid failed ASIC

Example failed chip.
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LArPix-v2 System

ASIC integration with feedthrough, cold
cables, and controller

’\l .ﬁ‘ R%Rﬁ!ﬁ CalteCh

|

BERKELEY LAB

. . QC LArTPC 3-cm drift
UCI University of S el 15t il
California, Irvine uccessiu lle run

1 Oct. 12 20
Berkele . |
UNIVERSITY OF CALIFORNIA UC SANTA BAR BARA /| ‘ l' 1'4 i
RUTGERS
b
u
PACMAN
LArPix Team multi-tile

controller
B. Russell | LANL P3 Seminar | 6-30-21

3D images of cosmic rays
25 events overlayed

8-tile feedthrough

38



System Integration Demonstrators

~ SingleCube @ Bern -~
October 2020

Single charge/light
detector element

(Covid19 risk
mitigation step)

B. Russell | LANL P3 Seminar | 6-30-21

" ModuleO-HV @ Bern

November 2020

+ Resistive field cage
& cathode

+ Additional light
detector element

+ Fully-instrumented
single module

ProtoDUNE-ND
@ ENAL in NuMI
Summer/Fall 2022

118.10

+ Four fully-

instrumented modules




count

SingleCube: single charge/light detector elements

Successful first demonstration of charge & light readout integration

1200 4

1000 4

800 4

600 -

400 -

200 -

— fit
[ data

25 50 75 100 125 150 175

dQ/dx [ke/mm]

0.0

Observed charge consistent
with expectation

B. Russell | LANL P3 Seminar | 6-30-21

20.0

dQ/dx [ke/mm)]

6.6 4 — expected . . ! A
T ~—+— peak fit mean ¥
S |\
g 6.4 4 \‘ I
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°© e N [
2] Y o d N
€ 6.2 T o S - - : W
12:00 18:00 Oct-29 06:00 12:00 18:00 Oct-30 06:00 12:00 18:00
2020-Oct-30
0525 4 | — expect.:ed .
" —+— peak fit width
0.500 4 v\ | - ‘
/71 1l =1
0.475 H—F—\—1 - — *t NL gl
t,‘,v‘ ‘ _ ‘ \ ;‘( m\
0.450 ?‘ 1 '*“"!L/ —r— T t : f et * -
0.425 1 |

12:00 18:00 Oct-29 06:00 12:00 18:00 Oct-30 06:00 12:00 18:00

2020-Oct-30

Charge measurement stable
the duration of TPC operations

[ww] X

\
.

ArCLight

LArPix-v2
pixel tile

scintillation trap
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SingleCube: single charge/light detector elements

150 1

100

Successful first demonstration of charge & light readout integration

50

20.0 20.0
50
175 17.5
T 15.0 T 15.0
£ £
£ 125 £ 125
§ 10.0 § 10.0
g 1.5 g 75
é 5.0 § 5.0
2.5 2.5
Anode coordinates
0.0 0.0
0.0 0.5 1.0 15 2.0 25 3.0
track theta [rad.] track phi [rad.]
Small variation in dQ/dx based on muon track orientation to anode
‘_ LArPix-v2
ArCLight pixel tile

scintillation trap
B. Russell | LANL P3 Seminar | 6-30-21 41



ModuleO-HV

First large-scale test of resistive sheet field
cage & LAr purity/flow over run period

High voltage stable entirety of run up to 1 kV/cm &

Validated LAr flow though field cage provides L '
Low-profile field structures
sufficient, stable purity (>2 ms electron lifetime) laminated high-resistivity

polyamide film on G10 panels

Successful integration of light triggers into e

LArPix datastream

y [mm]
o
trigger rate [Hz]

[ww] x

Emerging issue:
Intermittent noise on subset of pixels

8

B. Russell | LANL P3 Seminar | 6-30-21



Module O

70 cm x 70 cm x 140 cm fully
instrumented ND-LAr module prototype
« ~1.6 m?2charge sensitive area

Successful cosmic ray imaging with
~80k channel readout
 92.2% of 78,400 total channels
active
* No ASIC failures at cold

Electron Lifetime [ms]

Time Dependence of Electron Lifetime M. Mooney (CSU)

2021-04-02  2021-04-03 2021-04-04  2021-04-05 2021-04-06  2021-04-07  2021-04-08 2021-04-09  2021-04-10

Date [yyyy-mm-dd]

e- ENC
0.0 469.3 938.7 1408.0 1877.3 2346.7 2816.0
. . 4000 1 i i t : i
Emerging issues
- far-field induction
* whole-tile triggerin 30001
99 g . ~920 e- ENC
g 2500 A
S
@ 2000
Expect ~1800 e- g
intrinsic fluctuation & 1s00;
from 4 GeV MIP = oo
current charge
resolution smaller 500 1
than intrinsic
43 physical fluctuations %0 0.5 1.0 15 2.0 25 3.0
ADC RMS

B. Russell | LANL P3 Seminar |

6-30-21
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Cosmic Ray Reconstruction

Evaluation on standard candle cosmic-ray samples

(through-going MIPs, stopping muons, Michel electrons)

44

200

suggests high fidelity charge reconstruction
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Cosmic Ray Reconstruction
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Evaluation on standard candle cosmic-ray samples
(through-going MIPs, stopping muons, Michel electrons) o]
suggests high fidelity charge reconstruction
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Event rate /1.7t/
=

0.05

ProtoDUNE-ND

MINOS Hall @ FNAL

Infrastructure testbed for DUNE oscillation measurements

» Develop neutrino signal analysis and
reconstruction techniques

« Gauge tolerance to beam v pileup:
charge-light signal correlations

« Track matching with external trackers

Containment limitations

1 rr 1t [ T 1 [ T T
— LBNF v

YL L L Y

r )
rrrr
r .
i 1,
r
r

al

0 2 4 6 8 10,

E, (GeV)
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ArgonCube 2x2
Demonstrator

(20.24)
Repurposed Miner\\
modules (12 + 32)

Bl 6

:

= (41.32) =

11

7

Slated to start detector

18.00 -

commissioning June 2022
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ND LAT program to mstallatlon

System
Integration
Demonstrators
2019-2022

140 cm

300 cm

SingleCube, Module0O—-HYV,
ModuleO cosmics
operation @ Bern

2x2 demonstrator NuMI
beam operation @ FNAL

B. Russell | LANL P3 Seminar | 6-30-21

Full-scale ND

Demonstrator
2022-2023

W
Oy, 700 O

Full-scale module
~operated in single-
. module cryostat

Module
Production
2024-2026

first article’ production

35 (+5 spare) fully cyro-tested
production modules

Installation
2027-2029

Module installation in Near
Detector Complex




Summary

* DUNE is designed to resolve the neutrino mass hierarchy and
observe charge-parity violation in the neutrino sector

600+

— Significant technological advancements are needed to deliver
the DUNE neutrino oscillation physics program

4001

2007

[ww] A

 For the LAr component of the Near Detector, beam neutrino
pileup is particularly challenging

—200

— An optically segmented modular design and 3D charge ~4
readout are central to delivering the DUNE physics program

—604

* Physics studies and detector prototyping are on-going to realize
the ND-LAr design

\
-250 Loe®

— With Module-0 we’ve shown that pixelated charge readout
for LArTPCs is becoming a reality!!

B. Russell | LANL P3 Seminar | 6-30-21
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DUNE TDR 60,5 sensitivity

With sin? 26,5 constrained by NuFIT 4.0

10

DUNE Sensitivity 10 years (staged)
All Systematics 15 years (staged)
9 ——— Median of Throws

Normal Ordering
sin®20,, = 0.088 + 0.003

1o: Variations of
statistics, systematics,
and oscillation parameters

-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 0.42 0.44 0.46 0.48 0.5 0.52 0.54 0.56 0.58

in2
sin“0,,
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10

DUNE Sensitivity
All Systematics
Inverted Ordering
sin®20,, = 0.088 + 0.003

10 years (staged)
15 years (staged)

——— Median of Throws

1o: Variations of
statistics, systematics,
and oscillation parameters

0.42 0.44 0.46 0.48 0.5 0.52 0.54 0.56 0.58

in2
sin“0,,
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DUNE TDR reconstructed energy distributions

3.5 year exposure

E DUNE v, Appearance E DUNE v, Appearance E 800g DUNE v, Disappearance E 350 DUNE v, Disappearance
160 Normal Ordering Normal Ordering - -
o sin’26,, = 0.088 o sin’26,, = 0.088 Q700 s'"zs” 0.5%0 a2 & 300 sanam 0580 s 2
S 140 siffe,, = 0.580 3 siffé,, = 0.580 3 AmZ, =2.451 % 10° eV 3 Am, = 2.451 x 10° eV’
] 3.5 years (staged) o 3.5 years (staged) 5 3.5 years (staged) 5 3.5 years (staged)
a —— Signal (v, + v,) CC a —— Signal (v, + ¥,) CC a 600 —4— Signal v, CC S 559 —+— Signal v, CC
2120 ;U . [ Beam (v, + v,) CC o @ Beam (v, + v,) CC n v, cC o v, CC
: =+ ) cc 3 =, + 5 cC § 500 - v co 3 - v ce
= vV, + V, > v, +V, > (Vg + Vg > Vg + Vg
@ 100 (vi+ v)CC el (vi+ v) CC el (vo+ ) CC @ 200 (ve+ v CC
400
80 Bep = /2 bgp = -ni2
—0p=0 — e
60 w By = 412 w By = 412 300
200
40
20k 100
0 0
3 4 5 3 5 1 2 3 4 5 6 7 8 3 4 5 6 7 8
Reconstructed Energy (GeV) Reconstructed Energy (GeV) Reconstructed Energy (GeV) Reconstructed Energy (GeV)
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Extracting physics from the data

- Ultimately, near and far detectors measure a flavor dependent
interaction rate N

¢ N(Ereco) = (F(Etrue) X P(Etrue)) X R(Etrue:Ereco)

* where F is the neutrino flux, P is the neutrino oscillation
probability, and R is the “response”.

* The key to interpreting our measurements in order to extract
neutrino oscillation parameters is to have a solid understanding in
F and R.

« ***The near detector plays an essential role in developing
B2Russell | LANLP3Seminar | 6-30-21 thiS uznderstanding***
1

B. Russell | Syracuse Phys. Dept. Colloquium | 3-4-

—

-
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S

Y

Events per 0.25 GeV
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ND-LAr Event Rates

Ample statistics for FD constraint & rich physics program
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RHC mode total accepted 0.5GeV to 4.0GeV  accepted
CCy, 2.63e+07 1.23e+07 2.01e+07 9.67e+006
CCyp, 1.36e+07 3.51e+06 3.13e+06 1.28e+06

NC total 1.53e+07 9.33e+06 9.31e+06 7.21e+06
CCy,+0m  1.17e+07 6.67e+06 1.01e+07 5.6e+006
CCy,+ 17" T7.56e+06 3.5e+06 6.01e+06 2.73e+06
CCr,+17" 239+06 9.61e+05 1.86e+06 7.19e+05

CCr,+27m  2.62e+06 8.14e+05 1.63e+06 4.99e+05
CCr,+3m  83et+05 1.75e+05 3.02e+05 7.53e+04
CCy,+ other 1.16e+06 1.4e+05 1.96e+05 4.29e+04
CCr.+1, 9.25e+05 4.01e+05 1.95e+05 1.5e-+05
v+e 6.44e+03 5.75e+03 3.98e+03 3.42e+03
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Far-field Induction

« Observe “lobing” charge preceding in time
large electromagnetic showers

* Pixel response field of view is larger than
anticipated (pixel pitch 4.43 mm)

« Simulated field response needs revisiting
paired with optimization of pixel pad
dimensions, etc.

P. Madigan (UC Berkeley)

0.200 A [ low threshold (mean=1.62)
[ high threshold (mean=1.27)
[ MC (mean=1.07)

hits [per mm]
charge [10° e]

0.075 A

0.050 A

0.025 A

0.000 . — , . .
0 2 4 6 8 10
re-triggers
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Simulated Pixel Field Response Model

Induced signal from drifting point charge calculated at points across 3mm square pads at 4 mm pitch from D. Douglas (MSU)
Field response calculated from ionization electron starting at 0.5 cm from anode
Field response parameterization across pixel surface by S.R. Soleti (LBL)

Induced current from neighboring pixel pad trajectories not yet incorporated into simulation, expected to be relatively minor
correction

S.R. Soleti (LBL)

1e—19 The field response is calculated for n points on
— {0.01, 0.01) (0.13, 0.01) the pixel pad. Due to symmetry, we can 1.0
(003, 0.05) (0.15, 0.05) consider only one quarter of the pad. .
41 — (0.05,0.009) — (0.17, 0.09) oe
_ — (0.07, 0.13) (0.19, 0.13) :
L | — (0.09,0.17) - ' 4
"E 31 '
u : 0.6
E ' E 3g
T 2 : ~ -
E |! .......... 0.4
a 2
=
1 -
0.2 4 )
0 - : Pixel pad
T : ' . . . . , 0.0 ] ]
00 05 L0 15 20 25 3.0 y Pixel pad pe el St
Time [ps]
x ' . "
Field response for different points on the pixel pad. The coordinates (x, y) T.raijG{TES sf twulum; {:hargesdclfrllected b;'r the
correspond to the distance in cm from the pixel pad center in the each direction. pixel pad and starting from two different points.
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Whole-tile Triggering |

« Significant fraction of channels on
an anode tile trigger in a brief time

period preceding in time large,
spatially concentrated energy
depositions

 Similar characteristics as
Instantiation of sync-correlated
triggering and far-field induction

« Studying mechanism

56
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Channel, ASIC, & Tile Active Status

[ REL TR R - - R~~~ -~~~ R~~~ -~~~ [ -~ -~~~ -~~~ -~~~ A -~ I -~~~ K~ - S~~~ -~~~ R -~
« 92.2% of 78,400 total channels active
*  -4.2% tile-tile edge pixel pedestal DC shift 2l B B B B R R EEEREEEEEE B
o _ 0.5% nO|Se g || Ti(l:;l’ile Edge Pixels
g 0.85 1 = :elf-Trigger 2N B O NN EEEEEEEE
- -3.1% self-trigger stability s mEoE
§ 080 7 = ] e e ] e e e e ] e e e e e
* No ASIC or tile failures at cold oo/ S HE NN EE BN BN BN BN BN BN B B ER BN En
0.70 1 Tile 1 Tile 2 Tile 3 Tile 4 Tile 5 Tile 6 Tile 7 Tile 8 Tile 9 Tilelo [ Tilell [ Tile12 | Tile 13 | Tile 14 | Tile 15 | Tile 16
Tile-Tile Edge Pixels | 4692 | 4692 4692 4692 | 4692 | 4692 4692 4692 | | 4692 4692 75072
el Trigger SEabiey | 4987|4805 4805|4471 484145374575 | deoT | 455 | 4ee1 | doee | 35| dess | ades | 3sar | 48451 73974
Specification Requirement Status
* Channel-level robustness < 5% pixel channels inactive 7.8%
* Chip-level robustness < 3% ASICs inactive 1.6% B.
. . . . Russell
* Tile-level robustness < 0.1% tiles inactive 0% | LANL
57 P3
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Tile-Tile Edge Pixel Pedestal DC Shift
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Neutrino Pile-up Mitigation with Optical Segmentation

. 1.0
50 : —— Monolith e Modular
: —— Modular m Monolith
I
' & 0.8
: % n
I [\
U ' p
z i s
— | U D.ﬁ N
a : o
2 ! = "
S : "
T i o 0.4 N
e { =
= : ) n
= | E
I <
| =
0.2 -
10 : m - ()
i =
o
[ ]
0 - | 0.0 4 -
T T T T T IIIIIIIII T T T T T T T T T T T T T T
10—3 10—2 0—1 lﬂl} lﬂl 102 25 50 75 100 125 150 175 200
Visible Energy Threshold [MeV] Timing resolution [ns]
Optically segmenting the detector volume into 70 drift regions results in Assuming a scintillation time resolution of 25 ns, the rate of optical
a mean of 5 scintillation signals per segment per spill. signal pile-up is 3% per TPC per spill, relative to 30% for a monolithic

detector with two drift regions.
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LArPix-v2 Bugs

All to be addressed in LArPix-v2b

Double Read FIFO Bug 512 FIFO Bug

- Depending on when the hit * When the FIFO has significant
occurred relative to the CLX_TX data, the 512t data word can be
phase a second read could delayed
happen

* FIFO is implemented as four
* Results in swallowed data distinct, 512-word SRAM
modules. When transferring over

« Mitigation
between modules, the next
— Slow TX clock module would be selected before
— Sacrificial channel 0 previous module deselected
+ Fix « Fix
— Implement handshaking — Implement handshaking

B. Russell | LANL P3 Seminar | 6-30-21

Hydra Bug

When multiple chips are
connected in a hydra network,
programming failures can occur
when CLK_TX is reduced from
nominal (as is needed to mitigate
double read FIFO bug)

Mitigation
— Reprogram chip (software
reset)

Fix
— Implement handshaking
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DUNE Near Detector: LArPix Charge Readout Architecture

2 controllers per anode 2 anodes per
- 20 tiles per anode
1 switch per 48 controllers 140 controllers for detector feedthrough .
i P 35 feedthroughs for detector 1400 tiles for detector
3 switches for detector 20 anodes for detector

Warm Controller —
Ethernet ﬂIOTS Zynq Boarom ' N e 10,240 pixels per tile
Switch " ZeroMO Interface ) Digital Block 14.3M pixels for detector
WILC Q Level Translators, H
Optical tC‘”’f pro?';‘m flarQ LArPix digital € Pixel Tile [ Pixel Tile ]
ransfer of Zero : -
. drivers/receivers, M n -
linkto ——> messages via Noise isolation <> - er: I!:e %]
surface - [ICE / Test/probe points 2 2! — | aL )
4 DAQ ) \§ J €| o € Pixel Tile J( Pixel Tile )
Linux Kernel r \ S5 | Pixel Tile J( Pixel Tile ]
4 ) Modul Test Block = —— ——
LArPix- Od LII ef DAC for ADC test in, > = €D (PixelTile )(Pixel Tile )
control tC me u fedoir:. ADC for voltage, © %l Pixel Tile I
Python prog. ransier ot data current monitor out =) @Mﬂ Pixel Tile J
- between CPU/FPGA \_ J
LArglx cc&ntr?l \_ . <> € Pixel Tile )(_Pixel Tile )
\_ anc readod W, 4 _ N\ Power Block H H Pixel Tile || Pixel Tile |
N FPGA F.Irm?lvakre +5V DC in, Noise
DAQ integ. Transmits clock, isolated ana/dig
GIueQ progragm clocks data in/out, power to LArPix, H
for NuMI DAQ forwards ext-trigger, \ power to FPGA? ) —/
- - ASIC reset-sync
integration
)N -/
20 controllers per supply [ ] T T [ 140 controllers per clock distributor
. Power Suppl Clock/Sync/Ext-Trigger i
7 supplies for detector \ PPy y o 1 clock distributor for detector
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ProtoDUNE-ND particle momenta relative to DUNE
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ProtoDUNE-ND track multiplicities relative to DUNE
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Is charge parity invariance (CP)
violated in neutrino oscillations?

Ramifications for whether neutrinos are
responsible for the matter-antimatter asymmetry
In the universe

Look for an asymmetry between P(v, - v,)
versus P(v, — v,) to study CP-violation

***Investigated through long-baseline neutrino
oscillation measurements***

Figure credit: Symmetry
| nglgtgazine
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Deep Underground Neutrino Experiment

SR N\
Sanford Underground Fermi National S
Research Facility Accelerator Laboratory North Dakota

Lead, South Dakota Batavia, lllinois

Minnesota
South Dakota *© 4
SURF .‘.,_u. Wisconsin
)

Fermilab

B.
Russell

***|_everage baseline and matter effects to search for CP violation*** | LANL
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Deep Underground Neutrino Experiment

Lead, SD  sanford
Underground = 7
Research e ey | pEEESSSaS,
Facility =

Batavia, IL
Fermilab

“NEAR DETECTOR”

PROTON
ACCELERATOR

EXISTING

LABS “FAR DETECTOR”

* Resolve the neutrino mass hierarchy (2 years)
« Search for CP violation in the leptonic sector
(10 years for 50% of §.p values)

| hamm— ] — f '
Incoming beam:
100% muon neutrinos
—
1600 1400 1200 6 200 0 km
Probability of detecting electron, muon and tau neutrinos L] Proton decay

* Neutron-antineutron oscillation
e Supernova neutrino bursts
« Beyond the Standard Model physics




Deep Underground Neutrino Experiment

Lead, SD  sanford

, _ : = Batavia, IL
Underground g | \ _ B Fermilab

Research e B :

Facility &

“NEAR bETECTOR”

PROTON
ACCELERATOR
EXISTING PETECTH
LABS “FAR DETECTOR”

Vo ==

| hamm— f: ] —— ' i
V}l .
Incoming beam:
100% muon neutrinos
N
— — .
600 400 200 0 km

Probability of detecting electron, muon and tau neutrinos




Liquid argon boiling point:
—186°C (—303°F)

LAr as total absorption calorimeter

CALIBRATION

L
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NUCLEAR INSTRUMENTS AND METHODS 120 (1974) 221-236; © NORTH-HOLLAND PUBLISHING CO.

DEWAR — 1~ Cu TUBING WITH
.‘/LNl REFRIGERANT
LIQUID-ARGON IONIZATION CHAMBERS AS TOTAL-ABSORPTION DETECTORS*
1ON CHAMBER
10- 1/10" GAPS
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| \"\ LIQUID ARGON
Department of Physics, Yale University, New Haven, Connecticut 06520, U.S.A. ? SURFACE
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Received 14 May 1974

TEFLON SPACERS

LAr is an attractive * Inert
active target: « Many nucleons
« High electron mobility
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TPC as 4w charged particle detector

1976

The Time-Projection Chamber EPoxy insulAToR
- A new 4n detector far charged particles / .
~o0.002 " O14. Ball

,/——

Lawrence Berkeley Laboratory : : _ \1"'. oA, Pt wive
25 014, copper Tubin

David R. Nygren

Berkeley, California 97420 [SELF - SuPPORTING]

Ubiquitous application in modern experimental physics
» Neutrino-less double beta decay

« Dark matter direct detection

« Collider experiments

» Etc.
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Liquid Argon Time Projection Chamber (LArTPC)
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NuMI DATA: RUN 10811, EVENT 2549. APRIL 9, 2017. BNB DATA : RUN 5370 EVENT 1':227. MARCH 10,
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e~ /y discrimination

PRD 95 072005 (2017) | — Sfmulated Electron Candidates
Cr|t|ca| for P(Vﬂ i ’Ve) and P(Vﬂ - 176) measurements — Simulated Gammas

-¢- ¢ Electrons, Data
- - Photons, Data

ArgoNeuT

Area Normalized

0 1 2 3 4 5 6 7 8

electron

gap/

electron or photon?

10¢m

BNB DATA : RUN 5360 EVENT 45. MARCH 8, 2016. BNB DATA : RUxﬁ*5904 RYENE 0o AEn it
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" charge readout

oo
LX)

* Low noise, low power cryogenic operation >

 Unambiguous 3D charge readout

* Highly scalable

« Mechanically robust

***Game changer for LArTPC physics: self-

triggering charge amplification and digitization*-’f?f__

ussell | LANL P3 Semi
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