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Myself

Postdoctoral Research Scientist
@ Columbia University & Nevis Labs

Actively involved in Short Baseline Neutrino
Program at Fermilab leading Astroparticle

and Exotic Physics Group @ uBooNE and
expert in warm electronics readout and triggering
(Previously, led data acquisition group @SBND)
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Deep Underground Neutrino Experiment

Deep Underground Neutrino Experiment (DUNE) is an international long baseline experiment that uses Liquid
Argon Time Projection Chamber (LArTPC) technology to study neutrino physics and beyond.

Sanford Underground
Research Facility

Fermilab
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Deep Underground Neutrino Experiment

Deep Underground Neutrino Experiment (DUNE) is an international long baseline experiment that uses Liquid
Argon Time Projection Chamber (LArTPC) technology to study neutrino physics and beyond.

Global collaboration with >1400 scientists and engineers
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Deep Underground Neutrino Experiment

Deep Underground Neutrino Experiment (DUNE) 1s an international long baseline experiment that uses Liquid
Argon Time Projection Chamber (LArTPC) technology to study neutrino physics and beyond.

Far detector at SURF

(4 modules, each with > 10 kt in size) Near detector(s) at Fermilab

Sanford Underground
Research Facility

Fermilab

Far detector: Measure the Near detector: Measure neutrino

differences relative to near detector. flux cpnﬁmlng nputrmo flavor,
energies, interaction types.
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Deep Underground Neutrino Experiment

Deep Underground Neutrino Experiment (DUNE) 1s an international long baseline experiment that uses Liquid

Argon Time Projection Chamber (LArTPC) technology to study neutrino physics and beyond.
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Detection mechanism- charge and
light

3D reconstruction with excellent

particle Id.

Disentangle complex final states.

Low thresholds
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Deep Underground Neutrino Experiment

Deep Underground Neutrino Experiment (DUNE) 1s an international long baseline experiment that uses Liquid
Argon Time Projection Chamber (LArTPC) technology to study neutrino physics and beyond.

Neutrino interactions in DUNE LArTPC

DUNE Horizontal Drift § DUNE Horizontal Drift
simulated 3.0 GeV v, simulated 2.5 GeV v,
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Deep Underground Neutrino Experiment

Deep Underground Neutrino Experiment (DUNE) is an international long baseline experiment that uses Liquid
Argon Time Projection Chamber (LArTPC) technology to study neutrino physics and beyond.

What is neutrino mass ordering?

Daisy Kalra (Columbia University)

Normal hierarchy
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Deep Underground Neutrino Experiment

Deep Underground Neutrino Experiment (DUNE) is an international long baseline experiment that uses Liquid
Argon Time Projection Chamber (LArTPC) technology to study neutrino physics and beyond.

QuantaMagazine

Symmetry — Neutrinos and antineutrinos change

What is neutrino mass ordering? flavor at same rate.
Are neutrinos responsible for matter antimatter Neutrino SA-B-D-D-DB-
. P . 0 ) oscillations ' @ @ @ @
Asymmetry in the Universe? — by measuring .,
and determine if CP is violated in neutrino oscillations Antineutrino == =N o Q o)
TP Ve ) 2\VT )2 A Ve)2\V1)?
oscillations NN Yl

Asymmetry — Neutrinos and antineutrinos change
flavor at different rate.

Neutri . . " <
osf:tijllzzgns @ ® ’ @ @ 2

Antineutrino A )
oscillations N, o
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https://www.quantamagazine.org/do-neutrinos-explain-matter-antimatter-asymmetry-20160728/

Deep Underground Neutrino Experiment

Deep Underground Neutrino Experiment (DUNE) is an international long baseline experiment that uses Liquid
Argon Time Projection Chamber (LArTPC) technology to study neutrino physics and beyond.

Determine, if three-neutrino oscillation model describe the data.

v— &

Overconstrain the neutrino mixing matrix Characterize the new physics
* Additional neutrinos, new particles, new
hysics processes!
Ve Ue Ueo Ues 141 pay P
Vr UTl U. T2 U 73 V3

Daisy Kalra (Columbia University) Physics Opportunities with DUNE



Deep Underground Neutrino Experiment

Deep Underground Neutrino Experiment (DUNE) is an international long baseline experiment that uses Liquid
Argon Time Projection Chamber (LArTPC) technology to study neutrino physics and beyond.

Large underground LArTPC detectors are well suited to observe astroparticle & exotic physics

processes and provide enhanced sensitivity to rare physics processes.
Rare baryon number

Rare galactic Supernova violating processes
Proton decay

bursts
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Deep Underground Neutrino Experiment

Deep Underground Neutrino Experiment (DUNE) is an international long baseline experiment that uses Liquid
Argon Time Projection Chamber (LArTPC) technology to study neutrino physics and beyond.

Large underground LArTPC detectors are well suited to observe astroparticle & exotic physics
processes and provide enhanced sensitivity to rare physics processes.

Rare baryozm'umber \
Rare galactic Supernova violating ffrocesses
bursts Proton decay
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Why Neutron Antineutron Transitions?

7
L X4

Baryon Number Violating (BNV) process — One of the necessary Sakharov conditions to explain matter
antimatter asymmetry in the Universe.

% The last remaining Sakharov condition to be observed.

s Experimental searches are ongoing, but haven’t observed this process so far.
Limit on lifetime
90%CL

Free neutron lifetime [Ref] >(0.86 x 10%s

Bound neutron lifetime [Phys. Rev. D 103, 012008] >4.7x10%s

SuperKamiokande
Bound neutron lifetime [JINST 19 P07032] >2.6x10°s
MicroBooNE

Recent demonstration of LArTPC capability to
search for this process with MicroBooNE.

Daisy Kalra (Columbia University) Physics Opportunities with DUNE


https://link.springer.com/article/10.1007/BF01580321
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.012008
https://iopscience.iop.org/article/10.1088/1748-0221/19/07/P07032

Neutron Antineutron Transitions in DUNE

Neutron antineutron transition (nnbar) is a baryon number violating process.

Transition followed by subsequent annihilation within a nucleus results in final state pions with roughly zero
net momentum and total energy roughly equal to twice the nucleon mass.

DUNE FD, being located underground, with ~40 kt fiducial mass and LArTPC technology, is well suited to
search for this process.

R/ 7
LXK 4

R/
L X4

. Annihilation with a nucleon
Neutron-antineutron

transition

Neutron-antineutron
oscillation
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Background to Neutron Antineutron Transitions

% The dominant background to nnbar transition search comes from atmospheric neutrinos with distinct
features which could be used to differentiate signal from background

n annihilation Atmospheric V

Semi-spherical

topology
No associated long

muon tracks =B - Proton
. T ) ; @ - Neutron
Higher multiplicity | R
- Pion
- Muon
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Analysis Ideas

% Traditional: One approach is to develop selection cuts on the reconstructed tracks and showers that
represent identified pions in the interaction.

% Image based analysis: Another exciting idea is to perform image based analysis using deep learning
networks leveraging LArTPC’s high resolution images of interaction.

B V. + Ar40 - ppntn®
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Experience from MicroBooNE

% MicroBooNE was x500 smaller than DUNE and located on-surface (cosmogenic as dominant
background).

% Served as an important platform to demonstrate such searches, in particular, validating deep learning
approaches to select rare signals with high efficiency and excellent background rejection using real
LArTPC data.

Daisy Kalra (Columbia University) Physics Opportunities with DUNE



Experience from MicroBooNE

7

s Exploit topological features within LArTPC’s high-resolution images of interactions to train
machine-learning (Boosted Decision Tree: BDT) and deep-learning (a sparse Convolutional Neural
Network: sCNN) algorithms to differentiate potential nnbar signal from the cosmic background.

MicroBooNE Simulation MicroBooNE Simulation 1o
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Experience from MicroBooNE

% BDT helps in rejecting most of the cosmogenic background.
% CNN helps in selecting signal with high efficiency while maintaining excellent background rejection.
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Experience from MicroBooNE

Substantial improvement in
selecting signal with MicroBooNE

> 2

Exposure Signal selection

(kton-years) efficiency
MicroBooNE 1.0x 10° 70.02%
SuperKamiokande 370 4.1%

Background
efficiency

0.002%

0.1%

Limit on lifetime
90%CL

>2.6x10°s

>4.7x10%s

MicroBooNE has validated using deep learning techniques to select nnbar like signals using real LArTPC

data!
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Experience from MicroBooNE

Substantial improvement in
selecting signal with MicroBooNE

> 2

Exposure Signal selection

(kton-years) efficiency
MicroBooNE 1.0x 10° 70.02%
SuperKamiokande 370 4.1%

High background rejection

Background
efficiency

0.002%

0.1%

Limit on lifetime
90%CL

>2.6x10°s

>4.7x10%s

MicroBooNE has validated using deep learning techniques to select nnbar like signals using real LArTPC

data!
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Experience from MicroBooNE

Substantial improvement in
selecting signal with MicroBooNE

> 2

Exposure Signal selection

(kton-years) efficiency
MicroBooNE 1.0x 10° 70.02%
SuperKamiokande 370 4.1%

U

High background rejection

Background
efficiency

0.002%

0.1%

Limit on lifetime
90%CL

>26x10°s

>47x10%s

i)

MicroBooNE has validated using deep learning techniques to select nnbar like signals using real LArTPC

data!
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Off-beam Physics Searches in DUNE

% In addition to searching for nnbar, DUNE, being massive and underground, is well positioned to deliver
groundbreaking results for other off-beam physics signals e.g. proton decay, atmospheric neutrino
measurements, and even neutrinos from Supernova burst.

7
%

Searching for these signals, which occur randomly in time, requires nearly 100% detector live time. With
DUNE featuring ~x1000 more readout channels than MicroBooNE, this will pose significant computational
challenges..

SN interaction +
radiological background

6D,

DUNE Simulations

Proton decay
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Challenge for Off-beam Physics Searches in DUNE

% Data volume and Processing time Offline

Tens of
Raw data PB/year

rate of
~TB/s |:>

Processmg

2
|:> Physics
( @ analysis
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o
D
D
D
)
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Challenge for Off-beam Physics Searches in DUNE

% Data volume and Processing time Offline

Tens of
Raw data PB/year

rate of
~TB/s |:>

i Processing

: i /’—\)
A |:> Physics
( @ analysis

SISIS1E (Sleliaie

Raw data

rate of Tens of Tens of hours to
MB/s )
~GB/s process ~45 mins
|:> |:> of data
MicroBooNE
X500 smaller than DUNE
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<%  Develop basic preselection

Leverage data-driven triggers
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Accelerating Offline Analysis for nnbar Analysis

<% Develop basic preselection DeEas o i" ‘f Process only a subset of
S o Pl data

Raw data b 4
rate of

Leverage data-driven triggers
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Accelerating Offline Analxsm for nnbar Analys1s

b £
< Develop basic preselection ::" : Process only a subset of
: data
Raw data
rate of
~TB/s J
nnbar Atmospheric neutrino
interactions
\ ¥ %  Directional
Leverage data-driven triggers —_ 0/ o l N g %  Non-zero net
h Ar@ oY momentum
* P - 12Ar I~ S o=
C i . S e @ - Proton
P £y % @ - Neutron
* Spherlclty I f ,."' 1 % @ - Antineutron
%  Zero net momentum . 8 ®- Pion
%  Total energy ~2 d ®- Muon
nucleon mass
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DUNE

Leverage data-driven triggers

Develop real-time image based
analysis and demonstrate with
ProtoDUNE, SBND or other
small-scale LArTPC
experiments!

L g

Process only a subset of
data

Sphericity
Zero net momentum
Total energy ~2
nucleon mass

Atmospheric neutrino

interactions
v %  Directional
%  Non-zero net
v ok

’’’’’ momentum
wp . (ORI o—
BAr
/ N @ - Proton

AR . @ - Neutron

] @® - Antineutron
@® - Pion

@® - Muon
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Accelerating Offline Analysis

Cosmics

<%  Develop basic preselection

Leverage data-driven triggers
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Accelerating Offline Analysis

Cosmics

<%  Develop basic preselection

Raw data

i rate of
1:> ~TB/s

Leverage data-driven triggers

Process only a subset of
data to search for nnbar

——p like activity or proton
decay
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Accelerating Offline Analysis

Cosmics

<%  Develop basic preselection

Raw data

i rate of
1:> ~TB/s

Leverage data-driven triggers

Process only a subset of
data to search for nnbar

——p like activity or proton
decay
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Laying the Groundwork for DUNE

% DUNE plans to begin operations in late 2029. Are we waiting for DUNE to become operational to
demonstrate the analysis ideas?

2029 Start of science 2031 Start of beam-based science

Daisy Kalra (Columbia University) Physics Opportunities with DUNE



Laying the Groundwork for DUNE

% DUNE plans to begin operations in late 2029. Are we waiting for DUNE to become operational to
demonstrate the analysis ideas? — No, we should use small-scale detectors to start work now!

2029 Start of science 2031 Start of beam-based science
ﬁ % Small-scale LArTPC detector, using similar
technology as DUNE, is operational and taking

data.
% Ideal demonstration platform!
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Demonstration using Small-Scale LArTPC Experiment

0

< SBND is currently running and taking physics data (beam neutrinos)

RUN 14445, EVENT 120
July 04, 2024 - 20:40:22 UTC

Neutrino beam
 ——

Timetick

Wire number
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Demonstration using Small-Scale LArTPC Experiment

Triggered beam neutrino
data — Currently running

Continuous stream data
(Reading detector continuously
without relying on trigger) —
Commissioning this summer
(July-August 2025)
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Demonstration using Small-Scale LArTPC Experiment

Develop and demonstrate
methodologies for rare BNV
processes — DUNE rare BNV search

Validating methodologies for
real-time low energy electron
detection — DUNE Supernova
search

Develop methodologies for
fractionally charged particles in
SBND
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Demonstration using Small-Scale LArTPC Experiment

Develop and demonstrate
methodologies for rare BNV
processes — DUNE rare BNV search

ol

1;;11,’}:;;;

Validating methodologies for
real-time low energy electron
detection — DUNE Supernova
search

Develop methodologies for

Numerous opportunities for students to be fractlonally charged p articles in

involved in SBN program to perform the SBND
groundwork for DUNE
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Summary

7
L X4

DUNE, a long-baseline neutrino oscillation experiment, has unique and complementary reach in
oscillations, and astroparticle and exotic physics searches.

Thanks to smaller scale experiments like MicroBooNE and SBND, we are able to develop, validate,
and demonstrate off-beam physics trigger and analysis techniques today!

The first DUNE FD will be operational before the end of this decade

We need to be ready to deliver exciting and groundbreaking physics results it will be able to carry out
starting day one!

7
%

o, KD
0’0 "’

2029 Start of science 2031 Start of beam-based science

 SBNDawasking
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Back-up
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Calendar Years LBNF/DUNE Summary Schedule Jan 2025

2023 2024 2025 2026 2027 2028 2029 2030 2031
Q3 Q4f{Ql Q2 Q3 Q4]Q1|Q2|Q3/Q4/Q1 | Q2/0Q3/04/Q1/Q2|Q3|Q4/Q1/Q2/Q3/0Q4]/0Q1|02/0Q3/Q4/Q1[0Q2/Q3/0Q4/Q1|Q2|0Q3[0Q4

Excavate

Outfit Caverns
Start science!

Construct and Fill Far Di

Start beam-
based
science!

r Site Facility Construction

Beamline

lear Detector Construction and Installati
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Deep Underground Neutrino Experiment

Deep Underground Neutrino Experiment (DUNE) is an international long baseline experiment that uses Liquid
Argon Time Projection Chamber (LArTPC) technology along with World’s most intense neutrino beam to study
neutrino physics and beyond.

Wideband (anti)neutrino beamline with >2MW power enables wide range of physics program
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