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NERSC NER

e NERSC is the DOE Office of Science's premier facility for high-performance computing and data analysis

e Perimutter, NERSC'’s flagship supercomputer, accelerates Al, data analysis, and simulations with its
hybrid CPU-GPU architecture

e One of the largest supporters of physical science research in the U.S

NERSC USERS ACROSS US AND WORLD
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NERSC Science Acceleration Program (NESAP)

NERSC Science Acceleration Program (NESAP) facilitates collaboration with code teams, vendors, and
developers to optimize scientific applications for cutting-edge computational architectures and
next-generation supercomputing systems

Why NESAP? NESAP is Evolving

Step 1: HPC is hard !

Yesterday
Step 2: We work (in-depth) with ~40 teams (the
maximum number we have enough staff for) for .
. Application” performance
about 3 years, to ﬂgure out how they can make Tuning kernels, communication, system Workflow Performance
the best use of our new HPC systems performance Workflows may involve all of Simulation,
) ] e NESAP for Simulations Data and Learning activities, including 1/O,
e  We help them improve their code (algorithms, data structures, GPU, parallelism, scalability) system optimizations, data collection and
(e.g. CPU => GPU) . e NESAP for Data transfer, training, etc.
° Lessons learned are used to improve (datT inte)nsive science Workflow Capabiliti
pipelines Workflow Capabilities
the data C?nter (e'g' new GPU . Includes codesign, implementation and
programming models) e NESAP for Learning demonstration of Advanced Technologies
(machine Igarnlng a}nd Capabilities
Step 3: Now HPC is slightly less hard ! desploamning selitons) Iy
=
U.S. DEPARTMENT OF Ofﬂce Of A
ENERGY Science

NEUTRINO



Deep Underground Neutrino Experiment (DUNE) m

The Deep Underground Neutrino Experiment (DUNE) aims to measure neutrino oscillations between three
flavors: electron neutrino, muon neutrino, and tau neutrino, as well as study supernova neutrinos and

search for proton decay!

What is a neutrino?

e Afundamental particle,
was hypothesized to
conserve energy in beta
(B) decays.

e Observed spectrum didn't
match a two-body decay, so
a third particle was
introduced to explain the
continuous B-spectrum by
ensuring the sum of energies
of the proton and electron
remains constant.

% U.S. DEPARTMENT OF Office of

ENERGY science

Carbon-14

@
6 protons
8 neutrons

Carbon-10

W

6 protons
4 neutrons

Carbon-10

W

6 protons
4 neutrons

B+
-

+ ¢ = @f

Nitrogen-14
K Antineutrino Electron
+ ¢ + ©
7 protons
7 neutrons
Boron-10
' Neutrino Positron
9 + ¢ + ¢
5 protons
5 neutrons
Boron-10
Electron EC ) Neutrino

+ ©

5 protons
5 neutrons

DOI:10.13140/RG.2.2.27436.00644

Why neutrinos?

Neutrinos could explain why
the universe is made of matter
rather than antimatter.
Detecting supernova-produced
neutrinos can aid in
understanding the formation of
neutron stars or black holes.
The same detector can check
for proton decay, potentially
indicating a sign that three of
the four fundamental forces we
know merge into a single
Grand Unified Theory.

NEUTRINO


http://dx.doi.org/10.13140/RG.2.2.27436.00644
https://www.google.com/search?cs=0&sca_esv=7efe9108e6e32fec&sxsrf=AHTn8zoyKxhM9HjgNtbmWvGAH4glahsnyg%3A1744240278891&q=Deep+Underground+Neutrino+Experiment+%28DUNE%29&sa=X&ved=2ahUKEwjxpruxicyMAxX-JUQIHSQkLCQQxccNegQICBAB&mstk=AUtExfA3uKIqWx9sAuxAFt8Gd8kjWAU6CVOUTFgn1UtqlAe02zDljOrYRsNI7-K_UwkldwP8QVRCepVbR35b3Dp_S_AZUYrbbhusf7wIqq7SksFvRv1gDwIEccU_5ewT6SfkQ_nEDP5C7NPKGo2iMBdy9eQkqi4qHicpSXIkAZ7aoljnUes&csui=3
https://www.google.com/search?cs=0&sca_esv=7efe9108e6e32fec&sxsrf=AHTn8zoyKxhM9HjgNtbmWvGAH4glahsnyg%3A1744240278891&q=neutrino+oscillations&sa=X&ved=2ahUKEwjxpruxicyMAxX-JUQIHSQkLCQQxccNegQICBAC&mstk=AUtExfA3uKIqWx9sAuxAFt8Gd8kjWAU6CVOUTFgn1UtqlAe02zDljOrYRsNI7-K_UwkldwP8QVRCepVbR35b3Dp_S_AZUYrbbhusf7wIqq7SksFvRv1gDwIEccU_5ewT6SfkQ_nEDP5C7NPKGo2iMBdy9eQkqi4qHicpSXIkAZ7aoljnUes&csui=3

Deep Underground Neutrino Experiment (DUNE) N‘éﬂsc

e The DUNE neutrino experiment
involves over 1,500 scientists and

DEEP UNDERGROUND

engineers from more than 200 NEUTRINO EXPERIMENT
institutions in 36 countries °,Sanf9 rd

e Next generation long-baseline S & Fermilab

accelerator neutrino oscillation South Dakota .

e

18m r
¢
%, N

experiment in U.S (would be largest
experiment on U.S. soil)

e Physics program: Leptonic CP
violation, neutrino mass hierarchy,
supernova burst neutrino
detection & much more!

e \Very intense beam and very large
far detectors (each module have
62.0m x 15.1m x 14.0m containing a
total LAr mass of about 17.5 kt)

s
\
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Deep Underground Neutrino Experiment (DUNE) NéLRSC

How is the DUNE beam produced?

High-energy protons (120 GeV) slam into a target

Outgoing 1+ (11-) are focused by magnetic horns

Pions in decay tunnel produce muon and neutrinos (or anti-neutrinos)
Neutrinos travel 800 miles through the earth to reach the far detectors
Very long baseline; matter effect enhances mass ordering sensitivity

Sanford Underground
Research Facility

Fermilab

____________
e
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Time Projection Chamber (TPC) NeF

N Electric field
b® e

Charged
e ® particles

.‘ lonization
electrons

.
Incoming
neutrino
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A Liquid Argon Time Projection Chamber (LArTPC)
consists of a structure immersed in liquid argon with
a constant electric field applied across it.

Neutrinos (infrequently) interact with atomic nuclei
and generate charged particles

(e.g., v,tnop+ p).

The charged particles ionize the liquid argon,
causing ionization electrons to move towards the
anode plane at a steady speed.

The DUNE near detector will be the first large-scale
LArTPC to use a truly 2D pixelated anode, and
larnd-sim was developed specifically for pixelated
LArTPCs.

NEUTRINO



Simulation and Reconstruction Workflow -]

A 4

run-validation

\

run-ndlar-flow

Neutrino Generation
Particle Propagation

File Conversion

Detector Simulation

Reconstruction

y

+\

run-tms-reco

D

run-mlreco run-pandora
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run-cafmaker

edep-sim (Geant4 wrapper)
Runs on CPU

'
' Passage of particles [
through matter

larnd-sim
Runs on GPU

HDF5 output file
in LArPix format

Scintillation light simulation

Pixelated readout
response

Drifting Induced current
electrons on pixel
lonizatiol ulation

pixel
n electrons simi
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DUNE: LArND Simulation NeF

e Novel detector simulation for pixelated LArTPCs:
o  Charge drifting, analog front end, digitization
o  Scintillation, light detection
e Input: HDF5 file with energy depositions from Geant4
e  Output: Simulated data stream, plus MC truth information

e |diomatic Python, Numba JIT-compiled to CUDA:
o Justapply @humba.cuda. jit decorator
o cupy: NumPy on the GPU
o ~15kernels

edep-sim (Geant4 wrapper) .
Runs on CPU larnd-sim
: n Runs on GPU
| ™ W OE EmEEmE W EEEEEEEEEEEEEEEEE W E SR EEEEEEE . EEE ... -
B Passage of particles 1 : HDF5 output file
1
H Coin il : 8 o Light _| Photocurrent Optical detector in LArPix format
! I : “| propagation "| simulation electronics
Il s =m == - omowmowm o A

Scintillation light simulation
(80% of processing time)

Recombination

v

Drifting _ | Induced current _ | Pixelated readout
electrons 1 on pixel = response

lonization electrons simulation

R, U.S. DEPARTMENT OF Offi f . . ) SE
'ENERGY Scilgrelcc; (70% of processing time) https://arxiv.org/abs/2212.09807 ot
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https://arxiv.org/abs/2212.09807

DUNE: LArND Simulation

Example: CUDA kernel for charge quenching
@cuda.jit
def quench(tracks, mode):

CUDA JIT kernel for simulating charge
recombination on Geant4 tracks

itrk = cuda.grid(1)

Retrieve thread index
and check array bounds if itrk < tracks.shape[0]:
dEdx = tracks [itrk] ["dEdx"] Energy loss and total
dE = tracks[itrk] ["dE"] g energy deposition

fecomb =0 \

if mode == physics.BOX:
# Baller, 2013 JINST 8 P08005
csi = physics.BOX_BETA x dEdx / (detector.E_FIELD * detector.LAR_DENSITY)

Compute recombination factor recomb = max(@, log(physics.BOX_ALPHA + csi)/csi)

for two modes: Box and Birks elif mode == physics.BIRKS:
& ] # Amoruso, et al NIM A 523 (2004) 275

. recomb = physics.BIRKS_Ab / (1 + physics.BIRKS_kb x dEdx / (detector.E_FIELD * detector.LAR_DENSITY))
Error handling i - B o “ -

else:
raise ValueError("Invalid recombination mode: must be 'physics.BOX' or 'physics.BIRKS'")

if isnan(recomb):
Compute the number of k raise RuntimeError("Invalid recombination value") /
electrons & photons
‘\\\\\\\\\\ tracks[itrk] ["n_electrons"] = recomb x dE / physics.W_ION
[ tracks [itrk] ["n_photons"] = (dE/light.W_PH - tracks[itrk]["n_electrons"]) * light.SCINT_PRESCALE ]
A

U.S. DEPARTMENT OF 3 -
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DUNE: LArND Simulation

Example: CUDA kernel for charge quenching

The GPU implementation is exponentially faster than

the (for charge deposition > 5x104), 100 ] — CUDAkernel
leveraging massive parallelization — CPU compiled
- Sequential Python loop

Typical neutrino beam spill in ND-LAr averages 10° o 107
number of charge deposition (segments) g .

£ 10°
Right plot: Processing time for calculating b
recombination factor as a function of number of charge -5 10~ /
depositions (GEANT4 segments), comparing sequential ‘é’
Python loop, CPU and GPU o 107

a /
Implemented using JIT-compiled Numba for both CPU 10-5 -
and GPU. The segments array is allocated on the GPU ST
using CuPy, a NumPy-compatible library accelerated by : ’ ; :
CUDA 101 102 103 10 105

Number of charge depositions
Credit: Roberto Soleti [1]
Note: Tested with NVIDIA® Tesla® V100 (Volta) GPUs

& DEPRRTMENT OF Office of [1] DUNE collab. (2023), "Highly-parallelized simulation of a pixelated LArTPC on a GPU", J. Inst. 18 (P04034) (\

ENERGY Science
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DUNE: LArND Simulation

Example: Electronics response simulation

ENERGY Science

CUDA kernel is exponentially faster than CPU, over .
three orders of magnitude improvement for - - g:b’ .
simulations with O(102) pixels : j{,;:f’
~

Pixel pads are individually read out by application-specific _—
integrated circuits (ASICs) that include an amplifier, Y f«“
discriminator, and digitizer for each pixel g 10713 >

+ )_y»’”
larnd-sim sums the currents induced by different tracks on _g’ fﬁg
the same pixel, before simulating the digitization process ¥ v

Y 10724 P4

. . . . O /

CUDA kernel simulates trigger logic and noise sources o e

a |

o  Three types of noise included: reset noise, hitps://arxiv.ora/abs/2212.09807
discriminator noise, and uncorrelated noise ey ' '
——a—y 55—
Threads organized in a one-dimensional grid for parallel i 0 e
processing of pixel data Number of pixels
Credit: Roberto Soleti [1]
Note: Tested with NVIDIA® Tesla® V100 (Volta) GPUs
o6 BEBAGTMERT OF Office of [1] DUNE collab. (2023), "Highly-parallelized simulation of a pixelated LArTPC on a GPU", J. Inst. 18 (P04034) (\

12
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LArND Simulation: Hackathon with @) %&kamons

Hackathon Preparation Hackathon Achievements th‘_’"_ Achievements
e Developed "miniapps" for the three most computationally e  Optimized GPU performance through:
. o Register tuning: Adjusted maximum register count
expensive GPU kernels

to balance thread occupancy and register availability
o  Memory & execution tuning: Improved grid/block
dimensions, optimized memory transfers
o  Floating-point optimization: Fixed precision issues

—— calc_light_det .

—_ ;aef_'afc_v’aﬁiesponse and enabled "fastmath" for transcendental functions
1.2 —e— tracks_current_mc o And more'

—— weighted_total .

Achieved:

o 10-500% kernel speedup (3 different kernels)
o  ~20% overall simulation speedup

\ Weighted total =

e Implemented a script for configuring, executing, and profiling
the full simulation using Nsight Systems / Compute

=
o
[ ]

.
o

Run time (s)
o
[o0]

0.4 \ Light waveform simulation x 50%
+ Charge digitization X 256%
orie £ Frackathon = = + Charge-induced analog current  x 10%
T Versions
ENERGY gz:sc‘;f @ DAGKATHONS hitps:/www.openhackathons.org/s/ (\

pemeetey Lo o e
NEUTRINO


https://www.openhackathons.org/s/

LArND Simulation: Optimization

Y 4
'k
v

Used Nsight Systems and
Nsight Compute

Identified origins of high
memory usage using
timeline graph and Python
stacktrace

Pinpointed specific lines of
code for large memory
allocations

Converted a regular 3D
array to an irregular (2+1)D
"jagged" array

Significant achievement in
the peak memory uses and
simulation run time

U.S. DEPARTMENT OF Office of

'ENERGY  science

= Timeline View ~ | @ Options...

~ () [1684280] python3 -0 100%

~ CUDA HW (0000:03:00.0 - N* o

Nsight Systems

2 @y —m, 2x /\ 42 warnings, 45 messages
Os 240s 480s 720s 960s 1,200s 1,440s 1,680s 1,920s 2,160s 2,400s 2,640s 2,880s 3,120s 3,360s 3,60~

[ Memory usage

Static memory usage
Local Memory Pool
» 91.1% Kernels
~ 8.9% Memory
2.0% Memset
84.0% HtoD memcpy

13.6% DtoH memcpy

NVTX

cccL

» Threads (12)

DM B W b oo b e Ml 8RS

i iEm B SN N AN R N g A g ¢ g W g @ g T O @ R g gy W g R

Wk | o y O 200 | 0 | |

~ Python Backtrace

Python Thread [1]

Python Thread [2]

DEEP UNDERGROUN
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LArND Simulation:

Nsight Compute helps optimize kernel performance by providing insights into grid/block usage,
register usage, Streaming Multiprocessor (SM) utilization, occupancy etc.

ptimization

Summary

3 (@ This table shows all resuits in the report. Use the column headers to sort tha results in this report. Double-clck a result 10 see detaled metrics. Double-click on demangled Names 1o rename it

0 4 Estimated Speedup

U.S. DEPARTMENT OF

ENERGY

Office of
Science

Function Name
cupy._greater_equal_float
cupy.ceil_float64.flosts4
cupy_copy_Roat floated
cupy_remainder_foatéd_
cupy.not_equal_float6s.
cupy_floor._floated_floated
VI4.cwS1cXTLSUMVISCUL
V16,cwS1cXTLSUmv1sCLL
cUpy.copy._Int32_Int32
cupy_not_equal_int32.int
unique_update. mask_eq.
cupy_not_equal_nt32int.
V22,0051 CXTLSUWVTSCUL
V23,cw51cXTLSUWV1SCLL
V36,0WS1cXTLSUNVISCUL
V37,0WS1CXTLSUWVISCUL
cupy_linspace_fioat float
V38,0wS1cXTLSUWV1sCUL
V40,0WSTCXTLSUWVISCUL
cupy_subtract_floated_flo.
cupy_maximum_float6d_
cupy_minimum_floaté4.fl
cUpy.Copy_uint32.int64
cupy_scatter_update_mask
V44,0wS1cXTLSUwv15CUL
VA5.CWS1CXTLSUWYISCUL
V49,cWS1CXTLSUWVISCUL
V51,cwS1cXTLSUwv15CUL

cupy.sum

Demangled Name
cupy._greater_equal_float
cupy_ceil_float64._float64
cupy.copy_foat floates
cupy_remainder_fioat64_
cupy.not_equal_flost64,
cupy.fioor_floated_floatt
plxels_from_track-max_pi
pixels_from.track-get_pix
cupy.copy._Int32.int32
cupy_not_equal_int32 int
unique_update_mask_eq
cupy.not_equal_int32_int
time_intervais..v22
tracks_current.mc.

get track_pixel map.
sum_pixel_signals.
cupy_Jinspace_float floa
cuda_hashtable_Jookup.
get_adc_values. v40.
cupy. subtract._floated.fic
cupy_madmum_floatéd._
cupy_mirimum._float64_
cupy.copy._uint32 nt64
cupy_scatter_update_mas
sum_Jight_signals.
calc_scintillation._effect
calc_stat_fluctuations.
calc.ight_detector_respd
cupy.sum

cupy_Jess_floaté4_float6.
cupy.copy._bool_bool
CuUpy_copy_int_uint32

cupy_less_float6_floats:
cupy.copy...bool.bool
eupy_copy_intuint32

cupy_nonzero_kernel

cupy.nonzera_kernel

0.00
0.99
0.90
0.00
9.90
9.00
6.13
0.15
1.05
1.28
1.07
0.11
0.62
66.58
1.712

6.23
0.55
1.21
2.97
X
3.73
9.18
u.78
64.99
81.27

66.91
76.39

£F compre | 3 Tooks

Block Size
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DUNE: LArND Simulation

. . ime i t
Induced current simulation: ) Tmeindex (f) |
Example use of jagged array
Segment 3 Segment 3 Segment 3
. . . e - 1
e Using jagged array significantly reduces runtime and / 3
peak memory usage
Segment 2 Segment 2 Segment 2
. . 1
e Converted this regular 3D array to an irregular (2+1)D 3| ok s
“‘jagged” array A 3
Segment 1 Segment 1 Segment 1
. ix ixel ixel
e Kernel calculates the current induced by track segment s on Tie 1| JTine 2| fTme 3| £,
pixel p at time ¢ a / ) e
~ 3
. X
o  Kernel executes on 3D CUDA grid over (s, p, t) 8| |semment 1] | seonent 1] | seonent 1 3
= Pixel 2 Pixel 2 Pixel 2
e The # of contributing segments varies from pixel to pixel 2 I R I R I R (A
o
3
e  Originally used fixed-dimensional 3D array to store the /
output, with lots of wasted padding for those pixels that only g;ggint ! g;grg‘i"t ! g;gg‘;"t !
“see” a handful of segments | e I R 7 R
U.S. DEPARTMENT OF ofﬂce Of rrrrrrr
ENERGY Scons A
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LArND Simulation: Benchmarking NEF

Partition # of nodes CPU GPU NIC
. . . GPU 1536 1xAMD EPYC 7763 4x NVIDIAA100 (40GB)  4x HPE Slingshot 11
Benchmarking and Simulation:
756 1xAMDEPYC 7763  4x NVIDIA A100 (80GB)  4x HPE sn@
e Benchmarked the runs on both flavors of GPU nodes — - i . 1XHPE Slingahot 11
(A100 with 40GB and 80GB HBMs)
Login 40 2x AMD EPYC 7713 1x NVIDIA A100 (40GB)

e Developed workflow to control the simulation and
submit jobs on Perlmutter using SLURM

e Tested various CUDA versions (11.7, 12.2, 12.4) |I||

e Simulations included different configuration:

3

o  2x2 variation (4 reduced-scale detector modules)

o ndlar (35 full-scale detector modules)

U.S. DEPARTMENT OF Office of

ENERGY Science

BERKELEY LAB
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LArND Simulation: Benchmarking

Ndlar Simulation Runtime 2x2 variation
(35 full-scale detector modules) (4 reduced-scale detector modules)
14 After: . Before: : After: . Before: .
Mean: 176.92 min Mean: 247.00 min 200 Mean: 17.18 min Mean: 27.07 min
Median: 177.98 min Median: 247.15 min Median: 17.14 min  Median: 26.67 min
STD: 8.75 min STD: 10.05 min STD: 0.52 min STD: 2.17 min
12 Min:  158.34 min Min:  227.68 min | Min: 15.71 min Min:  23.95 min
" Max: 206,64 min 272.63 min " Max: 19.84 min Max: 42.01 min
¥ 10 % 150
© e
T 5 ‘G
3 8100
Se E ~36 %
o LR ] less runtime
50
2
0 0
15 20 25 30 35 40
Elapsed Times [minutes] Elapsed Times [minutes]
° 124 input files qsing 80GB/GPUs, 122 task o 1000 input files using 80GB/GPUs, all completed tasks
completed, 2 failed due to out of GPU memory e  Submitted jobs on 5 nodes, using 5 arrays, each with
. Submitted jobs on 5 nodes, using 7 arrays, each 20 GPU tasks (one gpu per task)
with 200 GPU tasks (one gpu per task) e 20 tasks submitted simultaneously on each array,
e~ 28 % reduction in runtime (mean to mean) after required 10 submission cycles to complete the jobs
optimization e  ~36% reduction in runtime (mean to mean) after

U.S. DEPARTMENT OF Office of Optimization P. i
_—
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LArND Simulation: Benchmarking

Ndlar
(35 full-scale detector modules)
After: Before: I
30 Mean: 48.22 GiB—  Mean: 76.77 GiB—
Median: 46.43 GiB.  Median: 77.43 GiB
% less MREGGE WD and
> in: i in: 64.
25 37 0 ess Max: 77.54 GiB——— S i
peak memory
usage
320 g
C
]
>
15
—
L
10 g

sl

%o 30 40 50 60 70 80 90
Peak GPU Memory Used (GiB)

° 124 input files using 80GB/GPUs, 122 task
completed, 2 failed due to out of GPU memory

° Submitted jobs on 5 nodes, using 7 arrays, each
with 20 GPU tasks (one gpu per task)

° More than 37 % reduction in peak memory use
(mean to mean) after optimization

.S. DEPARTMENT OF Office of

4 ENERGY Science

Peak Memory Uses

80

[o)]
o

Frequency
N
o

20

2x2 variation
(4 reduced-scale detector modules)

After: \
M Mean: 29.37 GiB.

Before:
Mean: 65.55 GiB.

|Median: 27.70 GiB.
o _ |sTD: 3.3g$8<36i3 o L -
Min: 14.88 GiB Min: 24.55 GiB -
>35% 2 Max: 71.31 GiB
less peak M

memory 7 i 1 1 N
usage ]1 \ \ /;/ !

10 20 30 40 50 60 70 80 90
Peak GPU Memory Used (GiB)

° 1000 input files using 80GB/GPUs, all completed tasks

° Submitted jobs on 5 nodes, using 5 arrays, each with
20 GPU tasks (one gpu per task)

° 20 tasks submitted simultaneously on each array,
required 10 submission cycles to complete the jobs

° More than 55% reduction in peak memory use (mean
to mean) after optimization (\ >

f(reeeee o
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LArND Simulation: Benchmarking

Ndlar
(35 full-scale detector modules)

50 Up to 50 GB less peak GPU memory usage
o
) . L
n n | ]
9 401 WL s
C N i a " Is
.9 I n " I .::-I
]
g 301 - :- [ ] - "
© - ]
&) - | | - - | N | .
4 | |
>, T I
(@] n - J u n
E 10/ -
Z [ ]
L
O- » [ ] " ]
55 60 65 70 75 80 85

U.S. DEPARTMENT OF

Runtime Reduction (min)

124 input files using 80GB/GPUs, 122 task
completed, 2 failed due to out of GPU memory
Submitted jobs on 5 nodes, using 7 arrays, each
with 20 GPU tasks (one gpu per task)

Up to ~50 GB reduction in peak memory use after
optimization

Office of

'ENERGY  science

10

2x2 variation
(4 reduced-scale detector modules)
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- Up to 6Q GB less peak GPU memory usage
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Runtime Reduction (min)
1000 input files using 80GB/GPUs, all completed tasks
Submitted jobs on 5 nodes, using 5 arrays, each with
20 GPU tasks (one GPU per task)
20 tasks submitted simultaneously on each array,
required 10 submission cycles to complete the jobs
Up to ~60 GB or reduction in peak memory use after
optimization
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LArND Simulation: Ongoing/future works g l-i3

e In addition to charge simulation, re-enable full ND-LAr light simulation and
continue optimizing and benchmarking its memory use and runtime

e Continuously addressed bottlenecks by converting large arrays to jagged
structures, significantly improving memory usage and performance

e Refining pixel sub-batching strategies to lower peak GPU memory usage as well
as runtime usage

e Parameterizing/compressing per-voxel light-emission time distributions to save
gigabytes and accelerate simulation

e Planning containerization for easy, fast, portable deployment

e In addition to NERSC Perlmutter, planning to run on ALCF (Argonne Leadership
Computing Facility)
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LArND Simulation: Summary NEeF

ERd. U.S. DEPARTMENT OF

ENERGY Science

NESAP partners with science teams to optimize codes on NERSC's hybrid CPU-GPU system

larnd-sim: Python/Numba+CuPy GPU simulator streamlining PLArTPC modeling and
exploiting massive parallelism

larnd-sim: One of the few GPU-based simulation techniques in high-energy physics (HEP)
deployed in practice

Through detailed optimization, we achieved:
o >50% less peak GPU memory usage.
o 30% less runtime.

We continue refining larnd-sim, aiming to extend these methods to other noble-liquid detector
technologies

For more details and to follow our progress, visit the larnd-sim GitHub repository:
O  https://qithub.com/DUNE/larnd-sim/tree/develop
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https://github.com/DUNE/larnd-sim/tree/develop

Thank You
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Neutrino Mass Hierarchy

e Problem
o  Current neutrino oscillation data support two u m— (m,)’ (m,)” e— 2—
ossible mass orderings: (Am*),,
p e) (m,)’ e— - —
e Normal Hierarchy (NH) / Normal Ordering (NO)
o  Two lightest neutrinos are close in mass (~10 v
meV difference) (), B
o Third neutrino is about 50 meV heavier ' (Amd),
v
e Inverted Hierarchy (IH) / Inverted Ordering (10)
o  Lightest neutrino is alone
o  The other two are heavier by ~50 meV, with — — (0’
~10 meV between them (Amd),,
messests - (ml)2 (m3)2l e—
* Current status normal hierarchy inverted hierarchy

o  Data slightly favor Normal Ordering (NO) over
Inverted Ordering (10)
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Leptonic CP Violation

e What is CP Symmetry?

o

o

o

C (Charge conjugation): Swap particles with their antiparticles
P (Parity): Mirror the spatial coordinates

CP Symmetry: Physics should stay the same under both
transformations

Discovered in 1964 in meason (neutral kaon decays), awarded
the 1980 Nobel Prize (Cronin & Fitch)

e  Why it matters

o

o

Helps explain why the universe is made of more matter than
antimatter
Key in understanding weak interactions

e Leptonic CP Violation

o

o

o

U.S. DEPARTMENT OF

If too small, can't explain matter-antimatter asymmetry
Implies new physics beyond the Standard Model may be needed
New particles or interactions could bring additional CP violation

Office of

EN ERGY Science

Simulated data from the CMS detector at the LHC
showing a Higgs boson created in proton-proton
collisions, decaying into hadron jets and electrons.
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DUNE: LArND Simulation NEeF
Kernel Profiling

e Code profiled using NVIDIA Nsight Systems and w — Peak FLOP/s
Compute tools. 3 r -- A

e Induced current CUDA kernel accounts for 97.5% E >
of processing time. U 10 Induced current

e Kernel utilizes 99.9% of its time for computing c kernel performance
operations. £

e Memory transfer time is negligible in overall E 101t -
processing. EJ

e Roofline analysis indicates the algorithm is
compute-bound.

.S. DEPARTMENT OF Office of
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