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Particle Physics Scales

Molecule Atoms Nucleus
10°m = 0.000 000 001 m 1019°m =0.0000000001 m 10 m =0.000 000 00000001 m

Delphinidin Molecule Composed of: Composed of:
(blue pigment of flowers and grapes) Nucleus and electrons Protons and neutrons
Protons and Neutrons Quarks
10-1>m = 0.000 000 000 000 001 m <10¥ m = 0.000 000 000 000 000 001 M
. Quarks and electrons have no
dimensions
Composed of they look just like a point

guarks 5



Fundamental Particles

Up and down quark, electron and electron neutrino

quarks

leptons




Fundamental Particles

1937: Discovery of the muon (Anderson and Neddermeyer)

a copy of the electron but with 200 times the mass (my = 200 % me)

"A first surprise”



Fundamental Particles

Three complete families of fermions

Electrical _
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Fundamental Particles

Three complete families of fermions
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Fundamental Particles

Three complete families of fermions

ﬂ The Top quark

1995: Discovered by CDF and DO
experiments at Fermilab, Chicago

quarks

Mtop = 175 GEV.
Same mass as a
fiungsten atom (W)

leptons

74 electrons

IncreaSing 74.protons
mass 108 neutrons




Fundamental Particles

NEeULNeS are massive

putiextremelyidignt:
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Neutrino Interactions and Mass

Two different views of the same neutrinos

Flavor Basis
vV (Interactions
¢ )
1 0 0 C13 0 5138-i'scp c12 812 0
0 Cog S93 0 1 0 —812 (12 0
0 —S893 Cog —S13€£56P 0 Ci3 0 0 1
€12€13 | S12€13 | S13€10CP
= | —S12023 — 612523513¢1'SC‘° C12C23 — 51252351361'5?” 523C13
S12593 — C12€23513€"°CP  —C19893 — 5190935136 %CP  ep3013
.. Mass Basis
(Motion)

Heidi Schellman
Particlezoo.net

A major goal for experiments such as DUNE
IS the study of neutrino interactions



http://particlezoo.net/

Neutrino Interactions and Mass

m2 A m2

— V3 )
’Am§01 2.8%| reactor
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Mass ordering unknown

Heidi Schellman

A major goal for experiments such as DUNE
s the study of neutrino interactions 10



Fundamental Particles

Strong force

Last particles discovered by 1983

Electrical
7 . Sherse Electromagnetic force
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2 | | e
- \?/\U\D\\/l Intrinsic deliztﬁ n

gauge bosons Angular
Momentum



The Weak Force

The weak nuclear force has a very small range (1018 m)
— force carriers (W and Z boson) have to be massive

It Is Impossible to build a consistent theory for massive
bosons like the W and Z without an additional particle.
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The Higgs Boson

Solution proposed by several theorists in 1964
Higgs, Brout, Englert, Hagen, Guralnick and Kibble

A new fundamental particle with spin O (the only one in the
Standard Model) could make the theory consistent again!

13



Fundamental Particles

Spin
)
= 0
e
© o
o | Intrinsic
(o p Angular
Momentum

Discovered in 2012
after 40 years!

leptons

gauge bosons
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Particle Detection in ATLAS




Direction — Tracking

*Charged particles pass through
detecting medium and knock out
electrons

. Gas, Silicon

*Released electrons are e —
collected and read out as hits ‘E * ! @
19

®*Reconstruct trajectory out of

] Electronics
hits _IL

4

*Usually in a magnetic field so ]E
momentum can be determined T )
by curvature




Trackers in ATLAS




Energy — Calorimetry

*Calorimeters measure total energy of particles

.electrons, photons, jets Pb L

*Dense material causes particles
to interact

. Lose energy to ionization
and nuclear interactions

. Create cascade of electrons,
photons

*Sensitive or active material

. lonizes the material and charge
IS collected (e.g. LAr)

. EXcitation & scintillation
processes can also be used
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Muon Tracking

YZ view

*Muons escape full detector —
only other particle is neutrino

*Use tracking detectors that
cover large areas far away from
collision region to identify muons

23
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Muon System in ATLAS




Muon System in ATLAS — Upgrade in 2021




o ATLAS =

ﬁ EXPERIMENT

|

.t
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Run: 286665

90
Event: 419161
. 2015-11-25 11:1 CEST flw stable beams heavy-=ion collisions

CATLAS
’ EXPERIMENT

40 million per %’:&Zéﬁ,?fiéé’;:l
second

2015-09-27 22:09:07 CEST

~1000 per

second stored for
analysis






Higgs Boson in 4 Muons

~ Run Number: 208123
~ Event Number: 26433470
 Date: 2012-08-06, 20:02:29 CET

© EfCut>0.4Gev
~ PtCut>0.5GeV
Bl |y 158

e

f M\\ > “e. A\ X

Cells: TllefM(;/
B!

.

\.\
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Higgs Boson in 4 Muons




Higgs Boson in 4 Electrons

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 203602
Event: 82614360
Date: 2012-05-18
Time: 20:28:11 CEST




Activity with Event Displays
® Search for a Higgs boson event decaying to 4 leptons

* https://ispy-webgl-masterclass.web.cern.ch/ @ e E

® dataset: N5
masterclass_1.ig

Missing
Momentum

electron tracks (issing

e energy )

muon

YA 1 3
1 4 | 1 and muon hits

'.\

~

oA B~ 7 non tack

Event |



https://ispy-webgl-masterclass.web.cern.ch/

Activity with Event Displays
® Search for a Higgs boson event decaying to 4 leptons

* https://ispy-webgl-masterclass.web.cern.ch/

®* dataset: N5

masterclass_1.ig @
CMS Prellmlnary -

il ‘ i ||

80 100 200 300 400 600 800
m,, [GeV] 32

% 30:_ ¢+ Data | | Dec OI5, 20‘;2 —: "

O [ ¢ [Im~126Gev NS=7TeV:L=51f" :
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https://ispy-webgl-masterclass.web.cern.ch/

Analysis in the Data Processing Chain




Higgs in 4 Electrons/Muons

IIII|IIII|IIII|IIII|IIII|IIII|IIII| IIIIIIII
Vs =7 TeV j Ldt=0.05f" Apr24, 2011

Higgs
Boson
Signal

Events / 5 GeV

ATLAS Preliminary
H—>.7_Z( )—>4I channel
[ ] Signal (mH=125 GeV)

e Background zz"
I Background Z+jets, tt

E —4— Data i
10— -
Other vomwssmd», = @ = = :
I o I I R N I W I W
5 10— _
processes| ¢ "
@
g -10- —
a 50 100 150 200 250 300 350 400 450 500

M, [GeV]
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Events/2.5 GeV

140 - ATLAS Preliminary
120

100 |- %
80 - %
60

40 -

20 -

80 90 100 110 120 130

_I[II|IlII|IIIIIIIII|IIII|IIII|IIII|IIII|1III_

H—=Z77"—4|
13 TeV, 139 fb ™"

® Data
Bz

B Z+jets, tt
e Uncertainty

140

Higgs (125 GeV)

tXX, VWV

Data

'-.Wl|...|..||...|..||...|..

150 160 170data
m,, [GeV]

Simulated
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Collecting Data from the Detector - Trigger

40 MILLION
COLLISIONS PER
SECOND
= 60 TB/second
= 24 million 30 Mbps
broadband
connections

100 000
: e & COLLISIONS PER
1000 COLLISIONS PER | jich level trigger SECOND
SECOND Decision time: — 160 GB/ d
= 1.5 GB/second 0.5 seconds i gocon
= 400 broadband per collision =43 000 brqadband
connections —od " . connections
B |
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Simulated Data - Event Generation

Soft
photon
radiation
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derlying-¢€
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ry hard scatter

___Seconda
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“Monte
Carlo”
methods

Detector
simulation
digitisation

& GEANT4

A SIMULATION TOOLKIT
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Raw data

Reconstruction
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Reconstruction

innermost layer ———» outermost layer

tracking electromagnetic hadronic muon
system __calorimeter _calorimeter _ system

photons
——»

electrons
—

muons
—_—

protons
Kaons
plons
—_—

neutrons
0
K

TEEE

. Lippmann — 2003

Tracks &
vertices

detector

Missing

Electromagnetic
& hadronic
calorimeter

Clusters

40



Tracking  Electron Photon Jet Tau Muon
variables variables variables variables variables variables...

eee vyy ] |
1 # # | # #. | # #. | # #.

Record structures w:th Ve e NI
differently typed ﬁech/ Array of variable-length lists

o — A (“ragged” or “jagged” arrays)
array = ak./ v [ o o o L T
H : [113, {"x": 2.2, "y": [1, 21}, {"x": 3.3, "y": [1, 2, 3]}],0 ©
! o = T e
[("x": 4.4, "y": [1, 2, 3, 4]}, {"x": 5.5, "y": [1, 2, 3, 4, 5]}] 0 T .
D O Nested variable-length lists
4 I N e N
ak.Array

_f-_\-\‘-""_"'\\\
issing data |

contents[x") = 3 ! CM °/ —

5 conten A giw—v. -

|| ListOffsetArray6d RecordArray 1 | Heterogenous data ',
Z - cantent i unlon!varlant types))
! offsets I ListOffsetArrayG4 | . I NumpyArray | /H

contents["y"] —

Jim Pivarski
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Tracking  Electron Photon Jet Tau Muon
variables variables variables variables variables variables...

H || O K| #OH L R H | HOH L KR HLH
HOH|.| K OH L # O#HL HH L H KL H OHLH#
H O .| H K| HFOH L #HL| HOH. KR H
H OO KL HOH LR | HOH L R HLH
H O .| H K| HFOH L #H | HOHL K HLH
H || O K| #OH L R H | HOH L KR HLH
HOH|.| K OH L # O#HL HH L H KL H OHLH#
# OH .| HH # OH#H|..| HOH # # # # #

James Catmore
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Analysis Tasks

> ‘ I\III|||\I‘Ill\llll\l\l\llllll_
15! a0 b ATLASPrellmlnary H—2ZZ*—4 -
L |, o) - % 13 TeV, 139 fb~' i
 EEEE e ooy vy v EREREERE o I 2 Higgs NV
T 4 # . #(## . ### . HHEE R HEE# £ 120p iggs (125 6oV
2 # # . # H#H# . H|H R HHEH.HHEHLHHEHLH w100 : I 7t t 7
- Slgnal %% Uncertainty
3 # # ... # #HH . HHEH . HHH . HHEH L HHEHH® 80
4 # # . # # # . H#H HH#H . H#HHH L HHEHRLHHHELH# E
60
S5 # # ... # # # .. H#\# #...H# H# H# .. HH#H#. . HH#HH$. . H#H C
6 # # ... # # # .. H# # H# .. ##H#. . #H#H#. . H#HH#H#. . # 40 -
7 # # . # # # . . H#H #FH. . H#HHFH HHHE. . HFHHYE . H# o0 [
o P T T A
N # # . # # # . # # % . # # #& . ##& # . #\#4# . . # 80 90 100 110 120 130 140 150 160 170

m,, [GeV]

b, b, production ; B, = b % —~bh 7' ; m@7) =60 GeV ; ATLAS-CONF-2019-11

Skimming/Slimming Build Histograms ¢ I oy M

| = - Alllimits at95% CL

! E 1400 - ted Limit (roundirip) (+1 -
E EoIIs ;iS%;Sg 'EH% E&;O)Tgfﬂaji‘i“) % ]
e xpected Limi =g &
T 2277 Shzerved Limit (raun d(l ip) = /
1200— Qbserved Limit HOOT) ]
- Observed Limit (pyhf)
1000 —

200

A T R« I
400 600 800 1000 1200 1400 1600
m(b,) [GeV]

Datasets Add information Build Statistical Models

Step 1: bulk analysis Step 2: final analysis
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Data Processing for Analysis

® Step 1: bulk analysis — usually done on distributed computing
resources — the Grid

Scan over thousands of
files, millions/billions
events

Select events of interest

Apply
calibration/corrections
Retain only required

variables

James Catmore
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The Worldwide LHC Computing Grid (WLCG)

EGL . EXPLORER OF GRID LINKS | AL nteractive Tinnel

LAST DA‘I;A LUPDATE

9.7 MB Downloaded Wedgesday, 11 SEplember 2019 140512
Last transfer was on : Monday, 29 July 2019 08:00:.00

[ S

LOADING 4

100 %

OLUMETRANSFERS VOLUME FILES

170 data centres m%?Z cbu ntrles

DATA TRANSFER CONSOLE

855556 From IN2P3-CC To praguelcg2 Monday, 29 July 2




Data Processing for Analysis

® Step 2: final analysis - usually done locally — small clusters or
personal desktop/laptops

Batch system

Machine learning training

IMVA

b ]
.
| &

L

§

Background studies

Systematics

Statistical analysis

' Jupyter readDAODWithDataframes Last Checkpoint: 08/04/2021 {autosaved) & Logon
File Edit View Insert Cell Kernel Widgets Help Not Trusted  # | Python3 O
+ 3 & B &+ ¥ PRin B C M Code i =

In [9]: # Mumber of events to process
# Note that skipping the first N events is also possible, using the second arg of the Range method in the next cell
maxEvents = 5800

I I n al p I OtS In [10]: # Extract the data for the chosen branch via the AsNumpy method
br:

anchName = 'MuonsAuxDyn.eta'
columnType = dataframe.GetColunnType (branchName)

column = dataframe.Range(@,maxEvents).AsNumpy(columns=[branchName])
# Second arg is for case where container is a vector-of-vectors (e.g. track cov matrix)

r v
% N N N R R R RN RN R # in which case the i-th element is taken. Not used for vector
r . B theList = AsList(column[branchName],@)
(0] - ATLAS Preliminary H-—Zzz*— 4|
140 1 ] In [11): # Make a
8 : plot
0 F % 13 TeV, 139 b k num_bins = 560
ol %z o Dat . f plt.subplots(figsize=(20,10))
B - a R ax. set_xlabel(branchName)
2 120 +— Higgs (125 GeV) ] ';igh:.?;ﬂrp?;;:::; ax.hist(theList, num_bins, density=False, alpha=e.5, color = ‘blue')
c [ iz ] ~show(T
- plt.show()
g L ; XX, VWV »
L 100 L B Zjets, tt ]
- P i 24 Uncertainty
L »
7

0
80 90 100 110 120 130 140 150 160 170
m,, [GeV]




The Future at the High Luminosity LHC (HL-LHC)

Rate of Total data
collisions e Peak luminosity =—Integrated luminosity recorded
8.0E+34 - 4000
7.0E+34 3500

6.0E+34 - 3000 G,
5 | =,
n o -
" 5.0E+34 - 2500 &
= ! i =
O L 3 o)
et 3 3 - .E
2 4034 - - 2000 E
7 | =
o) | : 3
S 306434 - 1500 8
£ | - =
3 - : L
2.0E+34 - - 1000 @
L +—
o o . | P A £
I l : L@ l ' | I ' C ' l l I | ; : B
EERAEE L PSR S D R 20 x data in 2010-2018
@ : i : A b 10 x data in 2022-2025
0.0E+00 ] T 1 1 1 1 T t 1 1 L L L e 0

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38
Year
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The Future at the High Luminosity LHC (HL-LHC)

200 collisions in each bunch crossing

48



Computing Demands of the HL-LHC

Annual CPU Consumption [MHSO06-years]

80 27 A AN B
70F '
60
50
40
30
20
10

0|11||||||l||||||1111|||||111||_

Run 3 (u-55) Run 4 (u=88-140) Run 5 (u=165-200)

- ATLAS Prellmlnary
— 2020 Computing Model - CPU

o Baseline &
» Conservative R&D d
v Aggressive R&D

— Sustained budget model )
(+10% +20% capacity/year) Lok

IlIIIIII|IIIIIIIIIIlIII|IIII|IIIIIIIII|‘

IIIIIII|IIIIIIIIIIIIIIIIIIIlIIIII

2020 2022 2024 2026 2028 2030 2032 2034

Year

With current usage, would need more
than about 5M cores by ~2035

R&D program to reduce compute
needs by ~ x4

49



Meeting the HL-LHC Challenge

More efficient software & new methods

Computing
resources used by
each step

®m Simulation
= Event generation
m Reconstruction of real data
Reconstruction of simulated data
m Preparation of analysis data & analysis Simulating the calorimeters
= Other is very compute-intensive.

Speed up with
“FastCaloSim”  ©0




Challenges for Analysis in the Future

Already facing several bottlenecks, expected more challenging the future

. Processing times — need to be fast

] > -
(0] |- . . 4
L F S .0 - ATLAS Preliminary H-—-Zzz*—4l -
0 -y 13 TeV, 139 fb™' 1
% 120 z ® Daia
-— [ [0 Higgs (125 GeV) |
- - c mz ]
G>J XX, VWV
o 100

o fes]
o o

80 90 100 110 120 130 140 150 160 170
m,, [GeV]

. Dataset sizes — need to be able to scale out

Batch system llllll
)
EEEEEE %,
54 %
g =
n%g Y
T ﬁ:\\
T \‘:\\“
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Challenges for Analysis in the Future

Already facing several bottlenecks, expected more challenging the future

o Maintenance of code & ease of use

—t
I_
Q)
O

¥» i € O ® O
[

Other
r>o“ CI PIPELINE CD PIPELINE
= ¥ @
Terminal Python File
_ ®
| - 3
= = e open source
i —
| == Initiative
; m_ 1 from coffea.hist.plot import bokeh_plot
_._ bokeh_plot{histo, jup_url="http://localhost:8888")
‘; "‘-_.__ {3 BokenJs 233 suoce sstuly oaded
l . —
i - 1D Projection Overlay Axis:
| ——
HEE 0 =
= ] Plot Axis:
. 1:;000: i ¥
] Categorical Cuts
w000 sampin
Dense Cuts:
* w1 10..1
4000 | <10
z:-10.. 10
2000

Bastian Schlagg
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Some History of Analysis Software

® Several scientific software toolkits have been used to deal with big data
processing, storage, statistical analysis and visualization

® Increasingly modular, increasingly focused on interoperability

/

v, £+ =3 0 O~ D /\_@ T :\ | | N

ttttt . TE Emee Seikit UPRO0TBROUSER
HEP

void tuti7() numpythia F%STJET

TCanvas *cl = new TCanvas(); pyhepmc nndrone

gStyle->SetPalette(kRainBow);

Histogram

TH2F *hist = new TH2F("hist",

h etStats(0)

TRandom *rand = n andom(10)

for(int 1 = ¢ i44)

: double x Gaus();
double y Gaus();

2 (Goolzd; histoprint

o 0:-‘5 NumPy
ﬁ”%%g%é}" weyter N: matpl&tlib
[{/DASK °~ @ python" ©Numba

ROOT Python Ecosystem Tools
1994-Present Python interfaces
C++ libraries connected to developments in Al/ML

can interface with python, R and data science more broadly
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Increasing use of Python for Analysis

®* Python has been in use for a long time for several purposes:

— steering scripts, configuration-building, machine learning models, etc

250 A

o]
o
o

Number of repos matching, quarterly

(¥}
o
1

— numpy
| ==- matplotlib }Scientiﬁc
150 -

100 A

—— ROOT (C++ and Python)
=== PyROOT (Python only)
----- CMSSW configuration

—-= pandas Python
----- tensorflow
—— uproot

—=- awkward

Python
: (CMSSW config)

—~

-
—————

 — — —

T e

L N e n p e v .

2012 2013

Python is increasingly becoming a portal for analysis

2014

2015 2016 2017

—e.g. PyROOT + Scikit-HEP

2018

2019

2020

2021
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Multi-core processors

isplays Storage Support Service

macOS Big Sur

n 11.2.3
MacBook Air (13-inch, Early 2015)
cessor 1.6 GHz Dual-Core Intel Co!
Memory 8 GB 1600 MHz DDR3
Gra ph s Intel HD Graphics 6000 1536 MB
Serial Number CIMPW11UG244

System Report... e Update...

Memory

From the mid-2000s, multi-core processors became common
The cores share work between them to continue to allow increased
performance
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48 Years of Microprocessor Trend Data

T T T | e
107 — Moore's Lawis-holding...- g M,A;: Transistors
10° | o On%ﬁéﬁﬂﬁéﬂ%ﬁ R Auh © | (thousands)
AA
5L Aaatda Single-Thread
10 o 2200 *® % Performance .
10t b ® | (SpecINT x 10%)
na®"ml Frequency (MHz
108 | *‘“.‘ a7y Frequency (MHz)
I JEp Typical Power
102 - oo : v 'V "' 'Vaﬂ‘ :’:‘? (WattS)
A u v vy
- " v v ¥y M .n’.'i Number of
L S S SRR v Y vy .2 o+ _
LI R m = e Y MV B4 Logical Cores
of & ™ v v vV vy th‘
10 —; - O NER ‘SR STy SR Gewrape v N _
| | | |
1970 1980 1990 2000 2010 2020

Year

Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten
New plot and data collected for 2010-2019 by K. Rupp
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Types of concurrency

Serial (e.g. no concurrency)

Ld L L L L oo

Input data

Memory

If no attempt is made to share the workload, most of the memory is used
by one core and the other cores can’t be used
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Types of concurrency

Multi-process

o

. Memory used by individual processes .

Memory
Memory shared by processes

Memory needed by all processes is shared at the start of the task.
Each core runs an independent process that needs its own share of
memory to handle its batch of events.

Adding extra processes still adds a lot of extra memory

»

Input data

FIFe ’ Core
| || |
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Types of concurrency

Multi-threaded

Bpimiriviririrr 2

Cores can share workload & memory throughout the task processing
Adding extra cores costs very little extra memory
This ensures the software is ready for data centers with more cores and

less memory per core -



Meeting the HL-LHC Challenge i

Graphics processing units (GPU

- EE

CPU
Small number of high power cores
Optimized for complex serial tasks
GPU
Large number of low power cores
Optimized for massively parallel tasks
(e.g. graphics), machine learning




Future Neutrino Experiments

Pl O DEEP UNDERGROUND
m— NEUTRINO EXPERIMENT

Sanford Underground
Research Facility

Fermilab

SO e Sy
= o <

miles —— o
800 v ters) _== S
V=
v =2

®* DUNE computing needs include

. Upto 30 PBl/year of raw data

. 10-15 years of running
. 1,200 collaborators

. Complex codes

o Precision calibrations

® Adopting many common solutions 5

x, drift position



Particle Detection in Dune

How do you tell a
v, fromav,?

Liquid Argon detectors can
distinguish muons from electrons
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Challenge to instrument ~50,000 m3 with E&
cm granularity and no dead material
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Future Nuclear Physics Experiments
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® Electron-lon Collider plans
several runs & experiments
- Polarized electrons & protons
- Polarized electrons & light ions
injector - Electrons and heavy ions

g Linac

Collider

Ring

» ¢ Significant computing needs, key
fosen goal is rapid turnaround of data
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g EIC Comprehensive Chromodynamics Experiment
njector (RCS)
(ECCE)
ECCE Runs year-1 year-2 year-3
Luminosity 10%em~%s" | 2% 10%em~%s~L | 10%¥em~2s™1
Weeks of Running 10 20 30
Operational efficiency 40% 50% 60%
_ Disk (temporary) 1.2PB 3.0PB 18.1PB
s Disk (permanent) 0.4PB 2.4PB 20.6PB
Data Rate to Storage 6.7Gbps 16.7Gbps 100Gbps
Raw Data Storage (no duplicates) 4PB 20PB 181PB
Recon process time/core 5.4s/ev 5.4s/ev 5.4s/ev
Streaming-unpacked event size 33kB 33kB 33kB
Booster Number of events produced 121 billion 605 billion 5,443 billion
Recon Storage 0.4PB 2PB 18PB
CPU-core hours (recon+calib) 191Mcore-hrs | 953Mcore-hrs | 8,573Mcore-hrs
2020-cores needed to process in 30 weeks 38k 189k 1,701k 63




Outlook on Challenges of the Future

® Future experiment needs require changes in how analysis performed in the

future, including:
More efficient software
Use more machine learning / artificial intelligence methods

New computational technologies (e.g. GPUS)

* Opportunity to leverage developments from broader data science community

& the broader physics community
Synergies between high energy physics, nuclear physics &
astrophysics communities
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Organizing the HEP community

The HEP Software Foundation facilitates cooperation and common

I I Z F efforts in High Energy Physics software and computing internationally.

®* The HSF (http://hepsoftwarefoundation.org) was created in early 2015 as a
means for organizing our community to address the software challenges of
future projects such as the HL-HLC. The HSF has the following objectives:

. Catalyze new common projects

. Promote commonality and collaboration in new developments to make the
most of limited resources

. Provide a framework for attracting effort and support to Software &
Computing projects

. Provide a structure to set priorities and goals for work in common projects
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HSF-India Project

HSF-India is a 5 year project funded by the US
/\ National Science Foundation that aims to build
—_ International research software collaborations
HSF-'N D|A | | between US, European, &_ India based
- researchers to reach the science goals of
experimental particle, nuclear & astroparticle
/ \ research
https://research-sofware-collaborations.org/

® Given the growing complexity of our scientific data and collaborations,
software collaborations are increasingly important to raise the collective
productivity of our research community
® Intended as a long-term investment in international team science
® Funding available for
.  Fellowships
. Researcher exchanges
. Training events , N
— including this event! L. B
Princeton University: Peter Elmer, David Lange (PI)

University of Massachusetts, Amherst: Rafael Coelho
Lopes de Sa, Verena Martinez Outschoorn 66



https://research-software-collaborations.org/

Additional Slides
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Detector Simulation

GEANT4 — Event and Track Stack Loops
Simplified Cartoon

Did
Track Exit Discard

Did
Something
Discrete
Happen?

Continuous
Physics
Process

(Energy Loss)

{;Iactl; N 'F:g:: ~N Where Take One
?
1¢ > Eo am |7 Step

Discrete
Physics
Process

Producing

Daughter

Particles Energy
y Deposit and
Location
Geant4 Toolkit

ANAAN

68



A bit more on inner tracker reconstruction

track
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A bit more on electron reconstruction

CATLAS

A EXPERIMENT

er; 1 ent Number: 1

beam spot
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R. Turra

TRT (72 layers)

third layer

second layer
AnxAg=0.025%0.0245

first layer (strips)
AnxAgp=0.0031x0.098

insertable b-layer

hadronic calorimeter

electromagnetic ,-*
calorimeter .*
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A bit more on jet reconstruction

— Jet Algorithm
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A bit more on muon reconstruction

Combined muon

agged muon

Calorimeter tagged muon
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Analysis at the HL-LHC

® Analysis dataset size will increase substantially — challenge to process

samples in a timely way
— the time to process samples are a bottleneck, it is increasingly taking
longer to carry out analysis
— want to improve in the future reducing the processing time & using
better tools

— analyst time is critical

LHC (Run 1&2) HL-LHC (Run 4+
Analysis Dataset 1 0 TB 1 ,DDI] TB

Size

Target Scan
Tumaround time WEEKS HGUI’S

Analysis team size
{physicists) 5-10 <5

Primary analysis H TF |
e Laptop Analysis Facility ¥
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