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Particle physics Is about hardware...
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I The Standard Model of particle physics = Leptons | heorised/explained  STANDARD MODEL OF ELEMENTARY PARTICLES

Years from concept to discovery SE:'::: T —

up CHARM TOP GLUON i HIGGS BOSON
Q ; l:ns: ;,3 Mev/c ;275 Gev/A :673,07 Gev/ic g (1)26 Gev/e
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Charm B
Tau |
Bottom I
Gluon =
Wh Iﬂﬂ—-i R
s ; ~10 nb*? UAL1l & UA2
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Tau neutrino | ——
HIGGS BOSON | - i ~10fb' (x10°) ATLAS & CMS

Source: The Economist LHC by 2025 ~500 fb-l 4
LHC by 2041 ~3000-4000 fb™



LHC has stored 1 EB of data
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X10 In the next 15 years

LHC / HL-LHC Plan

HiLumi

LARGE HADRON COLLIDER

LHC

HL-LHC

EYETS Ls2

LS3 )
13 Tev 13.6 TeV 13.6 - 14 TeV en
Diedes Consolidation
splice consolldation cryolimit LIU Installation ; ) HL-LHC
7 TeV 8 TeV button collimators interaction ) inner triplst . .
— R2E project regions Civll Eng. P1-P5 pilot beam radiation limit installation
IIIIIII@
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS X nominglt?_l_j'r'l?i
beam plpes . : _ h HL upgrade
nominal Lumi 2 X nominal Lumi, ALICE - LHCb : 2 x nominal Lumi

75% nominal Lumi I /— upgrade 1
m 190 fb! m integrated IV

luminosity JELIE
HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY < PROTOTYPES / CONSTRUCTION INSTALLATION & COMM. PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS CORES



A typical processing work flow at a HEP experiment

. Experimental : - Hardware and : Recon- © Reprocessmg
. collisions ‘ LoV : software structed :
e trigger  : Filtered SIS §
: . data .. ...,

: ‘Reconstruction:  w ... . fggjfss

O(GB/S)E . Analysis- L . o

L e glm 2 O(weeks) formatted O(days)  : := =

: : . . : data W
Generated sInteraction with: 1 /4l fhae N 1, Lopdu

events  : Stable . simulated Statistical
r -particles . detector analysis
et

Front. Big Data 4, 2021 7


https://www.frontiersin.org/journals/big-data/articles/10.3389/fdata.2021.661501/full

Challenge: Data ach|S|t|on and storage

HL-LHC inst. luminosity
¥ Run 2 x10
Billions of hits forming
O(103) tracks from
= O(10%) primary vertices




Challenge: Data acquisition and storage

“Interesting” data
a small fraction of

ATLAS

EXPERIMENT

HL-LHC tf event in ATLAS ITK
at <p>=200

Challenge to both
hardware and software
Not possible to store all
collisions on disk and
tape forever

Filter systems
reconstruct objects in the
detector and discard
“uninteresting” collisions



Challenge: Data acquisition and storage

e Detector upgrades _ _ Rate Rate DAQ
(e.g. add timing): new Experiment Datasize | pofore trigger | after trigger | throughput
hardware platforms | ALICE now 12000 kB 50 kHz 50 kHz 700 GB/s
(FPGA, GPU) ATLAS now 1500 kB | 27000 kHz 90 kHz 55 GBIs |

- (Partly) reconstruct ATLAS 2030 5000 kB | 27000 kHz 1MHz | 5000 GB/s
event at trigger level | CMS now 2000 kB 27000 kHz 100 kHz 200 GBI/s
instead of saving raw | cmMms 2030 8400kB | 27000 kHz 750 kHz 6300 GBs -2
data LHCb now 80 kB 24000 kHz =~ 24000 kHz 2400 GB/s

- Apply ML techniques | LHCb 2036 200KB| 24000 kHz | 24000 kHz | 12000 GB/s
to improve efficiency

DRt Litriager o _Des



Challenge: Data acquisition and storage

LHCDb Trigger Run 2

[ Bunch crossing rate ]

REAL-TIME
lr 40 MHz I ALIGNMENT &
[ L0 Hardware trigger ] CALIBRATION

high pr/E7r signatures

v INMHz 4 THs 5 | |
30 MHz non-empty pp : | DFFLIII
High Level Trigger 1 4 0.5-1.5
[partial event reconstruction FULL TR/ PARTIAL DETECTOR - FULL DETECTOR
5 RECONSTRUCTION 5.9

RECOMSTRUCTION
—

b
)
=11}
2 ,l, 110kHz Eﬂﬁ: = | & seLecTions & SELECTIONS | GBfs
; 10 PB Alignment & (GPU HLT1) T0-200 ([CPU HLTZ) i
E buffer Calibration GB/s
3 110kH All nurnbers related to the dataflow are
& = taken from the LHCb
& | High Level Trigger 2 )
full event reconstruction g 8o
N Upgrade Computing Mode] TDR
| 125102
Detector g High-Level
i L1 trigger = Data
collisions Trigger

RAnalysis

-»‘-»‘—» =

Allen: A high level trigger on
GPUs for LHCb

Comput Softw Big Sci 4, 7 (2020)




Challenge: Data acquisition and storage

( pp collisions ]

40 Tbit/s
Y
0(250) event building
x86 servers
0(500)
[ GPUs HLT1 J

1-2 Thit/s ¢

0(1000) x86 servers
buffer on disk
calibration and alignment

Y
( HLT2 )

80 Gbit/s ¢
( storage J

Allen: A high level trigger on
GPUs for LHCb

Comput Softw Big Sci 4, 7 (2020)

REAL-TIME e
ALIGNMENT &
CALIBRATION - 5
: a,r
4 TB/s '
30 MHz non-empty pp E DFFI.IIE
0.5-1.5
g T;' PARTIAL DETECTOR| 00 i) FULL DETECTOR /
5
I 3 |RECONSTRUCTION , RECONSTRUCTION ko

B SELECTIONS
[GIPLY HLT1) 70-200
GB/s

& SELECTICONS
[CPU HLTZ)

READOUT | GBfs

All numbers related to the dataflow are
taken from the LHCh

, o T Oolie TOR i -T!- PRODUCTIONS &
E'H'ENTS _EGst

Detector
collisions

High-Level
Trigger

= = B —

Data
RAnalysis

L1 trigger




- L€
R1A (Cal ) N\ar'\m
offuine comput‘mg Emm or(O)
L GPY progr mm'mg ( \gue\ I'\r\ge\ ) cnet e P\mor\
— PGAprogr l gl \\IaroN yarro)
¢ (el 0 (fine )
| Ntem\s (A ntzo oye guren, LuCao \’—\or'\n'\\
ming u'\a‘nu'\ 70
2 .

Opt'\m'\zed {);Qiag




Challenge: data acquisition and storage

Anomaly detection in Real Time (at trigger level) using ML:

CMS: AXOLITL (global trigger) LHCb: BuSca (prior to trigger decision, no
CICADA (calorimeter trigger) at L1 hardware trigger)

5TB/s
30 MHz non-e mpty pp
4
0.5-1.5
PARTIAL DETECTOR
s RECONSTRUCTION MEi=
DETECTOR | sl e o] BUFFER
READOUT & SELECTIONS | 7 [Orares
5 (GPU HLT1) 70-200
TB/s ” GB/s
’_’ l
4
4
H
+ New Downstream | FULL DETECTOR
. * RECONSTRUCTION
algorithm & SELECTIONS
(CPU HLT2)

Implemented in the E
Global Trigger Board .

e —————

» L1T Scouting BuSca: monitoring histograms &
T— : create HLT1 lines for BSM searches

................

ZDC oo F

.......... ”.

REAL-TIME
..... LIGNMENT &
CALIBRATION

arXiv:2411.19506 https://doi.org/10.1051/epjconf/202533701161
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https://arxiv.org/abs/2411.19506
https://doi.org/10.1051/epjconf/202533701161

Events

Challenge: data acquisition and storage

Anomaly detection in Real Time (at trigger level) using ML:

CMS: AXOLI1TL (global trigger)
CICADA (calorimeter trigger) at L1
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A S
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104k
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arXiv:2411.19506

LHCb: BuSca (prior to trigger decision, no
hardware trigger)

— 4000 - T T

E F LHCDb Simulation BuSca
= 3500 Armenteros-Podolanski

j“_*[— 3000 z—
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https://arxiv.org/abs/2411.19506
https://doi.org/10.1051/epjconf/202533701161

Challenge: data storage, distribution and analysis

Provides 1.4M cores and 1.5 EB of storage
Tier-2 sites At 170 sites in 42 countries worldwide
C Users: 12000

wWLCG

Worldwide LHC Computing Grid

Tier-1 sites
Connected by >100 Gb/s links

=
=

CERN Tier 0 sends data to Tier-1 sites via
optical-fibre links

Tier 1 to ~160 Tier-2 locations, usually in
the same geographical region

Tier 3 local resources

Last 24 hours WLCG network throughput

Transfer Throughput

s
]
100 GB/s -
50 GB/s I
0Bfs
00:00
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Challenge: data storage, distribution and analysis

* Provides 1.4M cores and 1.5 E8 of siorage
S * At 170 sites in 42 countries worldwice
C » Users: 12000

wWLCG

Worldwide LHC Computing Grid

Tier-1 sites
Connected by >100 Gb/s links
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Challenge: Data analysis

GPU-based data analysis tool
Ipanema-f3 [arXiv:1706.01420]

Increased data introduces multiple challenges

Size of data samples processed (both data and
simulation)

Speed of data processing

Modelling, including ML training

Higher precision requires careful control of
systematic uncertainties — tends to make
analyses more complex

DO 8 fb~? HFLAY
68% CL contours
(Alog £ =1.15)

=
H
s

ATJ¥RK[ps1]

LHCb 9 fb~?!

@\ Combined”
*Als errors scaled by 1.57

ATLAS 99.7 fb~1

03 0.1 01
P¥K[rad]

snakemake [1000Research 2021, 10:33] analysis pipeline
for Run 2 B<? - J/YKK at LHCb with over 120}

steps! [Phys. Rev. Lett. 132 (2024) 051802]


https://f1000research.com/articles/10-33
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.051802
https://arxiv.org/abs/1706.01420

Challenge: Simulation

» Data models based on simulation, typically
need ~ x10 data size to understand them

e Simulation is a complex and computationally
expensive process

Physics Process
Generator

\Z N
end-to-end conventional
4 )

Analysis Dataset
Mach. Learn.: Sci. Technol. 5 035007

)
q
) :>
a
r"

Detector Simulation

(GEANT4 based)

/

\

4

Reconstruction

algorithms

19


https://iopscience.iop.org/article/10.1088/2632-2153/ad563c

Challenge: Simulation

» Data models based on simulation, typically

Physics Process Detector Simulation

need ~ x10 data size to understand them Generator (GEANT4 based)
e Simulation is a complex and computationally
expensive process

- 2

_—

(O Hard Interaction
® Resonance Decays
B MECs, Matching & Merging
W FSR
W ISR*
QED
M Weak Showers end-to-end conventional
M Hard Onium

= v/

(O Multiparton Interactions

[0 Beam Remnants*

Strings

Ministrings / Clusters
Colour Reconnections
String Interactions
Bose-Einstein & Fermi-Dirac

M Primary Hadrons

W Secondary Hadrons

S B Hadronic Reinteractions
'w Antibaryon
© Heavy Flavour (*:incoming lines are crossed)

Analysis Dataset Reconstruction

‘ algorithms
PYTHIA Mach. Learn.: Sci. Technol. 5 035007


https://iopscience.iop.org/article/10.1088/2632-2153/ad563c
https://www.pythia.org/

S GeEANnT4

Challenge: Simulation

» Data models based on simulation, typically

Physics Process Detector Simulation

need ~ x10 data size to understand them Generator (GEANT4 based)
e Simulation is a complex and computationally
expensive process

- 2

_—

(O Hard Interaction
® Resonance Decays
B MECs, Matching & Merging
W FSR
W ISR*
QED
M Weak Showers end-to-end conventional
M Hard Onium

:>

= v/

(O Multiparton Interactions

[0 Beam Remnants*

Strings

Ministrings / Clusters
Colour Reconnections
String Interactions
Bose-Einstein & Fermi-Dirac

M Primary Hadrons

W Secondary Hadrons

: B Hadronic Reinteractions
'w Antibaryon
© Heavy Flavour (*:incoming lines are crossed)

Amailysls Datasat Reconstruction 21

sz algorithms
PYTHIA Mach. Learn.: Sci. Technol. 5 035007


https://iopscience.iop.org/article/10.1088/2632-2153/ad563c
https://www.pythia.org/

Challenge: Simulation

Increased data requires more simulation

 Data models based on simulation, need ~ x10

data size to understand them

* Data-simulation differences introduce
systematic uncertainties
- Need faster simulation

» Already exploiting ML tools to introduce orders

of magniture speed-up
 ATLAS CaloGAN
[Phys. Rev. D 97, 014021 (2018)]
« CMS FastSim
[J. Phys.: Conf. Ser. 513 022012]
e LHCb Lamarr
[arXiv:2303.11428]

LHCb Simulation Preliminary [—_1 Pythia8 + Geant4
Protons from A) — A} pu~ T, Pythia8 + Lamarr
FT T "~ "~ T " T T

o

O el e e et e v —]
P | PR PR L 1

E 1 L L 1 P L E
2200 2250 2300 350 2400

[ 8] N
(=3 W
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T T
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I
o
T

50F

-
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T
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1
Conditions: 2016 MagUp

Detailed Simulation
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Data processing



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.014021
https://iopscience.iop.org/article/10.1088/1742-6596/513/2/022012/pdf
https://arxiv.org/abs/2303.11428

Challenge: Simulation

Increased data requires more simulation

 Data models based on simulation, need ~ x10

data size to understand them
e Data-simulation differences introduce
systematic uncertainties

~. Need faster simulation \_ect\“e &

* Already exploiting ML tools to | \“raQNQQ?d
of magniture speed-up S\
 ATLAS CaloGAN
, 014021 (2018)]

= CMS FastSim

|J. Phys.: Conf. Ser. 513 022012]
e LHCb Lamarr

[arXiv:2303.11428]

Protons from A) — Af p~ N

LHCb Simulation Preliminary [—_1 Pythia8 + Geant4
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.014021
https://iopscience.iop.org/article/10.1088/1742-6596/513/2/022012/pdf
https://arxiv.org/abs/2303.11428

The current era

Chart | Tech Adoption Rates Speeding Up
1 | Share of U.S. households using technology

100
Electricit I
\Y Computer nternet
75 /
/ Smart
50 ,I Phone
Color TV Cell
Phone /
25
0
1903 1923 1943 1963 1983 1 2003 1 1 2023
LHC start

Source: OQurWorldIinData, TS Lombard

LHC approved WLCG launch



Al In every step of the way

- Experimental : - Hardware and Recon- 5' N Reprocessmg o
. collisions = Lo : software stractes |
R frigger  : Fittered Svents: ;
: data ... . . ... ... ...,
Physics
-------- . I I I I A ) resu’ts
: Analysis-
sz O(weeks) formatted O(days)
: . _ T ; data
Generated -Interaction with: /e (b N
events Sta!blle - simulated Statistical
e cparticles.  detector '
: 2 analysis RIS a6 5 5 5 5 5 mwmmvn

.........
......................

Front. Big Data 4, 2021 25


https://www.frontiersin.org/journals/big-data/articles/10.3389/fdata.2021.661501/full
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https://www.frontiersin.org/journals/big-data/articles/10.3389/fdata.2021.661501/full

LLM

* In large projects knowledge gets easily fragmented across
gitlab, TWiki, internal notes...

 LLM as a productivity boost

— ChATLAS to help write code, search documentation, answer
guestions on ATLAS code

chatlas 27


https://posit-dev.github.io/chatlas/

LLM

* |In large projects knowledge gets easily fr
gitlab, TWiki, internal notes...

e LLM as a prod
entation, answer

e

chatlas 28


https://posit-dev.github.io/chatlas/

Real-time
Phenomena
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Low dimension
LGT
3 >
*rj’+ 1
> > —
4 4

QLM/D-Theory

e

Neutrino
oscillations
B — @
A

Ve

Quantum
Dynamics

1oy
t

Hybrid Qu-Cl

1=k 0k

Optimisation

Classification

[l

Quantum Computing

Jet/track
econstruction
VQE/varQITE Ll ol ol
Trotter . I
Dynamics Rare sug_na
l extraction
For & beyond
TN/QTN Standard
Model
‘ Q0o L
>«
varQTE o
Parton
Shoyver
QNNs
Experiment
Simulati
Quantum “lnl’nu 2 'O;n
Kernels s s

&1l

Roadmap QC4HEP [PRX Quantum 5, 037001]

Quantum
Kernels
Classification
e QNNs
Regression QAOA
— Quantum
Annealing
Optimisation
V\:ﬁ' HHL
Algorithm
Generation
I]] QBMs
QCBMs
QGANSs
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https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.5.037001#f1

Quantum Computing

Jet/track
Real-time - reconstructio
Phenomena Quantum =

q Dynamlcs z
ﬁ ‘ Hybrid €

i

o 17 ‘ Optimisation I

Parton @

Shower

e Generation

Experiment
Simulation

Roadmap QC4HEP [PRX Quantum 5, 037001]
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https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.5.037001#f1

TWh

Huawei report expects up to 50% of global electricity to be used by communication (lias"

Challenge: sustainability

9000
8000 -
7000 -
6000 -
5000 -
4000 -
3000 -

Networks

Production of ICT

Consumer devices

Data centers

o
2012 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

Throughput N
Energy \V/

Year

BE RESPONSIBLE
Y :

& o,

| —
[Challenges 6,117 (20135)] Accelerator Alveo US0 | Alveo U250 | RTX 3090
Implementation <8,3> <8, 3> TRTINTE
Throughput (Events/s x 10%) 0.55 110 0.82
Active Power Draw (W) 75 230 350
Energy per Event (uJ) 140 210 430
Energy Gain 3. 2.0x 1.0x
Price (USD) 3000 ~10 000 1500
arXiv:2502.02304
EE = # real time processed events in LHCb / J
|
pyEEp— RTX AS000 &
0.86 Event /J RTX 6000 Ada [ HL |
0.75 Event /J H100 NVL
0.59 Event /) RTX 4070Ti Super
0.76 Event /J RTX 5000 PRO BW (expected)
0.65 Event /J RTX 6000 PRO BW
[CTD '25]
02 04 06 os 10 1.2 31

Energy efficiency (Event /)


https://indico.cern.ch/event/1499357/contributions/6628624/
https://www.mdpi.com/2078-1547/6/1/117
https://www.mdpi.com/2078-1547/6/1/117
https://www.mdpi.com/2078-1547/6/1/117
https://arxiv.org/2502.02304

... and many more avenues to tackle

32



Gartner hype cycle

Peak of Inflated Expectations

Plateau of Productivity

Slope of Enlightenment

Trough of Disillusionment

Innovation trigger

33



Gartner hype cycle: hidden curves

Peak of Inflated Expectations

Plateau of Productivity
50% 20%

Silent Achievers

Slope of Enlightenment

Trough of Disillusionment

Innovation trigger Innovation graveyard

30%

James Royal-Lawson, beantin.net
CC-BY 4.0
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