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WHAT WILL THIS LECTURE BE ABOUT?

INTRODUCTION

 Definitions and basic concepts

INPUT TO THE PHYSICS

* The data: trigger, data preparation
* The theory: Monte carlo simulations

* Reconstruction, or how to translate detector signals to particles

PHYSICS ANALYSES
* Through example, step-by-step
 Discussion of analysis methods

\ /

SMAR

REAL-TIME ANALYSIS FOR

I, "y

THEP -
s T

SCIENCE AND INDUSTRY V4

\

Is there a topic you would like to add to this material?

If so: please let me know at the end of this lecture and | will see if | can add it!



Q * Strong bias to
* LHC physics: the most challenging in terms of complexity!
* ATLAS: personnal history

* Will give some examples from other experiments (and colliders)

O » Diverse audience: the lecture might be too basic for some
* Let me know if you have specific topics you would like to see!
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Also: https://iopscience.iop.org/article/10.1088/1361-6552/aa5b25/pdf
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— Why are there three families of
quarks and leptons?

— What is the origin of the
different quark and lepton masses?

— Is there a further substructure
of fundamental particles?

— Are there more fundamental
forces at the microscopic level?

— What is the nature of the Higgs
boson?
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NEW DIRECTIONS IN SCIENCE ARE LAUNCHED BY NEW
TOOLS MUCH MORE OFTEN THAN BY NEW CONCEPTS.

THUE EFFECT OF A CONCEPT-DRIVEN REVOLUTION IS TO
EXPLAIN OLD THINGS IN NEW WAYS,

THE EFFECT OF A TOOL-DRIVEN REVOLUTION IS T0O
DISCOVER NEW THINGS THAT HAVE TO BE EXPLAINED.

Freeman Dyson

13



A “Livingston plot” showing accelerator energy
versus time, updated to include machines that came
on line after 1990s. The filled circles indicate new or
upgraded accelerators of each type.

Why ~ 100 000 TeV for LHC?

2001 snowmass accelerator RnD report
https://www.slac.stanford.edu/cgi-bin/getdoc/slac-pub-9483.pdf

Particle Energy
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o L A “Livingston plot” showing the evolution /
of accelerator laboratory energy from 1930 /
until 2005. Energy of colliders is plotted in /
100,000 TeV terms of the laboratory energy of particles =
colliding with a proton at rest to reach the
same center of mass energy.
10,000 TeV =
1,000 TeV -
/ Electron Proton
100 TeV f Colliders
®
Proton Storage Hlngs_//
10 TeV Colliders _
1Tev / ’\ct'.?ﬁ:’r. =
Proton
100 GeV Synchrotrons |
\_ Electron Positron
Storage Ring Colliders
10 GeV Electron o
RN Electron Linacs
Synchrocyclotrons
1GeV Proton Linacs 7]
Sector-Focused
100 MeV Cyclotrons ]
Electrostatic
Generators
10 MeV -
Rectifier
1 MeV Generators |
| | |
1930 1950 1970 1990 2010

Year of Commissioning

1



LHC

THE BASICS
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THE COLLIDING PARTICLES

Why pp at the LHC?

Why not e*e  or ppbar?
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THE LHC SCHEDULE

(K
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THE PROTON-PROTON COLLISION

20



THE PROTON-PROTON COLLISION

Interaction
Poirt

Relative beam sizes around IP1 (Atlas) in collision

N



THE PROTON-PROTON COLLISION

Proton bunches
~ 1.5 x 10" protons/bunch
Bunch spacing: 25 ns

Knowing LHC circ 26.7 km — can you calculate yourselves:

* Whatis the revolution frequency?
* What is the maximum allowed number of bunches simultaneously circulating at the LHC?

*  What is the maximum collision frequency?

/1



DETECTORS & EXPERIMENTS

AT TUE LHC



The LHC

LHC - B CERN

Point 1 ==, Point 2




GENERAL PURPOSE DETECTORS AT THE LHC

Beam 1

Endcap

Simplified Detector Longitudinal View
Muon Spectrometer

Barrel

Endcap

HadCAL

Tracker

Beam 2

Simplified Detector Transverse View
Muon Spectrometer
Toroids
HadCAL

Tracker

15



PARTICLES IN THE DETECTOR

Simplified Detector Transverse View
Muon Spectrometer
Toroids
HadCAL

I IT IIT
2.4MeV [ 1.3 GeV
4.8 MeV [ 104 MeV
<2eV | <2eV

Tracker

Quarks

Bosons

Leptons

|
0.5MeV § 16 MeV 126 GaV
e B H
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THE ATLAS DETLCTOR
IN NUMBERS

v Weights 7 ktonnes 2=\
v 2-4 T superconducting magnets
V' Position of particles recorded 4
with an accuracy of O(10um)
v 100 M channels

v 1 Giga collisions/second |
v 1000 events/second stored SIRW /2
v 500 PB data on disk & tape =%,

¥ 0.5 M CPU cores used 24/7

2]



3000

Scientific authors

&

38

Countries

Institutions
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1200

Doctoral students

Argentina
Armenia
Australia
Austria
Azerbaijan
Belarus
Brazil
Canada
Chile
China
Colombia
Czech Republic
Denmark
France
Georgia
Germany
Greece
Israel

Italy
Japan

Morocco
Netherlands
Norway
Poland
Portugal
Romania
Russia
Serbia
Slovakia
Slovenia
South Africa
Spain
Sweden
Switzerland
Taiwan
Turkey

UK

USA

CERN

JINR

ATLAS
Collaboration

180 institutions (235 institutes) from 38 countries

The ATLAS Collaboration

Status: October 2020
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ATLAS cavern i SCHEN
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g Silicon strip tracker assembly 38 h strip tracker installation |

P SN 2 & . cm— e —— L ——_ S

(Aspects relevant for all LHC detectors)

Fast and radiation hard sensors
Stability and accuracy of constructed structures
— X8 HH B Extremely fast readout systems for low latency
7 S i ‘ I processing
5 A / § §- f &8 S Computing infrastructure to process enormous amounts
nermost pixel tracker installation S _'ff 3 of data
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ATLAS Submitted Papers

1000 ‘ ‘ ‘ Last update 04~Jarv2_&§_1‘ ATLAS. 972
— ATLAS Run 1+2 | |
— ATLAS Run 1 : : By now: > 1000!
- = ATLAS Partial Run 2 : : :
800 ATLAS Full Run 2 | | | 1
7]10
* Only ATLAS authors sign ATLAS papers; Exceptlons apply | o
II h II 60‘5 : : ‘
 All authors sign all papers eoof
[Submitted on 13 Aug 2020 (v1), last revised 20 Nov 2020 (this version, v2)] 1
Search for new phenomena in final states with large wol
jet multiplicities and missing transverse momentum | _
using \[(s) = 13 TeV proton—proton collisions i Partal fun 2 296
recorded by ATLAS in Run 2 of the LHC 00l |
ATLAS Collaboration 1
Results of a search for new particles decaying into eight or more jets and moderate 13]‘ iR
missing transverse momentum are presented. The analysis uses 139 fb~! of proton— 0 — — — — — — — — T

The ATLAS Collaboration

G. Aad!%2, B. Abbott!28, D.C. Abbott!®3, A. Abed Abud’, K. Abeling®?, D.K. Abhayasinghe®*,
S.H. Abidi!®, 0.S. AbouZeid*®, N.L. Abraham!%>, H. Abramowicz!'®’, H. Abreu'>®, Y. Abulaiti®,
B.S. Acharya®767®n B. Achkar>?, L. Adam'®, C. Adam Bourdarios®, L. Adamczyk®*?, L. Adamek!,

J. Adelman'?!, M. Adersberger''4, A. Adiguzel'?, S. Adorni**, T. Adye!®?, A.A. Affolder'®, Y. Afik'>?,
139f,139a,ad

C. Agapopoulou®®, M.N. Agaras®®, A. Aggarwal''?, C. Agheorghiesei?’®, J.A. Aguilar-Saavedra

A Alennd30 B Alennd .80 X700 AL nal04 v A8 —~ A:.11:742.74b © Aliaen.. 1..86 T A R1ann~ 97

D. Zhong''*, B. Zhou'", C. Zhou**¥, H. Zhou', M.S. Zhou'~**>* M. Zhou'~", N. Zhou*"*, Y. Zhou',
C.G. Zhu®®, C. Zhu'5215d H.L. Zhu®%, H. Zhu!%?, J. Zhu!%, Y. Zhu%, X. Zhuang!%?, K. Zhukov!!!,
V. Zhulanov!?2b1222 D Zieminska®, N.I. Zimine®?, S. Zimmermann®2, Z. Zinonos!!5, M. Ziolkowski!?,
L. Zivkovi¢'®, G. Zobernig!®?, A. Zoccoli?*®?%, K. Zoch®?, T.G. Zorbas'*%, R. Zou®, L. Zwalinski®°.

* Have been a qualifying ATLAS member for at least one year.

* Not be an author of another major LHC collaboration at the
time of application.

* Have spent at least 80 working days doing pre-
agreed ATLAS technical work.
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The ALICE Collaboration
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Upstream Tracker | = SciFi Tracker

: ' Run 3 / Run 3
|1 l@uumm\\ " |

+ novel real-time processing )
approach that employs a Inner Tracker 2 Inner Tracker

hybrid CPU-GPU solution 1 Runs 1-2 . RS 3_—2 -







SOME BASIC CONCEPTS

(i)




( ATLAS) COORDINATE SYSTEM

X (pointing towards the center of the LHC)

39

0

= — Intan —
n na,n2

Pseudorapidity ranges in ATLAS and CMS?
And how about LHCb (and FASER)?

N CMS

Drawing: S. Franchellucci



RAPIDITY AND PSEUDO-RAPIDITY

If we want to measure the angle between two particles, we should get the same answer in the lab frame and CM
frame, and to connect the two we need a boost in z

Angle B: not invariant in Lorenz boost in z-direction

1. E4+p, 1. 1+ Bcosl

— 2] — 2]
YoM E ., T 21— Beosh \
1-p
Sy =y+Iny D s Ay =A \
y—=y =y+ing /1= Ay = Ay :

0

Massless particle approximation: 7] = — In tan 5 -1

https://www.mathsisfun.com/data/grapher-equation.html
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Two key equations: Zzpz,z # O Zsz,z p— O

Invariant mass: ™m = \/E2 — P2 — \/(ZzE’L)2 o (2225;)2

- miss __ -
Missing transverse momentum ET — —Zsz,z

Transverse mass:

M7 = (Erg + Erp)* — (Pra + pra)’ = 2|p1.a|lpTs| (1 — cOS dap)

1



EVENTS PER 4 GeV/c?

UAT
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20}
i QO - background
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https://cds.cern.ch/record/2103277/files/9789814644150_0006.pdf?subformat=pdfa&version=1
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PILE-UP

Up to 60-70 p-p collisions / bunch crossing
Two kinds: In-time and Out-of-time

Can you estimate yourselves (considering pp ¢ = 100 mb and 25 ns bunch xing):
* What is the expected pile-up when the LHC runs at 1x1034 or 2x1034 [ cm?s?

1
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) EXPERIMENT

Run Number: 152166, Event Number: 467774
Date: 2010-03-30 13:31:46 CEST

http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html
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ATLAS
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g

Run Number: 180164, Event Number: 146351094

Date: 2011-04-24 01:43:39 CEST

Track pT > 0.5 GeV




o ATLAS
L EXPERIMENT

Run Number: 180164, Event Number: 146351094

Date: 2011-04-24 01:43:39 CEST

<>

11 reconstructed vertices

Z->ul event;
2011 data.

Track pT > 2 GeV



o ATLAS
L EXPERIMENT

Run Number: 180164, Event Number: 146351094

Date: 2011-04-24 01:43:39 CEST

_ ===

11 reconstructed vertices

Z->ul event;
2011 data.

Track pT > 10 GeV
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PILE-UP ON ATLAS IN RUN-2

Recorded Luminosity [pb™/0.1]

600_—|- T T 1 | I T T 1 | T T 1 | T T 1 | T T 1 | I T T 1 | I T T 1 | 1 1T
- ATLAS Online, 13 TeV j Ldt=146.9 fo! .
00 2015: <u>=13.4
B 2016: <u>=25.1
400 2017: <u>=37.8 _]
u 2018: <u>=36.1
B Total: <u>=383.7 ]
300/~ -
200 =
1001~ 1%
C’O 10 20 30 40 50 60 70 80

Mean Number of Interactions per Crossing

o1



PILE-UP ON CMS IN RUN-2

CMS peak interactions per crossing, pp

Data included from 2015-06-03 00:00 to 2018-12-16 20:50 UTC
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THE
PROTON-PROTON
COLLISION

STIRLING PLOT

More: https://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html

c (nb)

proton - (anti)proton cross sections

LI} II L) L) L LI Il .] L) L] LI ) : L] II : L
o-tot ' : . :
: : ' HE
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0-b
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jet
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WJS2012
sl 1

0.1 1 10

events / sec for = 10 cm?s™
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Standard Model Total Production Cross Section Measurements Status: February 2022

R
O 80 b~ ATLAS Preliminary
| S— Theory
SIRT Vs =7,8,13 TeV =
LHC pp Vs =13 TeV 3
o Bl  Data 32-139! ]
10° 4o E
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HARD PROCESS

The centre-of-mass energy of the interaction is not known a priori

A

S — X128

- Q2: resolution scale

O
VvV

f% §\ Underlying event

olpp = X) =%, ; /dw1d$2fz',p(~’131, Q) fjp(x2, Q)6 x (T1725, Q%)

sum runs over all possible initial-state partons, with longitudinal momentum fractions
X1 2, that can give rise to a final state X at a centre-of-mass energy of V x;x,s

ol



PARTON DISTRIBUTION
FUNCTIONS

probability to find a parton with a momentum fraction of x
not calculable, but measured in DIS experiments

zf(z, Q%)

MSHT20NNLO, Q? = 10* GeV?

X

0
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MINBIAS LVENT UNDERLYING EVENT

Inelastic hadron-hadron events selected * The soft part associated with the
with an experiment’s “minimum bias hard-scattering process

trigger” * beam-beam remnants
Usually associated with inelastic events * parton-parton interactions
Useful for studies of: * Initial and final state radiation

* General characteristics of pp
interactions

* Multi-parton interactions, structure
of protons, ...

* Understand the impact of the non- p P
hard-scatter processes to the physics M
analyses %‘ A Underlying event




OTHER BACKGROUND
EVENTS: BEAM INDUGED

~400 m 2 x~32km = ~100m ~150m
e— Cleaning Insertion ——— Tertiary
Primary Secondary Shower : : Collimators
Cold Arc Collimators Collimators Absorbers :  Cold Arcs _: TCTs ATLAS
i i .
NPT 4
- Hadronic
Showers
2) Tertiary Beam Halo &
Secondary Muons
Prlmary Beam Halo
Beam Halo (1) Inelastic
(3) Elastic Beam Gas Beam Gas _.--7.-* .
—>— ceSEETrmraranara et n e ST e N Tr—
Circulating

Beam

1.

Beam gas events: collisions between the
proton bunch and residual gas inside the
beam-pipe. Can be inelastic (occuring off-
center in the detector if nearby the detector)
or elastic.

Beam halo events: the effect of protons from
a bunch scraping against an up-stream
collimator. The scraping results in sprays of
muons running approximately parallel to the
beam-line.

Cavern background: the gas of neutrons and
photons inundating the cavern during a
typical run of the LHC. These mostly
contribute random hits in the muon system.

60
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THE LIFETIME OF A COLLISION EVENT

Detector

EpEry

Reconstruction Calibration

Publication

o

E__ Day(s)—Month(s)'

# events

Data analysis =| vear(s) |

Background

Relevant quantity

Theory / Simulations

Month(s) - Year(s)

4

Can you guess the time each step takes?

i




WHAT DOLS RAW DATA CONTAIN?

A simple example from the trigger on ATLAS (run1 data)

0x00000015 |0x20000e3f | 536874559 1vll trigger info[@]

0x00000016 |0x100000c0 | 268435648 1vll trigger info[1l]

0x00000017 |0x8000043f 2147484735 1vll trigger info[2]

0x00000018 |0x00021007 135175 1vll trigger info[3] L1 Trigger Bits
0x00000019 |0x00000e10 3600 1vll trigger info[4] Before Prescale
0x0000001a |0x00080000 524288 1vl1l trigger info[5]

0x0000001b |0x02c00400, 46138368 1vll trigger info[6]

0x0000001c |0x00020001 131073 1vll trigger info[7]

0x0000001d |0x00000816 2070 1vll trigger info[8&]

0x0000001e |0x100000cO 268435648 1vll trigger info[9]

0x0000001f |0x80000018 2147483672 1vl1l trigger info[10]

0x00000020 |0x00021001 135169 1vll trigger info[11l] L1 Trigger Bits
0x00000021 |0x00000e10 3600 1vl1 trigger info[12] After Prescale
0x00000022 |0x00000000 @ 1vll trigger info[13]

0x00000023 |0x02c00400 | 46138368 1vll trigger info[14]

0x00000024 |0x00020000 131072 1vll trigger info[15]

0x00000025 |0x00000010 16 1vll trigger info[16]

0x00000026 |0x00000000 @ 1vll trigger info[17]

0x00000027 |0x00000008 8 1vll trigger info[18]

0x00000028 |0x00000000 @ 1vll trigger info[19] L1 Trigger Bits
0x00000029 |0x00000810 2064 1vll trigger info[20] After Veto
0x0000002a |0x00000000 @ 1vll trigger info[21]

0x0000002b |0x00000400 1024 1vll trigger info[22]

0x0000002c |0x00000000 @ 1vll trigger info[23]
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WHAT DOLS RAW DATA CONTAIN?

A simple example from the trigger on ATLAS (run1 data)

0x00000015 |0x20000e3f | 536874559 1vl1l trigger info[@]

0x00000016 |0x100000cO, 268435648 1vl1l trigger info[1l] Enabled items, ID:
0x00000017 |0x8000043f |2147484735 1vll tr‘1:.gger‘ ln'FOI:ZJ 0,1,2,3,4,5,9,10, 11, 29, 38, 39,
0x00000018 |0x00021007 135175 1vl1 tr}gger }nfo[3] L 60, 64, 65, 66, 67, 68, 69, 74, 95, 96,
Ox0000001a 0x00080000| 524268 LWL trigger infols] | L. o0 n
X a|0x v rigger info

0x0000001b |0x02c00400, 46138368 1vll trigger info[6] 179,202, 214, 215, 217, 224, 241
0x0000001c |0x00020001 131073 1vll trigger info[7]

0x0000001d |0x00000816 2070 1vll trigger info[8]

0x0000001e |0x100000cO 268435648 1vll trigger info[9]

0x0000001f |0x80000018 2147483672 1vll trigger info[10Q] Enabled items, ID:
0x00000020 |0x00021001 135169 1vlil tr‘1:.gger‘ 1nfo[11] - 1,2,4,611, 38, 39, 60, 67, 68, 95, 96,
0x00000021 |0x00000e10 3600 1vll tr}gger }nfo[12] 108, 113, 132, 137, 138, 139, 202,
0x00000023 |0x02c00400, 46138368 1vll trigger info[14]

0x00000024 |0x00020000 131072 1vll trigger info[15]

0x00000025 |0x00000010 16 1vll trigger info[16]

0x00000026 |0x00000000 @ 1vll trigger info[17]

0x00000027 |0x00000008 8 1vll trigger info[18]

0x00000028 |0x00000000 @ 1vll trigger info[19] - Enabled items, ID:
0x00000029 |0x00000810 2064 1vll tr‘igger‘ info[20] 4, 67,132,139, 202

0x0000002a |0x00000000 @ 1vll trigger info[21]

0x0000002b |0x00000400 1024 1vll trigger info[22]

0x0000002c |0x00000000 @ 1vll trigger info[23]
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WHAT DOLS RAW DATA CONTAIN?

A simple example from the trigger on ATLAS (run1 data)

0x00000015 |0x20000e3f | 536874559 1vll trigger info[@]

0x00000016 |0x100000cO, 268435648 1vl1l trigger info[1l] Enabled items, ID:
0x00000017 |0x8000043f |2147484735 1vll tr‘igger‘ ln'FOI:Z] 0,1,2,3,4,5,9,10, 11, 29, 38, 39,
0x00000018 |0x00021007 135175 1vll trigger info[3] 60 64 65 66 67 68 69 74.95 96
0x00000019 | 0x00000e10 3600 1vl1 trigger info[4] 97:98:10é,1&3,1321133,158,&392
0x0000001a |0x00080000 524288 1vl1 trigger info[5]

0x0000001b |0x02c00400| 46138368 1vll trigger info[6] 179,202, 214, 215, 217, 224, 241
0x0000001c |0x00020001 131073 1vl1l trigger info[7]

0x0000001d |0x00000816 2070 1vll trigger info[8]

0x0000001e |0x100000cO 268435648 1vll trigger info[9]

0x0000001f |0x80000018 2147483672 1vll trigger info[10Q] Enabled items, ID:
0x00000020 |0x00021001 135169 1vl1l tr‘igger‘ 'I.n'F0[11] 1,2,4,611, 38, 39, 60, 67, 68, 95, 96,
0x00000021 |0x00000e10 3600 1vl1 trigger info[12] 108, 113, 132, 137, 138, 139, 202,
0x00000023 |0x02c00400 | 46138368 1vll trigger info[14]

0x00000024 |0x00020000 131072 1vll trigger info[15]

0x00000025 |0x00000010 16 1vll trigger info[16]

0x00000026 |0x00000000 @ 1vll trigger info[17] . .
0x00000027 | 0x00000008 8 1vll trigger info[18] Enabled items, name:
0x00000028 | 0x00000000 ® 1vll trigger info[19] L1_EM18VH, L1_2TAU11l_EM14VH,
0x00000029 |0x00000810 2064 1v11 trigger info[20] L1 2TAU11 TAU20_EM14VH,
0x0000002a | 0x00000000 @ 1vll trigger info[21] L1_2TAU11l_TAU15,

0x0000002b |0x00000400 1024 1vl1 trigger info[22] L1_2EM6_EM16VH

0x0000002c |0x00000000 @ 1vll trigger info[23]
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WHAT DOLS RAW DATA CONTAIN?

A simple example from the trigger on ATLAS (run1 data)

0x00000015 0x20000e3f 536874559 1vll trigger info[@]

0x00000016 0x100000c® 268435648 1v11 trigger info[1] More than 300K such
0x00000017 0x8000043f 2147484735 1vll trigger info[2] ds | X .
0x00000018 0x00021007 135175 1vll trigger info[3] words In €ach event,
0x00000019 0x00000e10 3600 1vll trigger info[4] corresponding to the full
0x0000001a 0x00080000 524288 1vl1l trigger info[5]

0x0000001b 0x02c00400 46138368 1vll trigger info[6] data from all the detector
0x0000001c 0x00020001 131073 1vl1 trigger info[7] components.

0x0000001d 0x00000816 2070 1vll trigger info[8]

0x0000001e 0x100000c0 268435648 1vll trigger info[9]

0x0000001f 0x80000018 2147483672 1vll trigger info[10] Data size: 1-1.5MB / event
0x00000020 0x00021001 135169 1vl1 trigger info[11] :

0x00000021 0x20000e10 3600 1vll trigger info[12] depending on the
0x00000022 0x00000000 ® 1vll trigger info[13] compression. Pretty
0x00000023 0x02c00400 46138368 1vll trigger info[14] ;

0x00000024 0x00020000 131072 1vl1 trigger info[15] consistent between ATLAS
0x00000025 0x00000010 16 1vll trigger info[16] and CMS.

0x00000026 0x00000000 ® 1vll trigger info[17]

0x00000027 0x00000008 8 1vll trigger info[18]

0x00000028 0x00000000 ® 1vll trigger info[19] Challenge:

0x00000029 0x00000810 2064 1vll trigger info[20] make sense out of all
0x0000002a 0x00000000 @ 1vll trigger info[21]

0x0000002b 0x00000400 1024 1vl1 trigger info[22] these numbers!!
0x0000002c 0x00000000 @ 1vll trigger info[23]




WHAT DOLS RAW DATA CONTAIN?

Detector

6/



TRIGGER

(('@\)



Standard Model Total Production Cross Section Measurements Status: February 2022
— 11 500}1b7l
Q 0" %% ATLAS Preliminary
el Theory
B g6 Vs =7,8,13 TeV S
3 LHC pp Vs =13 TeV 3
[ o Bl  Date 321391 ]
10° F 4o E
- DAO LHC pp Vs =8 TeV ]
10* A Data 20.2 — 20.3fb! .
E LHC pp Vs =7 TeV E
3 _
10 E O B Data 45466t
X & o0 .
2 r —
10 l;‘ & 0 o boo ?
, - “ o ool o | A o0 3
100 F 21b &0 E
F {h VBF A ]
[ WH ]
1 F o B o o & -
: IR A E
X o - .
107 F H R = M
F (x0.3) wwz 3
C <023 J
1072 F E

PP W Y4 tt t Wt H WW W2Z ZZ tttW ttZ tttt
t-chan s-chan WWV

tot.

6d



: t
Reminder: o = # events Event Rate

L Lt = 1034 cm2st
Standard Model Total Production Cross Section Measurements Status: February 2022
T A1l L 000D T
9 0=y ATLAS Preliminary
—_— Theory
b 106 \s=7,8,13 TeV
3 LHC pp Vs =13 TeV
X o Bl  Data 32-139b!
10° SRRRRRRRRLRRRAR RN S 5 3
- D-A-o LHC pp Vs =8 TeV j
10* £ BB Data 202-203fb .
: LHC pp Vs =7 TeV ]
3 _
10 '=_ O B Date 45460t E
: w0
102 E- ................................................ A 0 n ........ .|:|. .......... Dﬁ o D ......................................... .?
. ' ~- ol = i
10! F 23,1 - ou.ﬁ,o 3
2 itk VBF ! E
WH 5
1 e OO . ....................................... n T o Wﬂw o
5 VH A
i
107 =z oll- I )
: B el | Whatis the
102 F 4! | expected event rate?
pp W Z & t Wt H WW Wz ZZ tawiz g |  viablesusy
i & other exotics
t-chan s-chan Wto\ItVV i
v



Standard Model Total Production Cross Section Measurements

10°

10*

103

102

10!

1071

1072

Reminder: o =

# events
L

Status: February 2022

T |||||I'I'| T |||||I'I'| T |||||I'I'|

ATLAS Preliminary
\s=7,8,13 TeV

Theory

LHC pp Vs =13 TeV

Bl  Daiz 32-1391"

LHC pp V5 =8 TeV

A Data 20.2-20.3fb™!

LHC pp Vs =7 TeV

BBl Data 45-46f!

t-chan

F

| SRR R R TRy SR n .......................................................................... =
5 o o “ oo E
B An totaln AO-D 1
E —1 VAN 3
2 " o ver °5 E
X W .
LSRR LT PP T T T PR SRR P PP PP e s . A AP o g
: IR A E
X o - .
3 tEH =
3 (x0.3) wwz 3
i (x02)g ]
E E

pPp W Y4 tt t Wt H WW WZ ZZ tttW ttZ tttt

s-chan WWV

tot.

E
L

e

vent Rate

=103 cm2s?

inst

1 kHz

1Hz

102 Hz

Viable SUSY
& other exotics

n



Maintain a rich acceptance in physics (including
while respecting the limitations of

* Detector readout

* DAQ system & HLT

* Computing system

and knowing that the event rate is dominated by “backgrounds” and is
significantly affected by pile-up.
Find ways to reduce fakes and improve robustness to pile-up, respecting
the limitations imposed by various systems.
Various upgrades and new features introduced in DAQ, L1 and HLT.
Key feature: ; events that are not triggered are lost forever.

I



TR'GG[R'NG lN P”YS'CS The ATLAS | CMS paradigm

LHC collisions

2

~100 kHz

~1 kHz

13
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* The hardware level trigger system is a : every — =

bunch crossing needs to be processed in the same amount of time for
the system to remain in-sync.

* The high-level trigger system processes the event at a maximum
allowed time, which is a lot higher than the

® ATLAS
Fe Data13 TeV, Oct 2015
C® | -52x10% cm2s!
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TRIGGERING IN PHYSICS

Architecture: Very simplified view

Calo

HW trigger accept
~ 100 kHz

SW trigger accept

Storage
[oata storge] 1 kHz



RIGGERING IN PHYSICS

L1Muon
P

L1Calo

CTP




Processing farm

Either CPUs or CPUs + GPUs (LHCb, CMS) in Run3



TRIGGERING IN PHYSICS

Architecture: Very simplified view

Calo

Region of Interest

HW trigger accept

~ 100 kHz
Data request
Limitations from: Aty
* detector; rigger accep
e data acquisition;
* computing
Storage

1 kHz



TRIGGERING IN
PHYSICS IN LHC

LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

~> <> >

LO Hardware Trigger : 1 MHz

readout, high Etr/Pr signatures

450 kHz 400 kHz 150 kHz

. Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online
detector calibration and alignment

l Full offline-like event selection, mixture l
of inclusive and exclusive triggers
12.5 kHz (0.6 GB/s) to storage




TR'GG[R' NG IN LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate

PUYSICS IN I_”Cb (full rate event building)

- Software High Level Trigger

xclusive kinematic/geometric selection

L

Buffer events to disk, perform online

[ Full event reconstruction, inclusive and J
e S

detector calibration and alignment

S

lr 1.
Add offline precision particle identification
and track quality information to selections

Output full event information for inclusive
triggers, trigger candidates and related
primary vertices for exclusive triggers

\ J

L~ > L)

2-5 GB/s to storage



TRIGGERING IN PHYSICS IN FASER

Simplified system

Data storage
* Trigger rate about 1000 Hz, -
Detector Control Data acquisition

dominated by muons from System PC software [
the |P S etrteseeeeeseseeteseseaseteseasateseaeseteseasaseseasseaeseanneseanaeren]
* L1Aincludes random |
and software triggers

LHC clock &
N Trigger Logic Board — orhin

* Expected bandwidth about
15 MB / s, dominated by
PMTs’ wide signal (~ 1 us)

IEVENE!

Tracker Readout Board i
Custom GPIO S

Calorimeter Scintillators




WHAT TDAQ ARCHITECTURE TO BUILD?

* Depends on many
parameters and numbers.

* For example: event size
out of HW trigger level.

HW Trigger Rate (Hz)
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ATLAS / CMS

ALICE Run 3
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TRIGGERING IN PHYSICS

Architecture: Very simplified view

Calo In 2018
40 MHz
W trigger 13 TeV

“accept | ¢
~400 different selections. HW trigger accept
; ~ 100 kHz

> 1500 different selections.

Storage
1 kHz

Data organised in streams based on
the trigger decision.



Streaming is based on trigger decisions at all stages
The Raw Data physics streams are generated at the HLT output level

Debug Streams Physics Streams
events for which a data for physics analyses
trigger decision has
not been made, Express Stream
because of failures in full events for fast reconstruction
parts of the online
system Data scouting | | Calibration Streams
-1 Contains HLT |q events delivering the |-
objects; used for minimum amount of
trigger-level information for detector

analysis calibrations at high rate &



&

Menu constructed to respect limitations from:

detector;
data acquisition;
computing

Trigger selection

2015 offline
threshold
(GeV)

2016 offline
threshold
(GeV)

2017 offline
threshold
(GeV)

2022 offline
threshold
(GeV)

Peak Luminosity

5x1033 cm?2 s™

1.2X1034 cm2 s’

1.7X1034 cm2 s™

2.0X1034 cm=2 s™

Representative
physics case

isolated single e 25 27 27 27 “Main” triggers.

isolated single u 21 27 27 25 Thrs driven by
Higgs (ZH, WH),
Top, SUSY.

di-y 40, 30 40, 30 40, 30 40, 30 Higgs (H—vyy,
HH—bbyy).

di-t (+ jet) 40, 30 40, 30 40, 30 40, 30 Higgs (H—Tr,
HH—bbtT), SUSY.

four-jet (incl. HF) 45 45 45 45 SUSY, Higgs,

MET 180 200 200 200 exotics

it



TRIGGER OPLRATIONS

Limitations from:

* detector: e.g. L1 rate and processing latency

* data acquisition: e.g. HLT output bandwidth

* computing: e.g. HLT output bandwidth for prompt reconstruction

L1 rate [kHz] ATLAS Trigger Operation HLT output bandwidth [B/s]

5.0 Gbps
100K 4.0 Gbps
75 K =t=try

3.0 Gbps

50K 2.0 Gbps

25 K 1.0 Gbps

0 bps =
08:00 12:00 16:00 20:00 08:00 12:00 16:00 20:00



TRIGGER OPERATIONS

ATLAS Trigger Operation
rHLT physics group rates (with overlaps)
pp data, September 2018, Vs=13 TeV

N
&)

* Bandwidth = Rate x Event size oo Memphysics  MET
» Rate defines the number of events collected Sphysics and LS m et

=
Ul

mmm FElectrond

Tau

LT trigger rate [kHZz]
N
o

* Can get higher rate if event size smaller...
— Partial events for calibrations, but also
physics!

_____
~~ o

Can you estimate the ~ size 0.5

35 | __| of atrigger-level analysis event?
§ ATLAS Trigger Operation Calibration 0.0 09:00 11:00 13:00 15:00 17:00 19:00
G HLT stream bandwidths mmm Trigger-level analysis | Time [h:m]
- pp data, September 2018, Vs=13 TeV s B-physics and LS
S Main physics ~ 30 ‘ . .‘
=925 s Express T ATLAS Trigger Operation
= P = HLT stream rates
2 mmm Other physics Y 25} pp data, September 2018, vs=13 TeV

©

8 20 L E mmm Trigger-level analysis
) © 20| ™= B-physics and LS
8_ v Main physics
- 7 = Express
=] 15 I = 15| = Other physics
o E‘ mmm  Monitoring
': Calibration
T 1.0 r 10}

0.5¢ - 5

0.0 0

11:00 15:00 17:00 19:00

Time [h:m]

09:00 11:00 13:00 15:00 17:00 19:00
Time [h:m]
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Detector

Publication

Year(s)

Reconstruction

Calibration

—>

Day(s) - Month(s) '

# events

Data analysis =| Year(s) |

Background

Relevant quantity

Theory / Simulations

Month(s) - Year(s)

ity
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EMULSION DETECTORS

A TOTALLY DIFFERENT PARADIGM



FASERv DETECTOR — EMULSION

 Emulsion film detector with Total 1000 emulsion films interleaved with 1-mm-thick tungsten plates
tungsten plates; well known S e | | |
nevemodecciorecomoogy UMMM LRV RRDIELYRMA

* Track position resolution Detection of neutrino interactions in emulsion detector
O(50nm), and angular e T
re(solutio)n O(o.35gmrad). No el T Yt e Ve 4
timing resolution crmulsion i Tungsten plate (1 thic

* Replace every 20-50/fb to Moty | — TR TV TYY
maintain manageable track = v->§ 179%
density h X X

* Challenge: replace the 1-ton- 7S
scale detector about 3 |- —_

times/year



READ-OUT
& ANALYSIS

Image plane

Focal plane

Image
sensor

Images l

Processors and/or computers

% Emulsion layer
g
— Plastic base
Emulsion
late .
P Emulsion layer

In Japan

A < "> Condenser lens
vAg
<}>@5 Illuminator
At CERN In Japan

- -

Off-line analysis

" o+ (2%
U

TR e ol ol e




PART ]

REAL-TIME ANALYSIS FOR
SCIENCE AND INDUSTRY



WHAT WILL THIS LECTURE BE ABOUT?

INTRODUCTION

 Definitions and basic concepts

INPUT TO THE PHYSICS

* The data: trigger, data preparation
* The theory: Monte carlo simulations

* Reconstruction, or how to translate detector signals to particles

PHYSICS ANALYSES

* Through example, step-by-step
 Discussion of analysis methods

\ /

SMARTHEP -

REAL-TIME ANALYSIS FOR

Is there a topic you would like to add to this material?

SCIENCE AND INDUSTRY  / \ If so: please let me know at the end of this lecture and | will see if | can add it!



Detector

Publication

Year(s)

Reconstruction Calibration

Day(s) - Month(s) '
— /

# events

Data analysis =| Year(s) |

Background

Relevant quantity

Theory / Simulations

Month(s) - Year(s)

N



DATA PREPARATION
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Few years old alread?/]

E.g. by now google is
at least 3-5x larger!

LHC Science Facebook
data uploads SKA Phase 1 —
~200 PB 180 PB 2023
~300 PB/year
Google science data

searches
98 PB

LHC — 2016
50 PB raw data

Google
Internet archive
~15 EB

Yearly data volumes

HL-LHC — 2026
~600 PB Raw data

SKA Phase 2 — mid-2020’s HL-LHC — 2026
~1 EB science data ~1 EB Physics data
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%»’ Worldwide LHC Computing Grid

J8

an international collaboration to distribute and analyse LHC data

Integrates computer centres worldwide that provide computing and storage resource into a single
infrastructure accessible by all LHC physicists.

Tier-2 sites
(about 140)

Tier-1 sites
10 Gbit/s links

o 161 sites, 42 countries
o 1 M CPU cores

o 1 EB of storage

o >2 M jobs/day

o > 100 PB moved/month
o accessed by 10k users
o 10-100 Gb links

Network proved better than anyone imagined: Any job can run anywhere



WORLDWIDE LHC COMPUTING GRID

THE TIER SYSTIM

o Tier-o (CERN):

* Data recording,
reconstruction and
distribution

o Tier-1:

* Permanent storage,

re-processing, analysis
o Tier-2:

e Simulation, end-user

analysis

Tier-2 sites
(about 140)

9



ATLAS DATA'MANAGEMENT >*RUCIO

600P

Data storage ATLAS data volume managed by Rucio

/ Access
, Replication

‘ Average 18 GB/s

. F dabl 5
Deletion Am ) eo\k
ccessible
e
w Scalable Interoperab[e ¥ Approaching 500 PB
POIicy_d riven Reusab[e ’:‘: 2009 2010 2011 2012 2013 ZOl;ay 2015 2016 2017 2018 2019 2020
Monitorable =
G £ : Supporting “FAIR” data principles b 2019 TranSfer Throughput .
— 3B ', H l i III
25GBs | I\l‘ || I\" | : [ || |
b "l | !\“ ‘ M || h" 'll
i I [ ' ' ‘
4 K i \' i ,} b4l I VY
: I‘ m H W | H\ \‘ H HH ‘|‘ ‘ ||7 ‘| H“ [‘H Hl | ’ l
Now established in SETS H‘ ‘ ‘ Hyu ” | ‘ ‘ ‘ ’
H y

the HEP community 3 *B':f:,:::f':f?ms"'\ LiGo
and beyond | “7 ® < Aoonr
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Tape (at CERN)
about 270 PB

—————

Most reliable and cost-effective technology for
large-scale archiving
Data stored there infinitely

Disk
about 200 PB

Data for initial processing
Copies for further processing / user analysis
Data in disks gets staged from tape, on demand

* Mainly GRID
CPUs * About 400k cores
I * Mostly for RnD Also considering for the future:
GPUs e Few 10s FPGA accelerators
Opportunistic * Online farm, 100k cores
PP * High Performance Computers, primarily in the US
resources .

Volunteer computing

Magnetic tapes,Tet“ri%ved by robotic
arms, are used for long-term storage

Volunteer

computing
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@ athena ®
ATLAS Project ID: 53790

-0-70,356 Commits } 34 Branches <7 1,374 Tags [} 2.6 GBFiles [ 2.6 GB Storage 7 124 Releases

The ATLAS Experiment's main offline software repository

* All software organized in packages in Git. For example:
V https://gitlab.cern.ch/atlas/athena

* All software open source, copyrighted and licenced (Apache 2)
» “Copyright (C) 2002-2020 CERN for the benefit of the ATLAS collaboration”
* For open use - but also for crediting developers who move out of academia

* Thorough tracking of software developments a key of success
* Via the Jira software, supported by CERN IT€ Jira Software
* Multiple releases exist for merging of new code with existing one
¢ Automated tools run nightly to verify code sanity & performance
* Globally the software projects are coordinated with careful planning

- '>
e Software Tools |
* Databases g

° Anal SiS tOOIS: ROOT iS the Workhorse! Data Analysis Framework
y

* Analysis-specific software developed by teams available to whole collaboration!


https://gitlab.cern.ch/atlas/athena

