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2.1 Accelerators




Why are existing accelerators so big ?

Charged particles lose energy in the form of synchrotron radiation when their

trajectory is deflected
o Depending on the particle energy and bending angle this radiation ranges from visible light
to gamma rays

In a circular storage ring (with bending radius p), a particle with charge e and
Lorentz factor y = E/m loses an energy of

per turn.

At LEP (with a beam energy of 100 GeV) electrons/positrons lost 3% of their
energy in a single turn.

For protons, synchrotron radiation is not a problem
o Limiting factor on total energy is the magnetic bending field



Energy and luminosity

Center-of-mass (CoM) energy:

\/g = \/2E1E2(1 -+ Cos 9)

N, N, = Number of hadrons per bunch

Instantaneous luminosity: n = Number of bunches per beam
N, N. f = Resolution frequency
12
L=fn .
A A = Beam cross section

For Gaussian-shaped beams with horizontal and vertical r.m.s beam sizes of o, and o, the
beam cross section is given via: A = 4110)(0y

e The beam sizes are determined by the beam emittance € and the 8 function which describes the
local focusing properties of the accelerator:

Oxy =/ DBx,y€xy

L:/Ldt

Integrated luminosity:
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Lepton collider:

o  High precision measurements
Proton colliders:

o  “Discovery” machines

As a rule of thumb: Hadron
machines need a factor six higher
energies than lepton machines:
o  Beam energy is divided
between:
m  Valence quarks
m  Sea quarks, gluons
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Where do the protons, antiprotons and positrons come from ?

e Protons:

O Atthe LHC, the proton source is a simple bottle of hydrogen gas. An electric field is
used to strip hydrogen atoms of their electrons to yield protons.

e Antiprotons:
o Shoot proton beam on a fixed target
m Capture and cool resulting antiproton beam (to reduce emittance)

e Positrons:
o To produce positron beams, an electron beams are accelerated and sent into a crystal
to produce energetic photons, which hit a second target and produce electron—positron
pairs. The positrons are captured and accelerated



Where do the protons, antiprotons and positrons come from ?

Proton source of the LHC

Taken from: http://cdsweb.cern.ch/record/1157734#04
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http://cdsweb.cern.ch/record/1157734#04

Acceleration

e Atthe LHC. radiofrequency (RF) cavities are used to accelerate particles:

o RF cavities are basically resonators tuned to a selected frequency.

o Charged particles injected into the electromagnetic field of these cavities receive an electrical

impulse that accelerates them.

o To accelerate a proton to 7 TeV, a 7 TV potential must be provided to the beam:
m In circular accelerators the acceleration is done in small steps, turn after turn.
m Atthe LHC the acceleration from 450 GeV to 7 TeV lasts ~20 minutes, with an average

energy gain of ~0.5 MeV on each turn.

— E(t)
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Magnets

Heat Exchanger Pipe

e Atthe LHC superconducting dipole
magnets are operated at B-field
strength of 8.3 T over their full length : £

o Forcing the particle beams to ' I eiumivese
follow the circular pipes s Bars = = T Superconducting Bus-bar

e Quadrupole magnets are used to : : % ronvowe
focus the beams ) s ot

Radwation Screen

& -~

Thermal Shield

e The LHC magnets are made from The
niobium-titanium (NbTi) cables. 15-m Iong

e LHC is operate at 1.9 K (-271.3°C) s BarTube LHC cryod“)ole

Instrur
Fee iTh u:h




Magnets

e Quadrupole magnets are used to focus the
beams (as they act on the beam like an

optical lens).
o Focusing in one plane, de-focusing in the
other!
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B 2.1.1 Modern particle accelerators '
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The Large Electron Positron Collider

& s : e Data taking period: 1989-2000
R B e e Run summaries:
’ o  1989-1995:

m Beam energy: 45.6 GeV
m Collected: 208.44 pb™

LEP e

-\ o  1996:
] m Beam energy: 80.5 - 86 GeV
I Eh" ! m Collected: 24.7 pb™
o 1997-2000:

m Beamenergy: 90 - 104 GeV
m Collected 759,5 pb™

e Design luminosity: 10*2cm™s™
e Circumference: 27000 m

GENEVA AIRPORT

FRANCE

CERN MEYRIN

Informations are taken from: https://cds.cern.ch/record/549223/files/s|-2002-009.pdf
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https://cds.cern.ch/record/549223/files/sl-2002-009.pd

Hadron Electron Ring Accelerator (HERA)

Halle OST {HERMES) ‘ &

~— Elektronen f Pasifionen

~4— Profansn

s Synchrotronstrahlung

Data taking period: 1992-2007

Beam energies:
o 30 GeV (electron)
o 920 GeV (proton)

Design luminosity: 10%cm™s™

Integrated luminosity: 800 pb™
Circumference: 6336 m

So far only electron-proton collider ever build
Experiments:

o HA1

o ZEUS

o HERMES
o HERA
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Tevatron Collider

p SOURCE:
BUNCHER (8 GeV) & LINAC S<—f— N

ACCUMULATOR (@ GaV) (400 Ma\)

TEVATRON EXTRACTION
for FOED TARGET EXPERNEN TS

MAIN INJECTOR (MI)
(150 GeV)

TeV EXTRACTION SWITCHYARD

COLLIDER ABORTS

& RECYCLER
BO

150 GeV p INJ
150 GeV p INJ

& LOW BETA

TEVATRON b (1 TeV)

-
EO i (&4]

P(1TeV)

DO DETECTOR paBtEt

& LOW BETA

Data taking period: 1983-2011

Run summaries:
o 1992-1996 (Run 1):
m CoM energy: 1.8 TeV
m Collected: 120 pb™

o 2001-2007 (Run 2):
m Beam energy: 1.96 TeV
m Collected 17 fb™

Design luminosity: 10°2cm™=s™
Circumference: 6280m
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Stanford Linear Collider (SLC)

Electrons
SLC LINAC
¢ Sector Ten Torge?
Spectrometer
B—t y--
CiD 11 1km
Gun Damping RER
Rings Quod (JCIT T Jﬂ
i A Accelerator Positrons

e Data taking period: 1989-2000
e Beam energy: 50 GeV

e Design luminosity: 103 cm™2s™
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Positrons
A/\

Positron

Generator
\
\

e 1.7GeV

KEKB

LINAC

e 8.0 GeV
e' 3.5 GeV

\ e 3.7 GeV

Tsukuba
“\ (Belle)

v
Electrons

KEKB

B-factory
Data taking period: 1999-2010
Beam energies:

o 8.0 GeV electron
o 3.5 GeV positron

Design luminosity: 103 cm™2s™
Data collected: 711 fb™"

o Corresponds to 772 million B-hadron pairs
Circumference: 3016 m
CoM energy close to the mass of the Y
(4S) resonance

High energy ring (HER)

Low energy ring (LER)
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https://en.wikipedia.org/wiki/Upsilon_meson
https://en.wikipedia.org/wiki/Upsilon_meson

SuperKEKB

Belle Il detectoLJ

positron ring

NikkoB ke

electron ring

w—

___Tsukuba

positron damping ring

electron-positron
injector linac

Beam energies:
o 7 GeV electron
o 4 GeV positron

Data taking since: 2018
Design luminosity:

o 8x10%cm™?2s™
Aiming to collect an integrated
luminosity of 50 ab™

Significant increased instantaneous
luminosity due to beam size reductions
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The Large Hadron Collider (LHC)

LHC Large Hadron Collider SPS Super 0 chrotre

LEIR

CERN Accelerator Complex

LowE

\ /

LINAC 2

e .
ors 1

CNGS Cern Neutrinos to Gran Sasso

nergy lon Ring UINAC LINear ACcelerator

e Data taking period: 2010-2040

¢ Run summaries:
o 2011:
m Beam energy: 3.5 TeV
m Collected: 4.8 fb™

o 2012:
m Beam energy: 4 TeV

m Collected: 20.3 fb™!

o 2015-2018:
m Beam energy: 6.5 TeV

m Collected: 139 fb™!

e Design luminosity: 103 cm™2s™

e Circumference: 27000 m
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Longer term LHC schedule

Long Shutdown 2 (LS2) Long Shutdown 3 (LS3)

Commissioning with beam
Hardware commissioning/magnet training

Shutdown/Technical stop
Protons physics
Ions
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LHC operation

LHC Pagel Fill: 4856 E: 6500 GeV t(SB): 07:08:53 24-04-16 07:59:54

PROTON PHYSICS: STABLE BEAMS

IP1: 16.84 IP2: 0.07 IPS: 17.58 IP8: 3.14

Updated: 07:59:54 Instantaneous Luminosity ~_ Updated: 07:59:53
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¥ 2.1.2 Proposed future accelerators .




What’s next ?

e Proposed concepts:
o Future Circular Collider (FCC)
m pp (e'e) collider
m Center-of-mass energy up to 100 TeV

o International Linear Collider (ILC)
m e’e collider
m Center-of-mass energy up to 1 TeV

o Compact Linear Collider (CLIC)

m e'e collider o e
it SUEClreular . o
m Center-of-mass energy up to 3 TeV e A

o Muon collider

100 km

28



Proposed physics program (ILC)

Energy Reaction Physics Goal Pol. N H
91 GeV ete” = Z ultra-precision electroweak A
160 GeV ete” > WW ultra-precision W mass H
250 GeV ete” — Zh precision Higgs couplings H
et ol to.p quark mass and cou- A o t
plings i
'H
350-400 GeV ete” - WW precision W couplings H - Y/IZ ;
ete” — vvh precision Higgs couplings L € t
ete™ = ff precision search for Z’ A
ete™ — tth Higgs coupling to top H
500 GeV ete™ — Zhh Higgs self-coupling H
ete™ = XX search for supersymmetry B
ete— —AH, H+H- search for extended Higgs B
states
ete™ — vihh Higgs self-coupling L
ete™ - vVV composite Higgs sector L
700-1000 GeV ete™ — vitt composite Higgs and top L
ete — tH* search for supersymmetry B




Proposed layout (CLIC)

' | | 472 klystrons, 20 MW, 48 pus

drive beam accelerator Drive beam complex
1.91 GeV, 1.0 GHz

2.0 km
delay loop 73 m > CR2

@140 m
decelerators, 4 sectors @ 95m @

BC2
> e~ main linac, 12 GHz, 72 MV/m e™ main linac, 3.5 km TA radius 300 m

B | / 4

decelerators, each 878 m

Main linac length 11.4 km

booster linac .
2.86 t0 9 GeV Main beam complex

CR  combiner ring

TA  turnaround

DR dampingring

PDR predamping ring

BC  bunch compressor
BDS beam delivery system
IP interaction point

Bl dump

e~ injector
2.86 GeV

380 GeV

Taken from CLIC summary report: https://arxiv.org/pdf/1812.06018.pdf



https://arxiv.org/pdf/1812.06018.pdf

Proposed physics program (CLIC)

e 1st stage:
o SM Higgs physics & top-quark physics

e 2nd & 3rd stage:

o Double-Higgs production, and rare decays,
o Sensitivity to many BSM models.

e The energies of the 2nd & 3rd stages are benchmarks,

and can be optimised in light of new physics information.

e Each stage would take around 7-8 years

Stage /5 [TeV] L [ab7']
1 0.38 (and 0.35) 1.0
2 15 25
3 3.0 5.0

Taken from CLIC summary report: https://arxiv.org/pdf/1812.06018.pdf

ole*e — HX) [fb]

PR SR TR T S R S S |
2000 3000

/s [GeV]

31


https://arxiv.org/pdf/1812.06018.pdf

Proposed physics program (CLIC)

Process HL-LHC CLIC
Heavy Higgs scalar mixing angle sin” Y <4% < 0.24%
Higgs self-coupling AA ~ 50% at 68% C.L. [—7%,+11%] at 68% C.L.
BR(H — invisible) < 0.69% at 90% C.L.
Higgs compositeness scale m, m, > 3TeV Discovery up to m, = 10TeV
(>7TeV forg, ~8) (40TeV for g, ~ 8)
Top compositeness scale m, Discovery up to m, = 8TeV
(20TeV for small coupling g,)
Higgsino mass (disappearing track search) > 250GeV > 1.2TeV
Slepton mass Discovery up to ~ 1.5 TeV
RPV wino mass > 1.5TeV (0.03m < ¢7 < 30m)
Z' (SM couplings) mass Discovery up to 7 TeV Discovery up to 20 TeV
NMSSM scalar singlet mass > 650GeV (tanf3 = 4) > 1.5TeV (tanff = 4)
Twin Higgs scalar singlet mass mg = f>1TeV mg = f>4.5TeV
Relaxion mass < 24GeV < 12GeV (all for vanishing sin 6)
Relaxion mixing angle sin’ @ <2.3%
Neutrino Type-2 see-saw triplet > 1.5TeV (for any triplet VEV)
> 10TeV (for triplet Yukawa coupling ~ 0.1)
Inverse see-saw RH neutrino > 10TeV (for Yukawa coupling ~ 1)
Scale V,,'/* for LFV (&e)(&1) > 42TeV

Taken from CLIC summary report: https://arxiv.org/pdf/1812.06018.pdf



https://arxiv.org/pdf/1812.06018.pdf

Proposed physics program (FCC-ee vs FCC-hh)

e FCC-ee:

o High precision measurements of Higgs boson, W- and Z-boson as well as top quark
properties (scans with center-of-mass energies ranging from 90 to 350 GeV)

e FCC-hh:

o Extensive searches for BSM physics with a center-of-mass energy of ~100 TeV
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Muon collider

e Main advantages:
o The large muon mass (207 times that of the electron) suppresses synchrotron radiation
by a factor of 10° compared with electron beams of the same energy.
m Thus can use rings for acceleration
o The physics reach of a muon collider is extended over that of a proton-proton collider of
the same energy since all of the beam energy is available for the hard collision,
compared to the fraction of the proton-beam energy carried by the colliding partons.
m A 14 TeV muon collider provides an effective energy reach similar to that of the 100 TeV
FCC

e Main challenges:
o Short muon lifetime
o The difficulty of producing large numbers of muons in bunches with small emittance
o The beam background from the decay of the muons

34
Taken from https://indico.cern.ch/event/867138/attachments/1954116/3245303/Muon_Collider European_Strateqy.pdf



https://indico.cern.ch/event/867138/attachments/1954116/3245303/Muon_Collider_European_Strategy.pdf

Muon collider

Proton Driver Front End Cooling Acceleration Collider Ring
_m— | = h
R T R o
2 & 3 g EEgszrWeye &
k= © S s |[C08 2 B S 3 ©
= > c £ w ‘-3— o 8 o v g <= g-s o o
2 ERNCINENSE- @ al@ 4 8 BRSO =
8 © 988 Elz @23 85 @ £ | Accelerators: i
< E oS = £ = | Linacs, RLA or FFAG, RCS
Low EMmittance Muon Positron Linac [Positron Acceleration Collider Ring
Accelerator (LEMMA): Ring
10" 1 pairs/sec from -
e‘e~ interactions. The small -
production emittance allows lower : — 10s of TeV
overall charge in the collider rings Positron Linac =
— hence, lower backgrounds in a E - £ § @
collider detector and a higher = % T ;—r! 4-”3
potential CoM energy due to = % Accelerators:
neutrino radiation. g | Linacs, RLA or FFAG, RCS

Taken from https://indico.cern.ch/event/867138/attachments/1954116/3245303/Muon_Collider European_Strateqy.pdf
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Kinematics

Detectors determine:

o Energies
o Momenta (distinguish between p_and p, )
o Angles (collider experiments usually use cylindrical coordinates)
m Polar and azimuthal angles: 6 and ®
Instead of polar angle use: —'-"""‘““""q A
o Rapidity: shins " = 7
= 1 In E+p = arctan (&)
Y =M\ E—p, E
o For high energies (E = p) use pseudorapidity:

(1n2)
y —-n=—In tanE
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o 2.2.1 Interaction between particles and matter




Interaction between particles and matter

Particles (neutral and charged) can only be noticed via their interaction with matter.
Modern particle detectors are based on:

o lonisation and excitation:
m Via charged particles passing through matter

o Bremsstrahlung:
m Mainly light particles such as electrons or positrons emit photons when traveling through
matter

o Photon scattering and absorption
o Cherenkov and transition radiation

o Nuclear interactions:
m Interaction between the incoming hadrons and atoms of intersected material

o Weak interaction:
m  Only way to detect neutrinos

39



Energy loss by electrons
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http://pdqg.lbl.qov/2009/reviews/rpp2009-rev-passaqge-particles-matter.pdf



http://pdg.lbl.gov/2009/reviews/rpp2009-rev-passage-particles-matter.pdf

Energy loss by muons
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http://pdg.lbl.gov/2009/reviews/rpp2009-rev-passage-particles-matter.pdf

Mean Energy loss :

e Mean energy loss rate in:

0O O 0O O 0O O O

T |
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http://pdg.lbl.gov/2009/reviews/rpp2009-rev-passage-particles-matter.pdf

Atomic photoelectric effect

(electron ejection,
photon absorption)

Rayleigh (coherent)
scattering at the atom

Incoherent scattering

(Compton scattering off an electron)

Energy loss of photons

AL

(a) Carbon (Z=6)
o - experimental Gy,

Pair production (nuclear field)

(b) Lead (Z=82)
o - experimental Gy,

Pair production (electron field)

Photonuclear interactions

/ (target nucleus gets broken up)

http://pdq.lbl.qov/2009/reviews/rpp2009-rev-passage-particles-matter.pdf



http://pdg.lbl.gov/2009/reviews/rpp2009-rev-passage-particles-matter.pdf

Tonisation

Charged particles passing through a medium lose a fraction of their energy to the
electrons of the atoms within the medium (via ionisation and excitation)

O  The average energy loss per unit length is described for (heavy particles i.e. all particles except for
electrons and positrons) via the Bethe-Bloch equation:

B <dE> _ Kz2Z 1 {1 Y B2 Thnase

r A |2 IE

2 0(B)
— e

m |t describes the mean rate of energy loss in the region 0.1 < By < 1000 for intermediate-Z
materials with an accuracy of a few %

" _ 2 2
with: Z = Atomic number of absorber K B ATIN F m.c
A = Atomic mass of absorber N, =Avogadro’s number
z = Charge number r = Classical electron radius
B = velocity of the incoming particle T nax = Maximum kinetic energy which can

be imparted to a free electron in a

| = Mean excitation energy , e
single collision



Bremsstrahlung

Charged particles lose a fraction of their energy via electromagnetic radiation, while

being in the Coulomb field of a atomic nucleus:
o The mean energy loss per unit length (via Bremsstrahlung) is given via:

dE E
dx_XO

o An electron traveling a distance of x = X, has 1/e of its original energy left, while the fraction
1-1/e = 63% has been radiated off.

Sketch of simple

m  The radiation length X is given via: /// S LT
7164 * A A »ﬂ;/.‘—-::f‘
Xo = E == <]
Z(z + 1)log (287/VZ) e e
\‘::-\ —
Z = Atomic number of absorber

A = Atomic mass of absorber Eof2 Eofs Eof8 Eqf16
X, = Radiation length —— i

0 1 2 3 4 5 6 7 8 t[X]



Interaction between Hadrons and matter

e The strong force plays a crucial role for the interaction between Hadrons (p, n, 1) and
matter
o The absorption length is defined analogously to the radiation length (describing
electromagnetic processes)
m It quantifies the distance A, for which the probability that a particle has not been
absorbed yet has dropped to 1/e:

A

Ay =
NA * P * Olnelastic

m The absorption lengths for hadronic particles are usually significantly larger than the
radiation length for electrons and photons.
e Thus, hadronic calorimeters are much larger than electromagnetic
calorimeter



Interaction between Hadrons and matter

e Hadronic showers are significantly more
complex than EM showers:

o Hadronic component:
m Inelastic scattering at nucleons
m Spallation/Fission
m Evaporation

o Electromagnetic component:
m Photons from 10 or n decays start EM
cascades

o Invisible component:
m Neutrinos from weak decays

e \Worse energy resolution (compared to measurements of electromagnetic
cascades) due to large fluctuations in shower developments



Cherenkov and transition radiation

e Cherenkov radiation:
o Acharged particle (with velocity v) passing through a medium (with a refraction index n) emits
electromagnetic radiation, if v is larger than the phase velocity of light ¢, in that medium
m The emission angle is:

<o B 1
von(w) B n(w)

m Energy emitted via Cherenkov radiation per unit length x and per frequency:

cosOc¢ =

2 2 2
d°E  z%e . 5 |
dw dX - 47-(-6 C2 wsin eC(w) tra?:gtlglrs ~ Cherenko_v—ri_n_g_”
0 =~ ("]
o Used for e.g. particle identification: \ S

m After independent momentum measurement

/ Cherenkov cone
Taken from: https://doi.org/10.1007/978-3-030-27339-2_4 AT



https://doi.org/10.1007/978-3-030-27339-2_4

Transition radiation:

O

Cherenkov and transition radiation

A charged particle emits electromagnetic radiation if it passes the boundary between two
different media (with different refractive indices n, and n,)

Intensity of transition radiation depends on the
Lorentz- factor y of that particle
Still suited for particle identification with y >> 100
o  Cherenkov angle variations AG®_ are very
small in this phase space

Adary

trajectory

dw

d (hw)
o
|

(keV / keV)

'
wv

10 "

1077
10°

fiw,= 20 eV ~w
Polyethylene i
| | |
10° 10 10° 10

Photon energy (keV)






The ATLAS Detector

: Tile calorimeters

E LAr hadronic end-cap and
forward calorimeters

Pixel detector

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker



Inner Detector

Inner Detector build up by three types
of tracking detectors

o Pixel

o Semiconductor Tracker (SCT)

o Transition Radiation Tracker (TRT)
Dedicated to reconstruct trajectories of
charged particles (tracking), charge
identification and momentum
measurement

O pr
— =0,05% - pr® 1%
PT

TRT {

L R =554mm

r R =514mm
R =443mm

scT<
R=371mm

L R =299mm

r R =1082mm

R =122.5mm
Pixels { R = 88.5mm

R =50.5mm

R =33.25mm

R=0mm




Inner Detector

r R =1082mm

TRT <

LR=554mm — \
( R=514mm Vi \§\\\§ ‘

{ R =443mm
SCT
R=371mm

L R =299mm

R =50.5mm
R =33.25mm

R=0mm

R =122.5mm
Pixels R =88.5mm




1106 mm

617 mm
560 mm

275 mm
149.6 mm
88.8 mm

R=0 mm

Inner Detector

n=14
n=22 . } \ s . . ‘ . \ { \
1 ) A
&\ ; ‘
M~ v
27202 2505
2710 2115.2 -
19997 1091.5
scr 1299.9 5 934 g8 —
TRT d-cap 853.8 ok oy
end-cap
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Inner Detector

Intrinsic accuracy [pm]
Azimuthal (R-®) Radial (R) / Axial (2)

Pixel
Layer-0 10 (R-9) 115 (z)
Layer-1 and -2 10 (R-9) 115 (z)
Disks 10 (R-0) 115 (R)
SCT
Barrel 17 (R-9) 580 (z)
Disks 17 (R-9) 580 (R)
TRT

Barrel /Disks 130 per straw




Calorimeter system

e ATLAS calorimeters use so called sampling
teChnique for energy measurements Tile barrel Tile extended barrel
o Active material and absorber alternate
e EM calorimeter: /
o Active medium: liquid argon
o Absorber: Lead

LAr hadronic

end-cap (HEC)
o 10%
- S 0.7% LAr eleciromagnetic ,
E A/ E end-cap (EMEC)

e Hadronic calorimeter:
o Active medium: scintillating plastic
o Absorber: Steel

LAr eleciromagnetic

barrel
OE _ 100% ® 10%

LAr forward (FCal)

o 50%
= ®3% and
E - VE E - VE



Sketch of simple

shower development
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EM calorimeter module

Cells in Layer 3
ApxAn = 0.0245x0.05




Interaction lengths
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Muon spectrometer

Thin-gap chambers (TGC)

e The muon spectrometer measures the deflection

of the muon tracks in the magnetic field
o Based on gaseous detectors for precision
tracking and triggering

e Characteristics:

o Momentum resolution of 2-10% for muons
with a pT between 10GeV - 1TeV

o  Spatial resolution of 30 ym

Cathode strip chambers (CSC)

| g .f_ /
\, A
A\ 'd G : %
:

o A

V Barrel foroid

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

gty ST,
- -4
o




Muon spectrometer

Each tube allows to measure one space point
o Ensemble of space points is used to reconstruct muon tracks
Drift time (of electrons/ions) is limiting factor for trigger rates

Y a




-——

Construction of muon chambers




Magnet system

end-cap
toroids

Toroids: barrel —
toroids

o Field strength: 4T

Solenoid
o Field strength: 2T

Responsible for bending
trajectories of charged particles
o Enables measurement of

momenta

solenoid
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Peak Luminosity per Fill [10% cm2 s°1]
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Trigger system

Trigger system filters out
potentially interesting events

©)

Reduces the data to a more

manageable amount
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Day in 2018

Calorimeter detectors
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Data taking
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Data quality monitoring

Year | Dataset Integrated Luminosity
Delivered Recorded
2015 | pp @ /s = 13 TeV (50 ns) 1022 pb~' [ 945 pb~!
pp @ /s = 13 TeV (25 ns) 3.88 fb~! 3.63 fb!
pp @ +fs = 5.02 TeV 26.1 pb~' | 25.6 pb~!
Pb-Pb @ \syn = 5.02 TeV 0.51 nb~! 0.50 nb~!
2016 | pp @ /s = 13 TeV 380 fb!' | 355 b~
p-Pb @ \syn = 8.16 TeV 170 nb~! | 167 nb!
p-Pb @ \syn = 5.02 TeV 0.44 nb~! 0.43nb™!
2017 | pp @ s = 13 TeV 490 fb' | 464 fb!
Xe-Xe @ \syn = 5.44 TeV 1.97 nb™! 1.96 nb™!
pp @ s =5.02TeV (u=2) | 273 pb~! | 270 pb~!
pp @ s =13 TeV (u =2) 150 pb~! | 148 pb7!
2018 | pp @ /s = 13 TeV 62.1 fb=' | 60.0 fb!
pp @ s = 13 TeV (u =2) 213 pb~! | 208 pb!
Pb-Pb @ \/syn = 5.02 TeV 1.78 nb™" 1.74 nb™"!

Taken from: https://arxiv.ora/pdf/1911.04632.pdf



https://arxiv.org/pdf/1911.04632.pdf

Data quality monitoring

Tier 1

|

Conditions \EE r s ’
Database - !
& 2nd ypdate I
|

I

Defect
)

1st update

Calibration constants

DQ status Calibration constants

DQ status
DQ status

I i i W > Time
~minutes ~48 hours ~1 week (As needed)

Taken from: https://arxiv.ora/pdf/1911.04632.pdf
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Sector 16
Sector 15
Sector 14
Sector 13
Sector 12
Sector 11

Sector 10
Sector 9

Sector 8
Sector 7
Sector 6
Sector 5
Sector 4
Sector 3
Sector 2 |
Sector 1=

Data quality monitoring

ATLAS {s=13 TeV

0 100 200 300 400 500 600 700 800 9001000
Luminosity block

Taken from: https://arxiv.ora/pdf/1911.04632.pdf
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Data quality monitoring

ATLAS Vs=13 TeV ATLA Vs=13 TeV
_ = 10000 =3 =
Sector 16 = E
Sector 15 9000 2 B :
Sector 14 8000 © 3 2
Sector 13 & o =
Sector 12 7000 8 E
Sector 11 6000 ‘é E
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Sector 9 5000 O H
) a
Sector 8 o El
Sector 7 4000 .
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Sector 4 2000 E
S 000 o
sl
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00800 900 1000

Luminosity block

Reconstructed Muon n

Hardware incident in muon
detector during a 2017 run
Taken from: https://arxiv.ora/pdf/1911.04632.pdf
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Data quality monitoring

2015 Data Quality Efficiency [7o]
Wi Inner Tracker Calorimeters Muon Spectrometer Magnets Trigger
Pixel | SCT | TRT LAr | Tile MDT | RPC | CSC | TGC Solenoid | Toroid Ll | HLT
pp @ 13 TeV (50 ns) 99.84 99.63 95.28 98.53 | 100 95.28 | 100 100 99.70 100 95.87 | 100 99.94
pp @ 13 TeV 93.84 99.77 98.29 99.54 | 100 100 99.96 | 100 99.97 100 97.79 99.97 99.76
pp @ 5.02 TeV 100 100 100 100 100 100 99.96 | 100 99.94 100 100 99.24 | 100
Pb-Pb @ 5.02 TeV 100 100 99.64 97.57 | 100 99.80 99.98 99.90 99.89 100 100 100 100
Data Quality Efficiency [%] Integrated Luminosity
pp @ 13 TeV (50 ns) 88.77 839 pb!
pp @ 13 TeV R 88.79 322!
Good for Physics
pp @ 5.02 TeV M 99.14 253 pb~!
Pb-Pb @ 5.02 TeV 96.76 0.49 nb~!

2016 Data Quality Efficiency [%c]

Datasit Inner Tracker Calorimeters Muon Spectrometer Magnets Trigger

) Pixel | SCT | TRT LAr | Tile MDT | RPC | CSC | TGC Solenoid | Toroid Ll [ HLT
pp @ 13 TeV 98.98 99.89 99.74 99.32 99.31 99.95 99.80 | 100 99.96 99.15 97.23 98.33 | 100
p-Pb @ 8.16 TeV 99.92 | 100 100 100 99.99 | 100 99.94 | 100 100 100 100 100 100
p-Pb @ 5.02TeV | 100 99.96 | 100 100 100 100 99.96 | 100 99.95 100 100 100 90.44

Data Quality Efficiency [%] Integrated Luminosity

pp @ 13 TeV 93.07 330 fb!
p-Pb @ 8.16 TeV Good for Physics 98.35 165 nb”! )
p-Pb @ 5.02 TeV 82.93 0.36 nb~"! Physics analyses use only

events in which all ATLAS
sub-detectors were fully

operational
Taken from: https://arxiv.ora/pdf/1911.04632.pdf
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The CMS Detector

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0 m Pixel (100x150 pm?) ~1 m?> ~66M channels
Overall length ~ :28.7m Microstrips (80-180 ym) ~200 m* ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16 m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCA

Brass + Plastic scintillator ~7,000 channels



The CMS Detector

I I | | 1 1 I 1
om im 2m 3m 4m 5m &m m
Key:
Muon
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Charged Hadron (e.g.Pion) an

= = = « Neutral Hadron (e.g. Neutron)
=m.m = PRotor

Silicon
Tracker

,: 4 A\ Electromagnetic
}a)] Calorimeter

Hadron
Calorimeter

Transverse slice
through CMS

Superconducting
Solenoid

lron return yoke interspersed
with Muon chambers

l0 Bauney, CERN, Febrmary 2008



The CMS tracking detectors
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The ALICE Detector
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Tracking
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The LHCb Detector

LHCb Detector .
Cb We_ight: 5,600 tonnes EleCtr:omagnetIC
fn Calorimeter
ength: 20 m

RICH1

Vertex
Locator

7‘”
LR

4 o
1 |
|
!
|
“

Tracking
Station

RICH2 oon

Hadronic ~ Stations

ggﬁgﬁg Calorimeter

Dipole
Magnet



Belle Il Detector

KL and muon detector:
Resistive Plate Counter (barrel)
“Séintillator + WLSF + MPPC (end-caps)

EM Calorimeter:

Csl(Tl), waveform samplis (L
DR
Pure Csl + waveform sampling

cle Identification
)pagation counter (barrel)
ng Aerogel RICH (fwd)

electron (7GeV)

-
Beryllium beam pipe .

2cm diameter 7 ///' f
i Vertex Detector ////// =
k2 layers DEPFET + 4 |& ers D 3

positron (4GeV)

Central Drift Chambe
He(50%):C2He(50%), Sm
lever arm, fast electronics




The IceCube Detector

ICECUBE : e

SoutH PoLE NEUTRING OBESERVATORY

Amundsen-S
Pole Station, A

set 125 meters apart A National Science Fou
managed research facilit

1

60 DOMs
on each
string

IceCube Laboratory 86 strings of DOMs,

Data is collected here and
sent by satellite to the data
warehouse at UW—-Madison

1450 m

Digital Optical
Module (DOM) 2450 m

5,160 DOMs
deployed in the ice

Antarctic bedrock



2.3 Computing




Grid computing

e Raw data from the experiments are written to tape at the Tier-0 center at CERN.
o Afterwards the processed data is distributed to the various Tier-1 and Tier-2 centers.
m Users send their software around the globe rather than downloading it to local
facilities

Tier-2s and Tier-1s are

inter-connected by the general
purpose research networks

Tier-2

Tier-2

Any Tier-2 may
access data at

@ any Tier-1

Tier-2




Grid computing

e Raw data from the experiments are written to tape at the Tier-0 center at CERN.
o Afterwards the processed data is distributed to the various Tier-1 and Tier-2 centers.
m Users send their software around the globe rather than downloading it to local

facilities
/—'A\\_,/'ﬁ\ e ATLAS and CMS operate around 50-100 Tier-2 sites:
_———  Tier-2sand Tier-1s are o Each Tier-2 site provides around 200-300 TB
= inter-connected by the general - \
purpose research networks ) for Storage
T e 'e"z"""‘m‘“\ T f o To alarge extend used for Monte Carlo
7 GridKa IB\ \ p roduction

Any Tier-2 may / I_il & 10 G ,-'mumf m \\\

[ access data at| gL @-

., any Tier-1 f @O T % - \ Q




3 2.4 Particle reconstruction and identification .




Particle identification

Hadronic particle shower
o Cone shaped jets build from
calorimeter clusters or tracks
Muons
o Combined tracks from Inner
Detector and Spectrometer
Electrons
o Inner Detector (ID) track
o Energy clusters in calorimeter
system
Taus
o  Jets with either 1 or 3 ID tracks
Neutrinos
o Pass through the detector
without leaving any trace.
o Estimated from energy balance:

mis _ Z EObJ so%’?

XY —

Muon
Spectrometer

Hadronic
Calorimeter

Electromagnetic
Calorimeter '

Solenold magnet

Transition
Radiation
Tracking Tracker
Pixel/SCT

detector

5
<
Neutrino
G

The dashed tracks
are invisible to
the detector

\ *Electront
\\Phuton :

ATI AC
.T‘ EY l'\rnll;l .IT‘T

hitp: //atlus ch




Tracking

Track Finding:
o Clusterization

o lterative combinatorial track finding:
m Track seeds are formed from sets of three space-points
(assuming a perfect helical trajectory in a uniform magnetic field)
m Track candidates are build from these seeds by incorporating
additional space-points compatible with the preliminary trajectory

o Track candidates and ambiguity solving
m Low quality track candidates are sorted out
m  Number of shared clusters is reduced

o Extension into TRT and track fit
m Perform fit with all available information to precisely determine
track properties




Tracks

Tracking

e Pixel and SCT provide high spatial resolution

o Pixel ~4 hits per track
o SCT ~8 hits per track

e TRT contributes to track fit by large multiplicity of measurements
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Track reconstruction efficiency
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Electrons

Electron candidates are reconstructed from tracks in the 1D
matched to clusters of energy deposits in the electromagnetic : :
hadronic calorimeter

calorimeter system third layer ,~
AnxAp=0.05x0.0245

second layer

AnxAp=0.025%0.0245 calorimeter

7~

first layer (strips)
Anx Ap=0.0031x0.098

LR

beam axis

beam spot

do

insertable B-layer ~ Taken from: https://arxiv.org/pdf/1902.04655.pdf
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Electrons
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e lIdentification of electrons is based on MVAs using information S ok . . =
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Photons

e Photon candidates are reconstructed from clusters of energy deposited in the EM
calorimeter, and may have tracks and conversion vertices reconstructed in the ID.
o Photon identification is based primarily on shower shapes in the calorimeter

e Converted photons:

L S e | LA | T LI e |

. . = L= ; |
o Require ID tracks and conversion vertex g F L ATLAS
5 woife —g—————
“ 09F = "
e Unconverted photons: B ™
o Only use shower shapes in the calorimeter 0.7k e
system 06k —e— Z-ly Data
= = —=a— Corrected Z—lly MC
2 0.5 .
o= o ominal Z—lly MC
2o 04F
w = ——— ! | ——— ! ———+ ! + ! Il Il
: 12: I I I 1 I I 1
= . - - ey i
50-82...l..A.l....l...Al....l....l....lﬁ
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Taken from: https://arxiv.org/pdf/1810.05087.pdf W
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Muons

e Reconstruction and identification:

o Muon candidates are reconstructed from combined
tracks using information from both the
Muon-Spectrometer and the Inner Detector

o ldentification is based on:

m Track properties

m Variables that test the compatibility of the
individual measurements in the two detector
systems

e Calibration:

o Use Tag & Probe method based on di-muon events

o Low mass muons can be calibrated using J/y or
Y(1S), while Z boson is used for medium and higher
momenta

Efficiency

Data/MC

0.5

H-

L ATLAS

| Vs=13TeV, 1391b"
Ml <25

eData oMC

—o- Tight muons  _|
-#- Medium muons _|

Loose muons |

1.0r=

-

Events/GeV

% —
o o
L ~
T TTT

=1
o
o0
T

10°E

10°E

Y(1S), Y(2S)

ATLAS Preliminary ]
fs=13TeV, 85pb” -
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Jets

Jets: Collimated bunches of stable hadrons,
originating from partons (quarks and gluons)
after fragmentation and hadronization

Require collinear- and infrared-safety i.e.

jets are unchanged by:
o Collinear splitting
o  Soft emissions

LHC experiments preferrably use so called
sequential clustering algorithms
Application: Calculate for all pairs of
particles i an j:

2p ,.2p A
— I _Il-
d; = min(k K 7) R2

2
diB = ki,$

P, [GeV] e

20°
15=
0-' T -

\

anti-k,, R=1

A\
\
4

The pair with the smallest d is clustered
if d, < dg, for d < d, object 1'is called a jet

)
\




Jets

Jets: Collimated bunches of stable hadrons,
originating from partons (quarks and gluons)
after fragmentation and hadronization

Require collinear- and infrared-safety i.e.

jets are unchanged by:
o Collinear splitting
o  Soft emissions

LHC experiments preferrably use so called
sequential clustering algorithms
Application: Calculate for all pairs of
particles i an j:

2p .2p A'Z'
i Ij
d; = mm(ki.T’kj,T) R2

2p
diB = ki.T

P sa) R

The pair with the smallest d is clustered
if d, < dg, for d_, < d, object 'is called a jet




Fractional JES uncertainty

Jet energy scale

0.08 I I I I I I LI | I I | | I I LI I I
- ATLAS Total uncertainty ]
~ Data 2015-2017, Vs =13 TeV =:=x PFlow+JES )
_ Anti-k, R=0.4 EM+JES _
0.06_ N =0.0 ]
0.04%, —
- Q" "v
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: 'f'r!'!""'l FITTTITII Ty lril": :
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Jet energy calibration

Reconstructed pr-density-based Residual pile-up Absolute MC-based
jets pile-up correction correction calibration

Jet finding applied to Applied as a function of Removes residual pile-up Corrects jet 4-momentum

tracking- and/or event pile-up p; density dependence, as a to the gamcle-level energy

calorimeter-based inputs. and jet area. function of u and N,,. scale. Both the energy and
direction are calibrated.

Global sequential Residual in situ

calibration calibration

Reduces flavour dependence A residual calibration
and enerqgy leakage effects is applied only to data
using calorimeter, track, and ~to correct for data/MC
muon-segment variables. differences.

e The jet energy scale calibration aims to restore the jet energy to that of jets reconstructed at the
particle level

Taken from https://arxiv.org/pdf/2007.02645.pdf
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Flavour tagging (b-tagging)

e Low-level information for b-tagging algorithms: jet axis
o Lifetime of heavy flavour hadrons
o Presence of soft leptons (electrons or muons)
as decay products of c- and b-hadrons

e b-tagging algorithms are based on MVAs using decay length L |
low-level information as inputs

track
Particle Content Production fraction [%] Mass [ MeV] Lifetime [ ps] impaCt o/
B ub 40.1 +0.8 5279.26 +0.17 1.641 + 0.008 parameter /[ secondary vertex
B? db 40.1 +0.8 5279.58 +0.17 1.519 +0.007 o g8
Bs sb 10.5+0.6 5366.77 + 0.24 1.516 +0.011
B cb 62745+ 1.8  0.452 +0.033
N udb — 5619.4+1.6  1.425+0.032
Bz dsb 5791.1+2.2 156221

-0.25

a ssb 6071 + 40 113022

primary vertex




Jets

Data/Pred.

Flavour tagging (b-tagging)

b-tagging algorithms are based on MVAs using
low-level information as inputs
Inputs to MVAs are based on information from:
Track impact parameters

10°

10?

10

1.5

@)
@)

Secondary vertices

T T T T T

ATLAS Preliminary + Data 2015

\s=13TeV, 85 pb”' [ b jet

[ c jet
Light-flavour jet

HIIIl I\IIIIHl IR

—_

I‘\IIII\II‘\II"T'IIIII

0.5

I‘lIII IIII‘\

N

5 6 7 8 9
NTrkAtVtx(SV)

Jets /0.5 GeV

Data/Pred.

10°

10?

10

———
ATLAS Preliminary + Data 2015
\s=13TeV, 85 pb”' M b jet

[ c jet

Light-flavour jet

lHlJll lIHHHl [T |

1.51 .
4E|4|——+—_1_ i E
AT

0.5} 1 1 1 1 15
o 1 2 3 4 5

Light-flavor jets rejection

Ratio to MV2 (2018)

classifier score  85%
distribution :' '77‘,/:”

classifier score

B c and light jets

W b jets
A B B B i L SR R
[ ATLAS Preliminary Simulation — MV2(2018) ]
10°E Vs =13 TeV, PFlow jets, tt Sim. —= DL1f,=0.08 (2018) 8l
F 20GeV<pr<250GeV,|n <25 —.. DL1rf,=0.018 (2019) ]
. 1
10° B i
E NN\EA
10°E
10 E
10°
C—
E'v--dl"\.lf-\.l T T T T T
15 B S — 3
N L — "\
r R ey o S O .
1.0 = e ~\__.---:l-\n..—_‘:..
| | | I B [P
060 065 070 075 080 085 090 095 1.00

b-jets efficiency



Flavour tagging (b-tagging)

Calibrations:

(@)

(@)

Needed due to:
m Imperfect modelling of the detector and its
response to incoming particle showers
m Use of approximations in the generation of
the fragmentation and hadronisation
m Monte Carlo models depend strongly on
inputs from previous measurements

Simulations are corrected by:

giata

SF = Sy with i = b, ¢ light

b-jet Efficiency SFs

c T T T 17T [ T T T UL | T |
r ATLAS Preliminary Vs=13TeV, 139" A
1 3__ b-jet Calibration with tt Events ]
I DL1rg =70 % Single Cut OP g
[ anti-k, R=0.4 EMPFlow Jets 7
1 2__ —&—— Measured Scale Factor (total unc.) N
| ouou Smoothed Scale Factor (total unc.) i
1.1 .




Taus

e Taus reconstruction:
o Use jets with either one or three associated tracks

e Tau identification via MVA:
o Inputs:
m Track properties
m Energy distribution

c 10'g R RN RS R RN RN RRRE=
Decay Mode BR % g ATLAS Simulation Preliminary
T_ — e_veVT (17.83 £ 0.04)% &’E 103;_ _ ZD.-
T oYY, (17.41 £ 0.04)% 3 - e o
™ — 1 ', (25.52 + 0.09)% g ol i =
T_ g ﬂ'_VT (10.83 a 0.06)070 E —— RNN (1-prong) E 8
T — ﬂ_ﬂoﬂov.r (9.30 =+ 0.11)070 10; o \?vz-l—kfr:gp::ri)s (1-prong) | 3
T sy, (8.99 + 0.05)% E BT o) a
T_ s 7r_7'[+7{_7'(01/ (2.74 3 0.07)070 [ ] Workmg pomts (34 prong)

00102030405060708091

T on 7r07r07rov (1.04 = 0.07)% e

efficiency

had-vis




Missing transverse momentum

—TTrTTTT T

ATLAS

¢ Data 2015

2
% 10’ ?:ffa TeV, 3.2 b" =§_)“ a
§ 10° - Powheg+Pythia MC Wz
e Indirect “identification” of neutrinos, WIMPs, DM 12 —ig
particles, etc.: e S
o Use missing transverse momentum/energy 10f
m  Momentum sum of reconstructed particles and soft 0
component o s
s 13f T
2 odf e
0.6f ]

0 50 100 150 200 250
ET* [GeV]

Ef}]issz—- Z p%_ Z p¥_ Z p:fl"had_ Z pf;— Z pJ"If‘:t__ Z p’tIr‘ack

selected accepted accepted selected accepted unused
electrons photons 7-leptons muons jets tracks
L I T 1 T T ]
miss, e miss,y Miss, T4 miss, p miss, jet miss, soft
E. E. E. E. E. E;
L T ]
hard term soft term

Taken from: https://arxiv.org/pdf/1802.08168.pdf
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Boosted topologies

b 6 4_‘"‘1""1""I""I"”l""l""l""
LN o ATLAS Simulation
VN b b ¥ 3.5F ; 180
RS o @ °on Pythia Z' — f, t — Wb
STl S, < 45 4160
H® HOEZIZ X ) H 1 4140
NN T 250 .
\\\ ’1\ b . i {120
b woP 2t 41100
150 480
> 1'_ 60
increasing momentum : 40
Decay products of boosted particles tend to be %100 200 300 400 500 600 700 800 °
collimated Pl [GeV]
For th"p > 450GeV and pTH'ggjs > 300GeV decay products
tend to have an angular separation smaller than 0.8 2
o Partonic structure of decays can no longer be sufficiently m
. . e A —
described by R=0.4 jets AR ~
m Use R=1.0jets instead pT
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Identification of hadronically decaying massive particles

o o
. .
[e2) (o)
T TTT T

Normalized amplitude / 3 [GeV]
© ©

The identification of hadronic jets originating from the decay of boosted W, Z, and Higgs
bosons or top quarks is based on the use of observables describing the substructure
or kinematics of a jet.

N
N
LI TT

50

100

T
ATLAé Slmulatlon Prellmmary ]
\s =13 TeV

anti-k, R=
Tri mmed

pivih  [200° 500] GeV -

m uthl <2

1.0 jets —:
(f  =005R,=02) ]

TR BB

150

200 250 300
Combined Mass [GeV]

Normalised Entries

0.22}

2
0.2

0.181

0.16F

0.14F

0.12

0.1
0.08
0.06
0.04
0.02

0051152253354455

e Jet substructure observables describe:
Angular correlations between the constituents of a jet
Multiplicity of subjets

(@)
(@)
(@)

Jet shapes

= A'I"LAS ‘Simullation
F 1s=8TeV

: I.nT lh|<1 2

Truth

M Cut

anti-k R=1.0 jets

e '
AL I

350 <p, " <500 GeV

%54

L

Trimmed (f =5%,R =0.2)
cut sub

u/.

22 W-jets (in W— WZ) 1
2 Multijets (leading jet)
- eS8T - 50%

‘rtl

DY

Example:
e Energy correlation functions:

o)

1
eéﬁ) = 5 Z pszT] )
pTJ 1<i<gj<ny

1
f-r 3

PTiPT;PTk Rfj R}, Rf %
Py 1<i<j<k<ng



Jet substructure observables

Observable Variable Reference
Calibrated jet kinematics P meomb https://cds.cern.ch/record/2200211
Energy correlation ratios e, C, D, https://arxiv.org/abs/1409.6298

N-subjettiness

T1’ T2’ T21’ T3’ T32

https://arxiv.org/abs/1011.2268

Fox-Wolfram moment RFW https://arxiv.org/abs/1112.2567

Splitting measures Zeut, Vo, v/ db3 https://arxiv.org/abs/1302.1415

Planar flow P https://arxiv.org/abs/0810.0934

Angularity a, https://arxiv.org/abs/1206.5369

Aplanarity A https://arxiv.org/abs/1112.2567
KtDR KtDR https://doi.org/10.1016/0550-3213(9

3)90166-M
QW QW https://arxiv.org/abs/0806.0023
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https://arxiv.org/abs/1302.1415
https://arxiv.org/abs/0810.0934
https://arxiv.org/abs/1206.5369
https://arxiv.org/abs/1112.2567
https://doi.org/10.1016/0550-3213(93)90166-M
https://doi.org/10.1016/0550-3213(93)90166-M
https://arxiv.org/abs/0806.0023

Jet substructure observables

The width of a jet is defined via:

. 1 p’II‘AR(la.]et)

width = 2i=

N i
i=1 Pr

N-subjettiness is defined via:

1

TN =

Zl_l pTRO

80GeV = Jet P s 110GeV

(2]

2L 0.20F "

c

Da 0.2
& 0.18
5 0.16
< 0.14
0.12
0.1
0.08
0.06
0.04
0.02

(BARNRER AR RAR N R EEE R RN RS RARS

ATLAS Prellmlnary Slmulatlon
Jet | < 2.1 1
[ ]single b-jets
[ ] merged b-jets ...

Wl

ij

.

%

005 041 015 02 025 0.3
Track-jet width

Arbitrary Units

80GeV < Jet P < 110GeV

0.4 e
| ATLAS Prellmlnary S|mulat|on
0y Jet ] < 2.1 E
0.3p [ ]single bjets
0.25F [ ] merged b-jets -]
0.2
0.15-
ot |
0.05; i *
O MJJ I ey | { ISR Ve
0 01 02 03 04 05 06

Track-jet 12

Z prmin{ARs,i, ARs,i, ..., ARs,;}

Jet substructure can be calculated //

by tracks or energy clusters

Merged b-jet
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Jet substructure observables

The width of a jet is defined via:

width = 2

— Sum over jet constituents

N [ A_DF
i—1 PTAR(T, Jet)

N i
i=1 Pr

N-subjettiness is defined via:

1

TN =

Zl_l pTRO

80GeV = Jet P s 110GeV

(2]

£ 0.22F "

c

Da 0.2
& 0.18
5 0.16
< 0.14
0.12
0.1
0.08
0.06
0.04
0.02

T[T [T I T T T

T

T

ATLAS Prellmlnary Slmulatlon
Jet | < 2.1 1
[ ]single b-jets
[ ] merged b-jets ...

.

%

005 01 015 02 025 0.3
Track-jet width

Arbitrary Units

o
FS
.

o
w
LT

0.05[-

] e

80GeV < Jet P < 110GeV

0.35[-

0.25)-
0.2}
0.15-
0.1+

ATLAS Prellmlnary S|mulat|on
Jetm| <2.1
[ ]single b-jets
[ ] merged b-jets

ulociacal

|
0 01 02 03 04 05 06

Track-jet 12

Z prmin{ARs,i, ARs,i, ..., ARs,;}

\

Angular distance between constituents
of jets and axis of i-th subjet

Jet substructure can be calculated
by tracks or energy clusters

Merged b-jet
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0.04

Normalized amplitude

0.03

0.02

0.01

W/Z & top tagging

|dentification of hadronically decaying
W/Z bosons and top quarks is done via
p; dependent rectangular cuts or MVAs
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Unit Normalized
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Higgs tagging

Higgs tagging is mainly based on
flavour tagging information
o In contrast to W/Z and top tagging

I RIS B I S ) M e O I e e 2
I I I I I I I 7]

ATLAS Simulation Preliminary ]
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Removal of soft radiation and pile-up

e Jet grooming algorithms:
o Mass-drop Filtering (https://arxiv.org/abs/0802.2470)
o Pruning (https://arxiv.org/abs/0912.0033)
o Trimming (https://arxiv.org/pdf/0912.1342.pdf)
m Current default in ATLAS

Initial jet piT /pJ,F't < feut Trimmed jet


https://arxiv.org/abs/0802.2470
https://arxiv.org/abs/0912.0033
https://arxiv.org/pdf/0912.1342.pdf




xf(x,Q)

Monte Carlo simulation

Observations in data are compared to SM predictions (Monte Carlo simulations)
Use factorisation approach:

o Parton distribution functions (PDF)
o Hard process (matrix element/scattering amplitude)
o Parton shower (fragmentation, hadronization, decay of unstable particles)
o Detector simulation (including overlay with pile-up)
CT14 PDFs NNLO
Q" — ]
1.8 3
16 =
1.4 =R
12 13
1 4 &
0.8 ER
0.6 4 3
0.4 4 8
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16° 102 i 10 1




xf(x,Q)

Monte Carlo simulation

Observations in data are compared to SM predictions (Monte Carlo simulations)
Use factorisation approach:

o Parton distribution functions (PDF)
o Hard process (matrix element/scattering amplitude)
o  Parton shower (fragmentation, hadronization, decay of unstable particles)
o Detector simulation (including overlay with pile-up)
Decay of Vg Y
CT14 PDFs NNLO unstable ‘Y # v
5 I S o particles N X

L

— xB(x,Q)
— xT(x,Q)
—x5(x,Q)
— xT(x,Q)
—— xd(x,Q)
—xg(x,Q)
- xd(x,Q)
— xU(x,Q)
— x5(x,Q)
— xC(x,Q)
— xb(x,Q)
Q =1.00e+02 GeV

Hadronization

Parton Shower

Hard Process

Generated with APFEL 3.0.0 Web

f(x,Q%

IlIIllIlIIIIIIIllIl[IIIIIIIlIIlIIIllIII

Parton Distributions
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Monte Carlo simulation

Decay of
unstable y L f y/
particles X

1B\
2 QCD .~
Hadronization

)\QCD < u< R  Parton Shower‘

)\QCD < o = Q Hard Process

f(x,Qz)
Parton Distributions

(Multiparton Interaction)



Monte Carlo simulation

Parton distribution functions (PDFs) | —— | Determined from data (as PDF sets)

Hard process computed using fixed order (FO) or
mixed order perturbation theory at LO, NLO, NNLO,
AQep K =~ Q N3LO,...
Parton shower Hierarchy of scales appearing as large logarithms in
——pp| the calculation. Computed using resummation or MC
AQep < < @ parton showers (PS)

Hadronization and hadron decay

M= )\QCD \ Cannot be computed directly: non-perturbative

models tuned to e*e” data




Monte Carlo simulation

Parton distribution functions (PDFs) Determined from data (as PDF sets)

Hard process computed using fixed order (FO) or
mixed order perturbation theory at LO, NLO, NNLO,
N3LO,...

Hard scattering

AQep K p =~ Q

+ ME and PS matching (different order — different schemes)

Hierarchy of scales appearing as large logarithms in
the calculation. Computed using resummation or MC
parton showers (PS)

Parton shower

AQep < < Q

Hadronization and hadron decay

N

U~ AQcp

Cannot be computed directly: non-perturbative

models tuned to e*e” data




Master formula for hadron collisions

OhythasX = 3 /gfxldX2dqi fa (x1, pF) fo (X25 F) Gatbox (5, F, IR)

a7 4

" "
phase - space Parton distribution :
. Parton-level cross section
integral function

e The parton-level fixed order cross section can be computed as a series in
perturbation theory, using the coupling constant as an expansion parameter

6 =" (1+27T0(1‘Q27T) T(2)+<27T) f(3)+ )

Coefficients of the perturbative series

e Including higher corrections improves the predictions and reduces theoretical

uncertainties More information can be found e.g. via: https://arxiv.org/pdf/1207.2389v4.pdf



https://arxiv.org/pdf/1207.2389v4.pdf

Quantify the probability density for finding a parton
with a certain flavour and momentum fraction

Particle distribution functions (PDFSs)

Obtained from fits to data

Crucial source of uncertainties for both searches

and measurements
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Relative variations of the MSTW set

Variation of CTEQ6 set wrt central
values of the MSTW set

Taken from https://arxiv.org/pdf/1207.2389v4 . pdf
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Particle distribution functions (PDFSs)

e PDF sets can be downloaded from LHAPDF page (https://Ihapdf.hepforge.org/pdfsets):

LHAPDE Number of
ID Set name set
members 260000 | NNPDF30_nlo_as_0118 101
251 GRVPIO 1 260200 NNPDF30_nlo_as_0118_nf_3 101
260400 NNPDF30_nlo_as_0118_nf_4 101
252 GRVPI1 1 260600 NNPDF30_nlo_as_0118_nf_6 101
270 xFitterPI_NLO_EIG 8 260800 NNPDF30_nlo_as_0118_mc 101
280 xFitterPI_NLO_VAR 6 261000 NNPDF30_nnlo_as_0118 101
261200 NNPDF30_nnlo_as_0118_nf_3 101
10008 [eiege i 261400 | NNPDF30_nnlo_as_0118_nf_4 101
10042 cteq6li 1 261600 NNPDF30_nnlo_as_0118_nf_6 101
10150 cteq6b1 41 261800 NNPDF30_nnlo_as_0118_mc 101
10550 cteq66 45
10770 CTO9MCS 1
10771 CTO9MC1 1
10772 CTO9MC2 1
10800 CT10 53



https://lhapdf.hepforge.org/pdfsets

Monte Carlo generators

e The Monte Carlo Method:

o Monte Carlo (MC) techniques are based on a repeated random sampling of numerical

estimations of variables following complicated probability density functions
m Based on the implementation of (B)SM predictions

e Monte Carlo Event Generators try to give the (according our
current knowledge) of a collision combining theoretical predictions for the different
stages of an event and providing a fully exclusive final state in terms of hadrons
and leptons which is as close as possible to what is measured in a real experiment

e Predictions are usually fed into a detector-simulation software to emulate the
reconstruction effects of our real world detectors

See also: https://pdag.lbl.gov/2019/reviews/rpp2018-rev-monte-carlo-techniques.pdf



https://pdg.lbl.gov/2019/reviews/rpp2018-rev-monte-carlo-techniques.pdf

Some Monte Carlo generators

MadGraph_aMC@NLO (hitps://launchpad.net/mg5amcnlo):

o Tool for calculation of cross sections for SM and BSM processes and event generation (LO or NLO)
POWHEG (http://powhegbox.mib.infn.it/):

o MC generator for hard processes at NLO
Sherpa (https://sherpa-team.qgitlab.io/):

o MC event generator for the simulation of &, Ly, yy, £h and hh collisions
Pythia (hitp://home.thep.lu.se/Pythia/):

o Multi-purpose MC generator (for event generation and/or parton shower)

m  Supports Lund string fragmentation model

ALPGEN (https://arxiv.org/pdf/hep-ph/0206293.pdf):

o MC generator for hard multiparton processes in hadronic collisions
HERWIG (https://herwig.hepforge.ora/):

o  Multi-purpose MC generator (for event generation and/or parton shower)
m  Supports angular-ordered and dipole showers as well as MPI

MCFM (https://mcfm.fnal.gov/):

o Tool dedicated to calculate cross sections of various processes at NLO (and NNLO) in QCD
m Can also be used as event generator for some of these processes

JHU (https://spin.pha.jhu.edu/):
o Event generator for pp — X — VV, VBF, X+JJ, pp — VX, ee —» VX



https://launchpad.net/mg5amcnlo
http://powhegbox.mib.infn.it/
https://sherpa-team.gitlab.io/
http://home.thep.lu.se/Pythia/
https://arxiv.org/pdf/hep-ph/0206293.pdf
https://herwig.hepforge.org/
https://mcfm.fnal.gov/
https://spin.pha.jhu.edu/

Next semester

4. Recent experimental Tests on the Standard Model of Particle Physics
4.1 Precision Measurements of the Electroweak Interaction
4.2 An overview of the physics program at the Large Hadron Collider
4.3 The Higgs Boson (Searches and Measurements)
4.3.1 Searches at LEP, Tevatron and the LHC
4.3.2 Measurements of Higgs boson properties
4.4 The Top quark
4.5 B-Hadron Decays and CP Violation
4.6 Neutrino Masses and Oscillation



Next semester

5. Extension of the Standard Model of Particle Physics
5.1 Open Questions
5.2 Great Unification
5.3 Supersymmetry
5.4 Dark Matter
5.5 Extended Higgs sector
5.6 “Exotic” Beyond the Standard Model theories
5.7 Ongoing Searches for Beyond the Standard Model Physics

6. Machine Learning in High Energy Physics



