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OUTLINE

> Lecture 1
» Collider overview
» Cross-sections in principle and in practice

» QCD, W/Z, and precision electroweak physics

> Lecture Il
» Top and Flavour Physics
» The Higgs Boson

» Searches for new physics



WHY COLLIDERS

the New Yorker



WHY COLLIDERS: EXPLORING THE TEV SCALE TO ANSWER OPEN QUESTIONS

Evolution of early Universe
Matter Antimatter Asymmetry

Nature of Dark Matter

Origin of Neutrino Mass
Origin of EW Scale
Origin of Flavor

from L. Reina



https://indico.fnal.gov/event/54432/contributions/244432/attachments/156512/204313/EF-Meeting-June24-Overview-EW-BSM.pdf

WHY COLLIDERS: USING SM PROBES AND SEARCHING FOR BSM
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EW
Gauge

BOSORS Evolution of early Universe

Matter Antimatter Asymmetry

NEHe N.at.u re of Dark Matter
of Higgs Origin of Neutrino Mass
Origin of EW Scale

Origin of Flavor

Top
Physics

from L. Reina



https://indico.fnal.gov/event/54432/contributions/244432/attachments/156512/204313/EF-Meeting-June24-Overview-EW-BSM.pdf

WHY COLLIDERS: BREADTH AND MULTITUDE OF SIGNATURES

W/Z mass Flavor physics pdf
W/Z couplings CErne
o Jets
Properties
Multibosons e
Gauge
i , Axion-like particles
. ’ Bosons Evolution of early Universe
iggs couplings :
Matter Antimatter Asymmetry
Higgs mass Ntire Nature of Dark Matter 4 4 Missing E/p
of Higgs Origin of Neutrino Mass Bt :
Higgs CP Origin of EW Scale ‘ 1atter  Long lived particles
. Origin of Flavor
Rare decays
Top SUSY
Physics Heavy gauge bosons

Top mass
Leptoquarks

Top spin FCNC New scalars Heavy neutrinos  from L. Reina



https://indico.fnal.gov/event/54432/contributions/244432/attachments/156512/204313/EF-Meeting-June24-Overview-EW-BSM.pdf

WHY COLLIDERS

» Probe structure of matter and fundamental constituents

» Special resolution limited by wavelength of probe

> ) = h/p Rutherford experiment

» Search for new particles and interactions

Discovery of quarks

» Indirect measurements can point to new physics

» Need high energy to observe new physics



LEPTON AND HADRON COLLIDERS

> Lepton colliders [enton Collid
epton Collider

» electron — positron (so far) (collision of two point-like particles)

» All beam energy used to make new particles
» Can tune center-of-mass energy
» Energy limited by synchrotron radiation

» Precision measurements

Synchrotron Radiation
Energy loss per turn




LEPTON AND HADRON COLLIDERS

» Lepton colliders [ enton Collid
epton Collider

» electron — positron (so far) (collision of two point-like particles)

» All beam energy used to make new particles

@

» Can tune center-of-mass energy
» Energy limited by synchrotron radiation
» Precision measurements

» Hadron colliders

Hadron collider

» Hard collision uses only a fraction of beam energy (collision of ~50 point-like particles)

B

° . . W '\r :’f‘"l . . = 7S = / = "’;‘3
» Can probe high energy, less radiation when accelerated NG \P\f 7\5@ *"C@ /’//&ﬁ/@*[) = o
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» Probe a range of energies at once 0 - S PNIN T S

» Discovery machines




100000 .
A BRIEF HISTORY OF COLLIDERS M Hadron Colliders
TS O U RTRRSRRPY Electron-Proton Colliders
> ® Lepton Colliders LHCP-p -
@ 10000 - . m
J ¢ Heavy lon Colliders = . ~
n Tevatron. -~ m i -
O - - L _ “LHC lead-lead
: ‘ . c 1000 SonS — = =
» Energy, luminosity, and particle o gl o HERA - -
species are the main parameters -2 e -~ @ ¢RHIC
: = il ® sLc—LERII
of interest 5 1 .ISR PETRA . @
O ® - TRISTAN
: » ©_PEP
» So far, exponential growth of o DORIS -
center-of-mass energy with time E 10 SPEAR i‘,/
o _
' @
» Roughly factor of 4 every 10 o -~ ADONE
= - 2 ® VEPP?2
ears 3 1 ®
y 3 PRIN-STAN
0.1 I | | I I
1960 1970 1980 1990 2000 2010 2020
Year

https://doi.org/10.1016/j.nima.2018.01.034



LUMINOSITY
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» Drives sensitivity for
measurements and searches

Point

Nsignal — L dt >< O- >< BR >< 6 Relative beam sizes around IP1 (Atlas) in collision

6 = crossing angle

- N()anfrevfy

Ny = bunch population (N particles per bunch) [ = F

dme,, O

number of bunches in each beam

ny
frev = revolution frequency

€, = normalized emittance at crossing point !

B* = beta function at crossing point
1+ (0coz/20%)?

~v = relativistic factor




LUMINOSITY

» Drives sensitivity for
measurements and searches

» Toward larger lumi

» For a given beam stored energy,
possible by increasing brilliance
of the beams, N,/¢,, or by

crossing beams at small angle
and reducing beta function

» Otherwise increase bunch
number and bunch population

oy 3 Interaction
Paoint

Relative beam sizes around IP1 (Atlas) in collision

TR




CURRENT COLLIDERS: SUPER KEKB

» SuperKEKB

» Electron-positron collider at KEK in Tsukuba, Japan

with 3 km circumference 237
» Target luminosity of 6.5x1035 cm2 s-1, first collisions i 20
in 2016, record luminosity of 2.4x1034 cm2 s-1in 2020 | & a
g
» Operates close to Y (4S) resonance, 10.6 GeV ? |
10 F
» Electrons at 7 GeV and positrons at 4 GeV j,g f "y
-— 5 F . v
. . B : b Ty e o L PR S
> Asymmetry provides a boost to B mesons in the Yas)  Yes)  Yes) T yes)
direction of the forward detector 3.44 046 10.00 10.02 1034 1037  10.54 10.58 10.62

Mass (GeV/c)




CURRENT COLLIDERS: SUPER KEKB

» SuperKEKB

» Electron-positron collider at KEK in Tsukuba, Japan
with 3 km circumference

» Target luminosity of 6.5x1035 cm-2 s-1, first collisions
in 2016, record luminosity of 2.4x1034 cm2 s-1in 2020

» Operates close to Y(4S) resonance, 10.6 GeV
» Electrons at 7 GeV and positrons at 4 GeV

» Asymmetry provides a boost to B mesons in the
direction of the forward detector

> Belle II experiment

» Precision measurements of CP-violation in heavy
quarks and rare decays

» Targeting 50 ab-! in next five years

KL and muon detector

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC
(end-caps , inner 2 barrel layers)

......
- -

EM Calorimeter
Csl(Tl), waveform sampling electronics

—

\\

\,\
—

——

Particle Identification
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)

Vertex Detector -

2 layers Si Pixels (DEPFET) + _ ] T
4 layers Si double sided strip DSSD .'//-

electrons (7 GeV) 3

o
r 3 positrons (4 GeV)
Central Drift Chamber

Smaller cell size, long lever arm



CURRENT COLLIDERS: LARGE HADRON COLLIDER

27 km circumference
U Bending magnets; 1232 superconducting
dipole magnets, each 15 m, B=833T

40 MHz beam-crossings

Center-of-mass collisions from 7 TeV
(2011) to 13.6 TeV (two days ago!!!)

The CERN accelerator complex
Complexe des accelérateurs du CERN

CMS
—)- ——

' North Neutrino

Platform

LHC

ALICE TT20

SPS

TI2
HiRadMat ATLAS
TT66 \
hI 760 MEDICIS
AD [ 2010 |
ISOLDE
1992
- R"’“ REX/HIE-
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‘
\ PS
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2020 |
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ATLAS

EXPERIMENT
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Highest energy collisions ever produced by people...

Run: 427394
Event: 3038977
2022-07-05 17:02:31 CEST
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URRENT COLLIDERS: LARGE HADRON COLLIDER  Bec
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CURRENT COLLIDERS: LARGE HADRON COLLIDER

LHC / HL-LHC Plan

HiLumi

LARGE HADRON COLLIDER -

LHC HL-LHC

. B 136 Tev 13614 Tov
e ] C— L i i i it S

Diodes Consolidation

energy

8 TeV splice consolidation cryolimit LIU Installation : : HL-LHC
7 TeV e button collimators interaction , inner triplet . :
—_— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
2013 | 2014 | 2015 | 2016 | 2017 2022 | 2023 | 2004 | 2025 | 2026 | 2027 | 2028 | 2029 |||[[f
5 to 7.5 x nominal Lumi
ATLAS - CMS =
experiment upgrade phase 1 ATLAS - CMS |/
beam pipes : : : . HL upgrade
e I 2 x nominal Lum|Jl ALICE - LHCb | 2 x nominal Lumi

75% nominal Lumi | '/'— upgrade
/m 190 fb! 450 fb! integrated AL RL
luminosity IR { %

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY PROTOTYPES / CONSTRUCTION ‘ INSTALLATION & COMM. ”H PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS



LHC EXPERIMENTS




LAC DETECTORS: DESIGNED T0 DETECT TRESE SIGNATURES

W/Z mass Flavor physics pdf
W/Z couplings CErne
o Jets
Properties
Multibosons e
Gauge
i , Axion-like particles
. ’ Bosons Evolution of early Universe
iggs couplings :
Matter Antimatter Asymmetry
Higgs mass Ntire Nature of Dark Matter 4 4 Missing E/p
of Higgs Origin of Neutrino Mass Bt :
Higgs CP Origin of EW Scale ‘ 1atter  Long lived particles
. Origin of Flavor
Rare decays
Top SUSY
Physics Heavy gauge bosons

Top mass
Leptoquarks

Top spin FCNC New scalars Heavy neutrinos  from L. Reina



https://indico.fnal.gov/event/54432/contributions/244432/attachments/156512/204313/EF-Meeting-June24-Overview-EW-BSM.pdf

8 coil toroid muon spectrometer

LHC DETECTORS: ATLAS

hadronic calorimeter

electromagnetic calorimeter

Inner detector



WHAT HAPPENS WHEN YOU COLLIDE PROTONS?



WHAT HAPPENS WHEN YOU COLLIDE PROTONS?




CALCULATING A CROSS-SECTION

» Factorization theorem allows separation of cross section into two energy //

scales fa/A(ﬁa, QQ

» parton-parton cross-section, ¢, _,,, at short-distances

pa  — p

» parton density functions (PDFs) for long-range, non-perturbative
description of proton structure TaPA

> f,.(x, Q%) PDF for parton a in proton A
Pa . . e :

» X = — is relative momentum of parton in direction of proton’s p
Pa

> (% = energy scale of scattering process ~ My + pZ if producing
particle X PB

LyPB

p

> Scale separating short (cross-section) and long distance (PDF) physics is >
called factorization scale, pij f b/B (.CE b, &

» often set up = Q




CALCULATING A CROSS-SECTION

» Factorization theorem allows separation of cross section into two energy //

scales fa/A(ma, QQ

» parton-parton cross-section, ¢, _,,, at short-distances

pa  — p

» parton density functions (PDFs) for long-range, non-perturbative
description of proton structure TaPA

> f,.(x, Q%) PDF for parton a in proton A
Pa . . e :

» X = — is relative momentum of parton in direction of proton’s p
Pa

> (% = energy scale of scattering process ~ My + pZ if producing
particle X PB

LyPB

p

> Scale separating short (cross-section) and long distance (PDF) physics is

" foy 5 (1, Q2
called factorization scale, pij b/B\Lb;
measure calculate

» often set up = Q




PARTON DISTRIBUTION FUNCTIONS

» Parton collision energy for hadron energy s

> S =X, X, S

)sz\/g\

PA

PB

fb/B('CEbv QQ




PARTON DISTRIBUTION FUNCTIONS

MSHT20NNLO, Q? = 10* GeV?

» Parton collision energy for hadron energy s 1.2

>§=xa-xb°S CUf(iE,Q2)

)sz\/g\

0.8 + _

» Proton composition is complicated
» mixture of valence quarks, gluons, sea quarks
> exact mixture depends on Q% and x -
0.4 |

0.0001 0.001 0.01




PARTON DISTRIBUTION FUNCTIONS

» Examples from LHC 1.2 MS'HT?QNII\ITL’ S .
» 125 GeV Higgs: zf(z, Q%)
> <x,>~ 125/13000 = 0.01 -
0.8 | _
» 2 TeV Gluino, pair-produced - g/10

> <X, >R 4000/13000 =~ 0.3

» For SM and all but heaviest BSM, LHC is a 04t
gluon collider ‘

» Steep rise of partons at low x —> production

rates strongly decrease with M,

0.0001 0.001




MEASURING PDFS

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Lepton-hadron colliders

» HERA, electron-proton collider at DESY

(1992-2007)

> Measured full x range, at Q* =~ 20 or less

» Use DGLAP evolution equations to
extrapolate to higher energy scales

e(k)

v*(Q%)
&
> 0

/
e(k )

(W?2)

—

—

remnant

Q° (GeV)

10°

13 TeV LHC parton kinematics

WJS2013

[ X, = (M/13 TeV) exp(xy)
= Q=M M=10TeV
= =1TeV A-eeieeeeaes
3 M =100 GeV

y= /6 A
= M =10 GeV

10" 10° 107

10™

HERA

10

107

fixed
target

10

10°



MEASURING PDFS

> Lepton—hadr on collider S S + Ié(NNLO) PDF ratio to MMHT 14 atle = 104 GeV?

MMHT14 NNLO ag (mz?) = 0.118 ——
1.20 — MSHT20 NNLO ag (mz?) = 0.118 ——— O

Q2 = 10000 GeV?

llllllll | Tl | L T

» Constraints from LHC, Tevatron,

fixed target experiments o

» W, Z and ¢t precision measurements
at 7, 8 TeV constrain PDFs

1.00

. : . 0.90 —
» for example, significant increase in
strange quark contribution at Ta0 L il
x % 0.0l from ATLASW | | IlIIIIl | | IIIIIII | | lllllll | | lllllll | | I
107 104 1073 1072 10

measurements https://c)l(rxiv. org/abs/2012.04684



WHAT HAPPENS WHEN YOU COLLIDE PROTONS (PREDICTIONS)



proton - (anti)proton cross sections

WHAT HAPPENS WHEN YOU COLLIDEPROTONS  “fF " 7~ 771"

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Steep rise of partons at low x —> production

rates strongly decrease with M

: n
Roughly at 13 TeV 5
s 5
any interaction 109 . f T
bottom production 107 g 10' | Ow ) 10’ j
jets pT > 100 GeV 5 x 104 : o, E O
W bosons 5x 103 © 10 f_csjet(ETlet > 100 GeV) 10 8
top quarks 10 10" E 10" P
Higgs 1 102 [ 10° 2
Higgs —> ¥Y 0.002 s Oww s
10° | Gt 10°
Event Rates at ATLAS 00 L oz 10"
C ggH '
10° ;_ MH=1 25 GeV{ OwH : 10°
- i Over :
Beam crossings 4 x 107 10° | ) 10°
Trigger at Level 1 105 10‘70 '1 e 1' . 10”7
Recorded to Disk 103 \s (TeV)

-1




WHAT HAPPENS WHEN YOU COLLIDE PROTONS? (MORE CONCRETELY)



FROM PHYSICS TO RAW DATA

g 2037 2446 1733 1699
t 5 s e
> T~ A 4732 1102 2491 3216
SN 2421 1211 2319 2133
HO g 3451 1942 1121 3429
g 3742 1288 2343 7142
Basic physics Fragmentation, Interaction with Detector Raw data
Decay detector material response
Multiple scattering, Noise, pile-up, Read-out
interactions cross-talk, addresses,
inefficiency, @ ADC, TDC
ambiguity, values,
resolution, Bit patterns
response
function,

alignment



FROM RAW DATA TO PRYSICS

2037 2446 1733 1699 g
2132 1870 2093 327"
4732 1102 2491 3216 \«1 \ < t ”
2421 1211 2319 2133 IS
3451 1942 1121 3429 “ HO
3742 1288 2343 7142 g
Raw data Detector Interaction with Fragmentation Basic physics

response detector material pecay
Conv_ert to apply Pattern_, _ Physics Results
physics calibration,  recognition, analysis
quantities alignment Particle

identification

— Ana|ysis
Reconstruction —

Simulation (Monte-Carlo)




SCATTERING KINEMATICS

» Detector coordinates: X, y, z or 0, ¢, R

» Polar angle 6 Y

» Not Lorentz invariant ? Pt




SCATTERING KINEMATICS

» Detector coordinates: X, y, z or 8, ¢, R

» Polar angle 0 Y
: : ? =7 Pt
» Not Lorentz invariant .

» Rapidity

11 E+ p;
= —In
) 5 E—p,

» where p; =p along the beam line (z)

» Ay invariant to boosts along beam line




SCATTERING KINEMATICS

» Detector coordinates: X, y, z or 8, ¢, R

» Polar angle 0 Y
: : ? =7 Pt
» Not Lorentz invariant .

» Rapidity

11 E+ p;
= —In
) 5 E—p,

» where p; =p along the beam line (z)

» Ay invariant to boosts along beam line

» Pseudo-rapidity
» For massless particles, y =7

» n = — [n[tan(6/2)]



SCATTERING KINEMATICS

pA
» For production of particle X with mass My

> §=M?

X M PB

e=./— and x,,=—e™

> a

b \/E
» Large M

» both x have to be large and not too dissimilar

» ¢’ — 1,ie, y = 0, centrally produced
» Small M

» differing x, large boost —> large

CMS




SCATTERING KINEMATICS foa(en @

X
X M P ( \/§ - \/x XS
yel=./— and x,,=—e" ah
Xp , \/E fb/B(vabaQ2
» Large M

» both x have to be large and not too dissimilar

» ¢’ — 1,ie, y = 0, centrally produced
» Small M

» differing x, large boost —> large

» Transverse momentum p;

» Particles that escape detection have p, =~ 0, 6 < 2°

Visible transverse momentum conserved Z L ()
> e CMS

l



proton - (anti)proton cross sections

i : ] ~
10° 3 : : : _E 10 Nw
i (] : - , i .
4 [ ° : 1 410" E
0F : f ' ] O
s [ : ' E 410° 8
i E_* > Vs/20) 5 R
2 [ Gjet( r >VS : . / 1 102
~~ 10 3 , : / E I
Q i N ' : 1 T
£ 10t Ow 17 5
. I | G, : Tq0 =
© 10" ks (E*>100 GeV) 110 o
I - 1
10 3 E 10 gy
I ] o
- 2
10 = —E 10 "E
3 ! GWW N 10-3 G>)
- o :
4 [ 2 d 10*
107 O ggH :
10-5 :_MH=125 GeV{ GWH = 10-5
- 5 :
¢ L VBF 1 10°
10'7 : WJS2O]2 | L 10l :4 | L1 1 ; 1 : | ] 10'7
0.1 1 10

Vs (TeV)



INELASTIC PROTON-PROTON CROSS SECTION AT LHC

» Inelastic proton-proton collisions

3 : | | 1 |I| | 1 | I I ||| 1 | I
= - e ATLAS (MBTS) — Pythia 8
> pp—> X = 100~ . ATLAS (ALFA) --- EPOS LHC :
‘ 3 90:_ v TOTEM - == QGSJET-II =
» non-perturbative; can not be calculated = o AL -
. . . 80F =
to high precision theoretically E O fuger -
70 ® gg (non-LHC) -
B O _
» In every LHC event there are 10-70 such 60E- > -
interactions (pile-up) 505 " E
40F —
=} X v E
=?:/ f 30F" ATLAS -
o] L L] .
Single DiSSOCiatm\ Double Dissociation 1 02 1 03 1 O 4
/s [GeV]

= =

Central Diffraction Non-diffractive Dissociation




INELASTIC PROTON-PROTON EVENTS

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» What do the bulk of events look like?

» Minimum-bias events, selected / defined
with “minimum-bas trigger”

» Study charged particle properties
» Look inclusively at tracks
» Select only “primary” particles

» Those produced in hard-scatter or from
prompt decay of hard-scatter product

» Select against “secondaries” from decays-
in-flight, hadronic interactions, photon
conversions, etc.

Track reconstruction efficiency

Rel. unc.

© © © © © © O
CD-PU'IO)\ICD(O_L

— O
NN

107 1

ATLAS Simulation
5 \s=13T

—+ Simulation _
p_>100 MeV, || < 2.5

10

p, [GeV]



@ B AN R AN AR RN AN AL AR R =
INELASTIC PROTON-PROTON EVENTS 8 004-  nyz2p >100MeVini<25 =
................................................................................................................... “20 0353_ o Data \s=13 TeV (Uncorrected) _f
. 2 - =— PYTHIA 8 A2 ND= SDm DD n
» What do the bulk of events look like? S .03 E
I - ATLAS .
B J -
» Study charged particle properties 0.025F Bl
- 1
. C e 0.02F 3 s
» Relatively flat distribution of charged m *
. . .- . . 0.0158 e
particles in rapidity up to kinematic - el
0.01 q S
boundary of y & 35, and then sharp drop : S
0.005F- 1 £
» Roughly 6 charged particles and 2-3 neutrals o ] =
B . 1 =
per unit rapidity per min bias collision I MC Stat. Uncertainties E
s F
. . . O ;LLlj’%_‘_F‘ j
» —> Order 80-100 particles per collision 5 % - — =
= 0.95F -
0.9 e -
25-2-15-1-050 05 1 1.5 2 25

n

non-diffractive (ND), single-diffractive dissociation
(SD) and double-diffractive dissociation (DD)



» What do the bulk of events look like?

» Study charged particle properties

» Steeply falling distribution in p; above threshold
of pr > 100 MeV

» Bending radius determined by:
» plGeV] = 0.3R[m|B|T]

» For tracking detectorsof ¥ l mand B~ 2 —4
T, particles with p < 0.6 (1.2) GeV will curl/
loop inside tracker

» Detector design choice on B, R to determine
occupancy of tracker versus calorimeters

T > 300 ps
ATLAS Vs =13 TeV

—— Data

— PYTHIA 8 A2
— - PYTHIA 8 Monash
EPOS LHC

-« QGSJET I1-04

4
~'
’I
~l
’, L |
~
l"
N,'

’

'
~'ll

8
Dy
ol
&
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....
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L e
- Ny = 2, p, > 100 MeV, || < 2.5 -
E 1>300 ps .
8 ATLAS \Vs=13 TeV -
» What do the bulk of events look like? 0 75_ E
» Study charged particle properties o6 -
» Steeply falling distribution in p; above threshold of 0.5 _ i i —
- —e— Data -
> Average p; of charged particles ~ 0.5 GeV 0.3 — PYTHIA 8 A2 =
0 2:_ — - PYTHIA 8 Monash =
» —> Order (100 x 0.5 =) 50 GeV p; per minimum bias B EPOS LHC -
01 .- QGSJET 11-04 E
event E -
n_! I I ! | | ~
» Important to measure these properties and tune MC | 050 E
. . o L rl—'_ ________ .
» soft QCD, not possible to calculate precisely g L n
~ C - ]
» Necessary to get right for modeling 99.99xx% of O — BRI :
.. = 0.95F —
collisions - -

> Pile-up! 097"% 90 15 20 25 a0

S
0
-



PILE-UP AT LHC

» Challenge for detector performance and object reconstruction
» In-time pileup (same bunch crossing)

» Out-of time pileup (different bunch crossing than collision of interest)

» some detectors have readout window larger than one bunch-crossing

» can interfere with energy / hit collection even if not "” 7> Iil, ,/ ’v

A !’/

4,1 /)
l: 600_—1— L I L I | | | I L I | I L I | L -li \R«g l '7’?54#/’ /
L - ATLAS Online, 13TeV  [Ldt=1469f0" - §\\ }f‘ !//y,’/ é\I!T,ﬁNST
9 500 2015: <y> = 13.4 A W 4
g - 2016: <u> =251 o et amber SRR
2 400 2017: <> =37.8 ARt
f= B 2018: <u>=36.1 ]
= - Total: <u> =33.7
S 300 —
'o | —
B N i
o 200 —] NN e N
3 : 1s \\/\\\\\‘§§§ | ARCMIAR <
00k 1% /// 1\ \\\s\\\\\‘" “\\"""n R
. 18 "Mt’li “‘\\\ \\\\ \\ 1 N
OO 10 20 30 40 50 60 70 80 }‘u.\ul»} u\\* A LA TR XA | AN

pT>500MeV, <U>=

Mean Number of Interactions per Crossing



proton - (anti)proton cross sections

10"E — T —3 10°
10° | ' J10°
....... _107
4 10°
410°

c (nb)
events / sec for ~ = 10*° cm™s

o 10"
MH=1 25 GEV{ OwH 10'5
0)
10° e 10°
5 | wisz012 : : :
1 0 | | | L 1 1ol d | | I | o . | 1 0'7
0.1 1 10

Vs (TeV)



JET PRODUCTION AT LHC

» Hard scattering processes dominated by
QCD processes, originating from qq, qg,
and gg scattering

» Cross-sections can be calculated in QCD
using perturbation theory

» Measuring cross-sections and comparing to partonic subprocesses for
o . central inclusive jet cross section
predictions an important test of QCD

» Deviations could be a sign of quark
substructure, etc...

200 400 600
pr (GeV)



JET RECONSTRUCTION AT LRC

> A jet is not a uniquely or well-defined object

» Fragmentation, gluon radiation, detector response
all folded-in

» Detector response different for electrons/photons,

hadrons —> correct calorimeter energy response
to “particle level”

» Many jet algorithms exist, desired features include

» Collinear safe: jet definition independent of
presence of partons radiated collinear to quark

» Infrared safe: jet defintion independent of soft
radiation

» kr family of algorithms satisfies these criteria,
commonly used

UL,



JET CALIBRATION AT LHC

» Calibrate jet energy scale, resolution, and uncertainties
» Use a combination of simulation, test-beam results, and in-situ measurements

» Rely on transverse energy balance between jet and other object: Z boson, photon, or other jet

: . : et area-based pile- Residual pile-u
EM-scale jets Origin correction J : P p. >
Up correction correction
Jet finding applied to Changes the jet direction Applied as a function of Removes residual pile-up
topological clusters at to point to the hard-scatter event pile-up pr density dependence, as a
the EM scale. vertex. Does not affect E. and jet area. function of u and Npv.
Absolute MC-based Global sequential Residual in situ
calibration calibration calibration

Corrects jet 4-momentum  Reduces flavor dependence A residual calibration

to the particle-level energy  and energy leakage effects IS derived using in situ

scale. Both the energy and using calorimeter, track, and measurements and is

direction are calibrated. muon-segment variables. applied only to data.



JET CROSS-SECTIONS AT LHC

d°c/dp_ dy [pb/GeV]
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W AND Z PHYSICS

» Essential in many tests of SM and new physics

» Understanding electroweak symmetry breaking key goal
of LHC

» Diboson scattering important test of SM (and Higgs)

» Many new physics decays to vector bosons

» Important background to most searches for new particles

é-’r—
» Excellent experimental handle o

» Use W’s and Z’s to calibrate:

» Electron energy scale

» Track momentum scale

2|
<

o~

2

» Lepton ID and trigger efficiencies
» Missing ET resolution

» Luminosity, ...



MEASURING A CROSS SECTION, IN PRINCIPLE

» Event rates determined by

Nsignalz/Ldt X 0 X BR X €

» where

Nsignal = Number of observed signal events = Ngata — Nbackeround

/ L dt = Integrated Luminosity

e = Efficiency

» Total efficiency € can be factored into

Nselected 7 selected Nselected

__ (. A _ _Teco. __gtn. __ “'reco.
€=C-A= Nselected  pjall vl
gen. gen. gen.

C' = Detector Correction Factor A = (Fiducial) Acceptance

Measure
> N data

> C
» |La

» Nbackground (if data-driven)
Calculate (from MC)

> A

> BR

» Nbackground (if using MC)




MEASURING A CROSS SECTION, IN PRACTICE (2501 AR ABHIERES AR (1)}

» Signature

» Focus on leptonic (muon, electron) decays due to large background from QCD diet
background

> 1 lepton, pr > 20 GeV
> large imbalance in transverse momentum

» Signature of neutrino (or other undetected particle)

» Missing Er > 25 GeV

» Transverse mass m; > 40 GeV

W-l-

Electron

2
<

~

2

Hadronic recoil




MEASURING A CROSS SECTION, IN PRACTICE

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Generate Monte Carlo, both
signal and background

pr OCESSES Physics process Generator - BR [nb]
W —=tlv (=e, 1) PYTHIA [25] 10.46+£0.52 NNLO 5, 8]
>» Used to deﬁne analys1s Wt = /{Ty 6.16+0.31 NNLO 5, 8]
. W— —=¥{"v 4.30+£0.21 NNLO 5, 8]
selections Z/v* = 0 (my > 60 GeV) PYTHIA 0.99-40.05 NNLO  [5,8]
W — v PYTHIA 10.464+0.52 NNLO 5, 8]
. b k W —1tv —/lvvy PYTHIA 3.68+0.18 NNLO 5, 8]
» Estimate background ZJy" -t (my > 60 GeV) PYTHIA 0.99-0.05 NNLO (5.8
it MC@NLO [26,27], 0.16+£0.01 NLO+NNLL [28-30]
> POWHEG [31]
EXtrapOIate phase Space Dijet (e channel, pt > 15 GeV) PYTHIA 1.2%10° LO [25]
(calculate A) Dijet (4 channel, pt > 8 GeV) PYTHIA 10.6x 100 LO 25
bb (u channel, pt > 18 GeV, pr(u) > 15 GeV) | PYTHIA 73.9 LO 25
cc (u channel, pr > 18 GeV, pr(u) > 15 GeV) | PYTHIA 28.4 LO 25

» Measure correction factors
(C and others)

» Used in estimating many
uncertainties



MEASURING A CROSS SECTION, IN PRACTICE

EXAMPLE: W CROSS-SECTION

» Generate Monte Carlo, both signal and background processes

> Select (design) trigger

» Lowest threshold (p; or E;) possible to fit within

Efficiency

allocated event rate, ie, electron £, > 20 GeV

» Measure efficiency in data, parameterized as needed

» For leptons, can use “tag and probe” method

0.98

0.96

0.94

0.92

ATLAS
Data 2016 - 18 Vs = 13TeV

Offline tight electrons, track p. > 5 GeV
e Offline E;> 5 GeV : fast tracking

o Offline E;> 5 GeV : precision tracking
0 Offline E;> 26 GeV : fast tracking
A Offline E;> 26 GeV : precision tracking

$asg§§gggsgg!sagag@a§§§@!$

| ! | | | 1 I | I 1 |

0.95

—1

0

1 2

W

Offline electron track n



MEASURING A CROSS SECTION, IN PRACTICE

EXAMPLE: W CROSS-SECTION

» Generate Monte Carlo, both signal and
background processes

> Select (design) trigger
» Object definition and performance

» Reconstruction: baseline output of
reconstruct algorithms

Lepton Reconstruction

Electrons:

Neutrinos:

electromagnetic hadronic muon

calorimeter calorimeter
tracking chamber chamber

a——

electromagnetic hadronic muon

calorimeter calorimeter
tracking chamber chamber

——

electromagnetic hadronic muon

calorimeter calorimeter h
1 mber
tracking chamber chambe

=

electromagnetic hadronic muon

calorimeter calorimeter
tracking chamber chamber
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» Generate Monte Carlo, both signal and background
processes

> Select (design) trigger
» Object definition and performance

» Reconstruction: baseline output of reconstruct
algorithms

> Identification: additional selections to tag signal
objects

» Often includes cuts on impact parameters,
number of hits, etc to select primary versus
secondaries and reject combinatoric background

» Can include additional selections like isolation
to distinguish leptons from boson decay versus
leptons from hadron decay inside jets

MEASURING A CROSS SECTION, IN PRACTICE

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Example Lepton ID requirements

| —

“Loose”’: this basic selection uses EM shower shape information from the second layer of the EM
calorimeter (lateral shower containment and shower width) and energy leakage into the hadronic
calorimeters as discriminant variables. This set of requirements provides high and uniform identi-
fication efficiency but a low background rejection.

“Medium’’: this selection provides additional rejection against hadrons by evaluating the energy
deposit patterns in the first layer of the EM calorimeter (the shower width and the ratio of the
energy difference associated with the largest and second largest energy deposit over the sum of
these energies), track quality variables (number of hits in the pixel and silicon trackers, transverse
distance of closest approach to the primary vertex (transverse impact parameter)) and a cluster-
track matching variable (An between the cluster and the track extrapolated to the first layer of the
EM calorimeter).

“Tight”: this selection further rejects charged hadrons and secondary electrons from conversions
by fully exploiting the electron identification potential of the ATLAS detector. It makes require-
ments on the ratio of cluster energy to track momentum, on the number of hits in the TRT, and on
the ratio of high-threshold hits? to the total number of hits in the TRT. Electrons from conversions
are rejected by requiring at least one hit in the first layer of the pixel detector. A conversion-
flagging algorithm is also used to further reduce this contribution. The impact-parameter require-
ment applied in the medium selection is further tightened at this level.




MEASURING A CROSS SECTION, IN PRACTICE

» Generate Monte Carlo, both signal and background processes
> Select (design) trigger
» Object definition and performance
» Reconstruction: baseline output of reconstruct algorithms
» Identification: additional selections to tag signal objects

» Measure efficiency, scale, and resolution of objects in data
and MC

» Parameterize as needed (p, ¢, n, <pu >,...)

» Often done using tag and probe from “standard

candle” such as Z — [l or object E; balance in jet
events

» (Calibrate object performance
» Calculate scale factors for data/MC performance

» (Calculate uncertainties

Efficiency

O
©

0.8

—ATLAS
" Vs=13TeV, 139 fo''

- p. >

10 GeV
[ S T S B N

e Data

oMC -
—e— Jight muons -~

- Medium muons—

Loose muons




MEASURING A CROSS SECTION, IN PRACTICE

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Generate Monte Carlo, both signal and background processes

> Select (design) trigger

> T I ! 1 T | 11T | 1T 1T 1T 1T L | 11 | 11T | 1 I_

» Object definition and performance 8 10%5 | ATLAS —e— Data 2010 \s =7 TeV) =
- W —uv -

> Design event selection 0 0f - f L dt = 310 nb'1 QCD .
. . . . . ) E E — W — v E

» Optimize signal significance QO = Bz -

. o . £ 14C B 7 _

» Gaussian approximation for significance: S 10°E I e

n—>b ~ )

z = 10°€ | E

Vb + o2 - | -

. 10° =5 E

» where n = number of signal - -

> b = number of background 10 IEI%;:&%_ E

. - ¥

> 0 = uncertainty on b 1 L L

» Include large uncertainties if possible

» Many dimensional phase-space and limited knowledge 20 30 40 50 60 70 80 90 100
of background —> as much an art as science P [GeV]



MEASURING A CROSS SECTION, IN PRACTICE

» Generate Monte Carlo, both signal and background processes

> Select (design) trigger >1055"'|"' T
> Object definition and performance 3 = ATLAS —— \E/)Vatj 2310 (Ns=7TeV)
0 {0% -1

» Design event selection 5 10 = | Lat=315nb \(,QVCE v

. 2 : [+
» Estimate background £ 40 I —p

» Backgrounds well modeled by MC can be directly taken from MC L : B 7w
and normalized by o 10°F i

» Partially data-driven: invert some signal region selections to
maximize background in nearby kinematics, normalize MC in this
“control region” and extrapolate normalization to signal region

LT
il
I

IIII_I|L T
l

» Fully data-driven

» Many techniques for estimating background from data for
backgrounds not well modeled by MC or limited by MC stats

o

20 40 60 80 100 120

L m; [GeV]
> le, “fake factor” method for estimating non-prompt lepton

B Ntight
sources: Ngr tight = N, ' VSR loose
oose




MEASURING A CROSS SECTION, IN PRACTICE (2501 AR ABHIERES AR (1)}

» Generate Monte Carlo, both signal and background
processes

> Select (design) trigger
» Object definition and performance

» Design event selection

» Calculate A, measure C, and uncertainties

» Calculate A from MC (phase space extrapolation) Paramecter 5Cw /Cw (%)

» Measure C from MC and data Trigger efficiency L3
Reconstruction efficiency 2.5

» Spend most of time on calculating uncertainties Momentum scale 1.2
Momentum resolution 0.2
ET"™ scale and resolution 2.0
Isolation efficiency 1.0
Theoretical uncertainty (PDFs) 0.3
Total uncertainty 4.0




MEASURING A CROSS SECTION, IN PRACTICE (2501 AR ABHIERES AR (1)}

» Generate Monte Carlo, both signal and background processes
> Select (design) trigger
» Object definition and performance
» Design event selection

» Calculate A, measure C, and uncertainties

> Statistical analysis

| | | | | | | | | | I: | | | | | | | | | | | | | | | |
» Combine electron and muon channel o(pp = W — | v) ; ATLAS
: : -- Th NNL : L dt = 310-315 nb”
» Decide how to treat leptonic decays of tau cory (NNLO) - f A=310-515 b
, Data 2010 \'s = 7 TeV)

» Usually performed with a likelihood fit L s Electron channel

» Include uncertainties with nuisance parameters :

¥ : v Muon channel

» Measure separately :

> fiducial cross-section (no A)

- m Combined
> total cross-section (extrapolate to full phase space) T
8 9 10 11 12 13 14

Gy [Nb]



Standard Model Production Cross Section Measurements

Status: February 2022
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Standard Model Total Production Cross Section Measurements

pp

tt—chan

Wit

WW

WZ

L7

ts—chan
ttW
ttZ
WWW

WW2Z
tttt

o =96.07+0.18 + 0.91 mb (data)
COMPETE HPR1R2 (theory)
o =95.35+0.38 + 1.3 mb (data)
COMPETE HPR1R2 (theory)
o =190.1+0.2 + 6.4 nb (data
DYNNLO + CT14NNLO (theory)
o =112.69 + 3.1 nb (data)
DYNNLO + CT14NNLO (theory)
o =98.71 + 0.028 + 2.191 nb (data)
DYNNLO + CT14NNLO (t ory)
o =58.43+0.03+1.66nb (data)
DYNNLO+CT14 NNLO (theory)
o = 34.24 +0.03 + 0.92 nb (data)
DYNNLO+CT14 NNLO (theory)
o =29.53+0.03 + 0.77 nb (data)
DYNNLO+CT14 NNLO (theory)
o = 826.4+ 3.6 +19.6 pb (data)
top++ NNLO+NNL theory
oc=2429+17+86 E ﬁdata
top++ NNLO+NNLL (theory)
oc=1829+3.1+6.4 E £data
top++ NNLO+NNLL (theory)
o = 247 + 6 + 46 pb (data)
NLO+NLL (theory)
oc=289.6+1.7+ 7.2—-6.4pb (data)
NLO+NLL (theory)
o =68+ 2+ 8 pb (data)
NLO+NLL (theory)
o =94+ 10+ 28 — 23 pb (data)
NLO+NNLL (theory)
o=23+13+ 3.4-3.7 pb (data)
NLO+NLL (theory)
o=16.8+2.9+ 3.9pb (data)
NLO+NLL (theory)
o=555+32+42.4-2.2pb (data)
LHC-HXSWG YR4 (theory)
o=27.7+3+ 2.3-1.9pb (data)
LHC-HXSWG YR4 (theory)
oc=221+46.7-53+3.3-2.7 pb (data)
LHC-HXSWG YR4 (theory)
o =130.04 + 1.7 + 10.6 pb (data)
NNLO (theory)
o=68.2+1.2+4.6pb (data)
NNLO (theory)
o=51.9+2+4.4pb (data)
NNLO theory§>
(r—51+08+23pb§data)
MATRIX (NNLO) (theory)
oc=243+0.6+09pb (datag
MATRIX (NNLO) (theory
oc=19+1.4-1.3+1 pb (data)
MATRIX (NNLO) (theory)
o=17.3+0.6 + 0.8 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory)
oc=73+0.4+4 0.4-0.3 pb (data)
NNLO (theory)
oc=6.7+0.7+ 0.5-0.4 pb (data)
NNLO (theory)
oc=48+0.8+1.6—-1.3pb (data)
NLO+NNL (theory)
o = 870 + 130 + 140 fb (data)
Madgraph5 + aMCNLO (theory)
o = 369 + 86 — 79 + 44 fb (data)
MCFM (theory)
o =990 + 50 + 80 fb (data)
Madgraph5 + aMCNLO (theory)
o = 176 + 52 — 48 + 24 fb (data)
HELAC-NLO (theory)
o =0.82+0.01 + 0.08 pb (data)
NLO QCD (theory)
oc=0.55+0.14+ 0.15 - 0.13 pb (data)
Sherpa 2.2.2 (theory)
oc=24+4+51fb data) n
NLO QCD + EW (theory)

ATLAS Preliminary
Vs =7,8,13 TeV
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MEASURING CROSS-SECTIONS, NEXT STEPS

» Measure differential quantities
» Search for new physics
» Constrain PDFs

» Tune MC

» Measure other properties
» Mass, spin, lifetime, etc..
» Compare to predictions

» Combination of theory + other
measurements

2

1/6 doldp
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p_(2) [GeV]

Zprin WZ events could be modified at
high p; by anomalous gauge couplings



W MASS MEASUREMENT

» Motivation

» Top, W, and Higgs Boson masses all connected
via radiative corrections

ATLAS

----- m,, = 80.370 £ 0.019 GeV -
Bl m =172.84 £0.70 GeV
----- my, = 125.09 + 0.24 GeV

» Absolute value of masses is not a prediction
of the SM but their relationship is

m,, [GeV]
S
ol

Fit w/o m,, and m,
(Eur. Phys. J. C 74 (2014) 3046)

| | ] I | | | | | | | ] I | ] | ] I | | | | I |
80.25 165 170 175 180 185

m, [GeV]

» New particles or interactions might change 80.45 w 68/95% Gl ofm,, and m, —

the relation -

80.4 —

» Measurement S (Lt R B
, 80.35F -

» Extremely precise measurement needed to test : i
predictions and probe for new physics 803 L s 68/95% CL of Electroweak ~

» Requires dedicated and precise calibration of
object efliciencies, resolutions, scale,
uncertainties... very diflicult measurement




COF W MASS MEASUREMENT

000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Precision to 9 MeV'!

» Uncertainty from PDFs alone
dropped from 10 to 3.9 MeV due to
constraints from LHC measurements

» 7-sigma tension with SM fit!

x10°

y2/dof = 50 / 48

_ 50 =37 %
S Py = 98 %
O
S
@
=
()
>
LLl

50 70 80 90 100

SM
DO | 80478 + 83 ——
CDF | 80432 + 79 —_—
DELPHI 80336 *+ 67 —_——
L3 80270 £ 55 ——@——
OPAL 80415 = 52 —
ALEPH 80440 =+ 51 ——
DO Il 80376 *+ 23 ——
ATLAS 80370 = 19 ——
CDF I 80433 = 9 @
79900 'éocl)o'ol Iéolmlol 'éolzo'ol Iéogolol Iéoitolol Iéolsolol |

W boson mass (MeV/c?)




COF W MASS MEASUREMENT

» Pointing to new physics?

» Or experimental or theoretical
issue?

» Another motivation for direct
searches for new physics

» Emphasizes the importance of
precision measurements

» More on these tomorrow!

M,, [GeV]

80.50

80.45

80.40

80.35

171

- Experimental unc. 68% CL 3
N EE e e Light supersymmetry _

—  h|iS measurement

Heinemeyer, Hollik, Weiglein, Zeune '20 |

172 173 174 175 176 177
m, [GeV]

178



