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Lecture Plan

Overview of the 2 lectures In the next days

* Lecture 1: Introduction to Experimental
Techniques at the LHC & Measurements
and test of the Standard Model

* Lecture 2: The Higgs boson and Searches
beyond the Standard Model, and a short
outlook to the future at the LHC




Multi Jet Event at 7 TeV |

periments at the LHC

» Experimental Challenges

« Experimental Objects

 Basics of experimental pp
collisions

Disclaimer:
ATLAS & CMS have very Standard Model Measurements

similar results e SuUMmary

Typically one chosen
for illustration




What is the world made of?
What holds the world together?
— Where did we come from




The “Standard Model” =

Over the last 100 years: combination of
Quantum Mechanics and Special Theory of relativity
along with all new particles discovered has led to the

Standard Model of Particle Physics.
The new (final?) “Periodic Table” of fundamental elements:

Fermions Bosons The most basic mechanism of the
SM, that of granting mass to
particles remained a mystery for a

] 3 | long time
4 a | A major step forward was made in
t ® | July 2012 with the discovery of
o

E- g what could be the long-sought
ﬁ o Higgs boson!!
(S M
b3 ()]

Leptons Fermions: particles with spin 2

Bosons: particles with integer spin |




OUNEEEN!
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SAVIEMDE

LGRS

~ 2500 staff
~ 1800 other paid personnel
~ 13000 scientific users

Budget (2018) ~ 1150 MCHF

-

SRR

Member States Austria, Belglum Bulgaria, Czech Republic, Denmark, Finland,
2 France, Germany, Greece, Hungary, Israel, Italy, Netherlands, Norway, Poland
Romania, Slovak Republic, Spain, Sweden, Switzerland and
United Kingdom, Serbia

Associate Members in the Pre-Stage to Membership: Cyprus, Slovenia
Associate Member States: India, Lithuania, Pakistan, Turkey, Ukraine

Applications for Membership or Associate Membership:
Brazil, Croatia
@‘ Observers to Council: Japan, Russia, United States of America;
D, European Union, JINR and UNESCO



High Energy Physics E

First High Energy Physics High Energy Physics
Experiments: Experiments since mid 70’s:

Beam on fixed target! Colliding beams!
o = J;_, \ l Detectore

Acelerador

Fixed-T;rget B <
Experiments .

Gold Foil
Radioactive Source

Alpha Particles E — pe—
Lead — . ‘ | —

Zinc Sulfide Coated Screen ‘ ‘
. energia - energia
Rutherford experiment (1909) = un ekon ds energia

Centre of mass energy squared s=2E;m, Centre of mass energy squared s=4E,E,

...plus secondary beams such as neutrinos...



LHC: The Higgs P

Technique: Produce and detect Higgs Particles at Particle Colliders

S

-

proton

\

Experimental view...




This Search Requires......

1. Accelerators : powerful machines
that accelerate particles to extremely
high energies and bring them into
collision with other particles

~ ! 2. Detectors : gigantic instruments
~>> W that record the resulting particles as
they “stream” out from the point of
collision.

3. Computing : to collect, store,
distribute and analyse the vast
amount of data produced by these
detectors

4. Collaborative Science on

- Worldwide scale : thousands of
scientists, engineers, technicians and
_ support staff to design, build and
operate these complex “machines”.




he Large Hadron Collider...




The Large Hadron Collider = a proton proton collider

7TeV +7 TeV
6.5 TeV + 6.5 TeV
(4/3.5 TeV + 4/3.5 TeV)

- =

’; €% 1 TeV = 1 Tera electron volt
: 1012 electron volt

Prlmary phyS|cs targets

¢ Origin of mass

e Nature of Dark Matter

e Understanding space time

e Matter versus antimatter
e o Prlmordlal plasma

The LHC is a Dlscovery Machine
Will LHC determine the future course of High Energy Physics?




The LHC Machine and Experiments

LHC is 100m underground

LHC is 27 km long
Magnet Temperature is 1.9 Kelvin = -271 Celsius
LHC has ~ 9000 magnets

LHC: Luminosity 10-100 fb-t/year (after start-up
phase)

eHigh Energy — factor 7 increase w.r.t. past accelerators
eHigh Luminosity (# events/cross section/time) = factor 100 increase




LHC Running

-~

| S
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Large Hadron Collider

~

/ \
& % ’

E—

ATLAS Detector




Example: LHC Operation 2018:

gel Fill: 6714 E: 6499 GeV t(SB): 01:57:38 23-05-18 09:46:44

. PROTON PHYSICS: STABLE BEAMS
' Energy: 6499 GeV 2.52e+14 I(B2): 2.58e+14

Inst. Lumi [(ub.s)A-1] IP1: 16386.48 IP2: 2.61 IPS: 15831.62 IP8: 431.68

7000

~6000

FS000

4000

/ 1e30 cm-2s-1

Intensity

-3000

Energy (GeV)

2000

Luminosity

1000 —d sl ) - I , | .

T T T T T T ' T
l‘jrl o 11:00 1400 17:00 20:00 23:00 0200 O%00 08:00
T T . g

11: (m 14:00 17:00 20:00 1]00 0*00 05:00 osno AUCE — CMS LHCb

N ‘n e e oF .‘—-_
: ,.‘:“ w

Comments (23-May-2018 08:08:51)
pots in
Angle levelling IP1 IPS

Physics fill with 2556b
AFS: 25ns_2556b _2544 2215 2332 _144bpi_20injv2




LHC experiments are back in business at
| a new record energy 13 TeV

3rd June 2015 Run-2 starts
?rgton-p_roton Run-2 finished 24/ 19/ 18 6:00am

Y’/ CMS Integrated Luminosity, pp, 2018, .= - 13 TeV

— " Data included from 2018-04-17 10:54 to 2018-10-26 08:22 UTC

~
o

70
= BN LHC Delivered: 66.90 m '
£ 60 - €MS Recorded: 62.75 I &
g 50| CMS Prefiminary Online Luminosity 50
c
3 2018 N
2 30 5
e
g # {120
=
T 10 P ‘a
3
-

3 N .
o o e AW . pu® " e® of
Date (UTC)

>

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2018-10-24 04:00 UTC
| == 2010, 7 TaV, 45.0 pbs ' y '
w2011, 7 TeV, 6.1

100

3y N v S

+2010-2012: Run-1 at 7/8 TeV CM energy S
«Collected ~ 27 fb! i

*2015-2018: Run-2 at 13 TeV CM Energy i : ~ |
*Collected ~ 150 fb! T "

Date (UTC)

— 2012, 8 TeV, 23.3 0 '
BO| — 201%, 13 TeV,42 M
= 2016, 13 TeV, 408 M '
2017, 13 TeV, 498 '
% w— 2018, 13 TeV, 68.2 1 '

Total Integrated Luminosity (b ')




LHC nghllghts

LHC switched on at 7 TeV in March 7
2010 ;

->The highest energy in the lab! 1 N
LHC @ 13 TeV from 2015 onwards ¥
Most important highlight so far: | :

The discovery of a Higgs boson  pareh 30 2010 Al

Many results on Standard Model ...since 4:00 am
process measurements, top-
physics, b-physics, heavy ion
physics, searches, Higgs physics
Waiting for the next discovery...

-> Searching beyond the Standard

. Model

— 12:58 7 TeV collisions!!!



LHC Publications: EXx

| Showall | Total = Exotica Standard Model = Supersymmetry  Higgs | Top Physics e 880 pUb“Catlons on

Heavy lon B Physics Forward Physics Beyond 2 Generations pp (a nd pr/Pbe)
879 collder data papers submitied as of 2019.05-25 physics since 1/2010

About 100 papers on
Higgs studies!!
Paper 16 was the
discovery paper!

http://cms-results.web.cern.ch/cms- e -
results/public-results/publications-vs-time/ >9250 citati

ons ¢ v




Collision in the ATLAS Detector

EXPERIMENT

Run: 300571
Event: 905997537
2016-05-31 12:01:03 CEST







Schematic of a LHC D

Physics requirements drive the design!

Analogy with a cylindrical onion:

Technologically advanced detectors comprising many layers, each
designed to perform a specific task.

Together these layers allow us to identify and precisely measure the
energies and directions of all the particles produced in collisions.

Such an experiment
has ~ 100 Million
read-out channels!!




The Higgs Hunters @ the LHC

Muon Detectors Tile (‘olo imeter Liquid Ar rgon Calorimefe

——
_=

The ATLAS experiment

CMS

i : 2N O et =T ke
Toroid Magnets Solenoid Magne SCT Tracker MUON ENDCAPS
73 Coathods Strip Chambe

The CMS experiment

These experiments use different

technologies for their detector o
components mhs

.



Particles in Detect

Muon Spectrometer

Hadron
Calorimeter

Om

Key:

Muon
Electron

— = — - Neutral Hadron (e.g. Neutr
= ====Photon

Silicon
Tracker

W)

Electromagnetic
Calorimeter

Hadron Superconducti
Calorimeter Solenoid

Transverse slice
through CMS

Inner Tracker




Kinematic Variables for pg

+ Transverse momentum, p; and E;=E sin®
— Particles that escape detection (0) have p=0

— Visible transverse momentum =0 —_——
+ Very useful variable!

+ Longitudinal momentum and energy, p, and E
— Particles that escape detection have large p,

— Visible p, is not conserved
* Not so useful variable

* Angle:

— Polar angle 6 is not Lorentz invariant
. For M=
— Rapidity: y g o
TR + Py
- = —In =f=- —
Pseudorapidity: 1 y AT, y=1] =~ In(tan 2)

e Missing E; and P+. : Vectorial sum of all transverse momenta






SO L MY

Muon Detectors Electromagnetic Calorimeters
\\
\\
\\ Forward Calorimeters

End Cap Toroid

; Inner Detector ; ieldi
Bane Targia Hadronic Calorimeters Shisiving

Length =55 m; Width =32 m; Height =35 m; but spatial precision ~ 100 pum .



SILICON TRACKER
Pixels (100 x 150 um?)
e e c O r ~im*  ~66M channels

. Microstrips (80-180um)
Compact Muon Solenoid ~200m?  ~9.6M channels

CALORIMETER (ECAL)
~T6k scintillating PbWO, crystals

PRESHOWER
Silicon strips
~16m? ~137k channels

~13000 tonnes

SUPERCONDUCTING
SOLENOID
Niobium-titanium coil

rying ~18000 A FORWARD
CALORIMETER
Steel + quariz fibres
HADRON CALORIMETER (HCAL) 5 Eoes
nnes Brass + plastic scintillator MUON CHAMBERS
~Tk channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers

Endcaps: 473 Cathode S & 432 Resistive Plate Chambers




General Purpose Detector

ATLAS A Toroidal LHC ApparatuS CMS Compact Muon Solenoid

In total about

~100 000 000 electronic channels
Each channel checked

40 000 000 times per second (collision rate is 40 MHz)
Amount of data of just one collisions

~1 000 000 Bytes
Trigger (online event selection)

Reduce 40 MHz collision rate to ~1 kHz data recording rate
Readout to disk

O(1000) collisions/sec = petaBytes of data/year




From Collisions to Papers




Event Filtering: the Trigger Sy
F

Bunch crossing rate is 40 MHz Event size ~1 Mbyte
2007 technology (and budget) allows only to write a ~1 kHz

of events to tape — need a factor ~10° online filtering!!

The trigger is a function of :

T(4 \]ﬁwﬁﬁw )

Event data & Apparatus
Physics channels & Parameters

lost forever!!

VB
acgsdls] —~_,  written to disk for

offline analysis

The event trigger is one of the biggest challenges at the LHC
— Based on hard scattering signatures: jets, leptons, photons,
missing E,...




The LHC Data Challenges

-

| J

30Km

LHC data analysis requires a computing
power equivalent to ~100,000 of today's
fastest PC processors

=> Requires many cooperating computer

centres, as CERN can only provide ~20%
of the capacity

» GRID Computing




Detector Performanc

Some examples from the Run-2 data

CMS and ATLAS continue to
have an excellent performance
L=3.9fb"(i§=13‘l’ev. 2017)

: > 10 Trigger patha
s e 3 SRy |5 3 CMS mmmo  DP-2017:029
» 201 g s b e g 10’ Preliminary - vy
: : & —
eex . s -— 10‘ le B,
n . : 8 ¢ ‘p' . Y
A . : > 7 Y BN low mass double muon + track
: 2 w 10 " B, double muon Inclusive
- - M
-— . t 10‘ . . Z
e . .
" - -~ 105
- : .
we : 10°
.-“‘  Em E E A ey gl 3 pic:guigpiggglf " 4 g giogggafl
- L . A E " - 2 19 1 19 - . 1y
actomtn Q5% 99% w*w invariant mass [GeV]
> A | AL | QL | TTTTT T
e10f” — ‘:::3:"" 3 ATLAS Preliminary 1s=13 TeV. 18pp' ® D 0S S 0T T T ATLpHYS-PUB-2015-027
o S ~ : -f,:'::s K 0 MCZ-pp
3;’ a o Trphe Mk > s b 25:
% — Studert | hseson N g [ Z+jets S8 g : * Data 2015 3
g 6 @4,=10.64um i} & 205 \§=13TeV, ILO' ~6pb’ _+_F&<_O_"‘j"
i J %.r " _‘__+—C—
‘ 15/~ _._+_‘ ks
2 %r [ ——p=
o ==
-q 1 - e
X ] gFo-
Pixel Detector Resolution: I 1o Li‘ ST ATLAS Preliminary
e, R M | el I Lissadas Lao 1 N
Transverse to the beam: 0,=10.64 um Di-slvchon mies (OeV] _ GO 100 200 300 400 500 600 700

* Parallel to the beam: 0,=29.09 um
X E, (event) [GeV]



Global Event Recon

. Using all information of the detector together for optimal measurement

= Optimal combination of information from all subdetectors
= Returns a list of reconstructed particles
* ey, charged and neutral hadrons
- Used in the analysis as if it came from a list of generated particles

- Used as building blocks for jets, taus, missing transverse energy , isolation and
PU particle identification
Adapted in CMS



B-quark Tagg

Generally: look for jets with displaced vertices (or leptons) from B-meson decays

Select b-enriched samples using tt sample
* t=> Wb~ 100% - tagging top = tagging b
* Select pure b sample by using tt event topologies

— 1(2) high p; leptons, E,., m, & m, constraints

— 70-80% b-purity after selection

* CMS study 1(10) fb!

IR e e e i e -
L | | | T I T

— Efficiencies 40% to 60% 0-141"['—e— absolute uncerainty o ";
L | === ahsolute uncertainty for 10 fb™'
(at E&! > 100) GeV 0.12 - ——&—— relative uncertainty for 1 It B
‘@ - rglative uncertainty for 10 b’

— Uncertainty 4-6% for large
data samples =>

Uncertainty Barrel

o

o ©°

(o4] —
T
/ .

CMS

& o006 . N
*  ATLAS study 100 pb* »J‘-; E o, e
s . ]
— Similar efficiencies, purities 0'04: r/: iy SO iy ]
— Estimated uncertainty ~10% Q02 T e
0 ¥ 1 1 Lia i Lo

: 20 60 80 100120140160180200
New: Deep Learning NNs.. Calibrated E, b-Jet



Tau-findin

Hadronic tau decays are narrow low multiplicity ‘jets’
hadron hadron+strip 3 hadrons

All di-tau final states used in Higgs search

B mu + had
We+had
T e+mu
Emu+mu

0y s

. 6.2%
Tau reconstruction: hadron+strip

- 4 Particle-flow based algorithm to reconstruct
jdifferent hadronic tau decay modes

T, identification: efficiency ~ 60%
fake rate ~ 1%

{ The T, mass distribution used to control
00504050810 1214 157520 the tau energy-scale within 3% &
m(z,) [GeV] reconstruction of decay modes
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The New Wave: Machine L_

FUTURE ML & COMPUTING

1 kHz
100 kHz
A""A 40 MHz w®

9,
\‘\ “‘ \ \)5 < }/296‘(
’ 4 (v) 7 9@
v

e Traditionally, ML is applied offline or in the high-level (software)

trigger in CPUs Field Programable Gate Array
e Can we deploy ML in ultra-fast FPGAs to bring it to L1 trigger?

» Can we bring FPGA-accelerated ML workflows to HLT and offline?




The New Wave: Machine L-

cregiorid DEERP DOQUBLE=B TAGGER

* Large performance gain over previous algorithm

CMS simuiation Preliminary 2016 (13 TeV)
a100:I'TI|IIIT[IIITI1llll1[1l[7['1[1l'1'1fll]lIll[l]"
- 300 t 2000 GeV '

8— - 40 <<je’lena220069V .
é - = DeepDoubleBvl, AUC = 97.3% /
o - = double-b, AUC =91.3%
s 10"{_- i i i i —]
- x2.2 better
. signal
- efficiency
1l e - —]
: - x10 better
i // background
7 rejection
10-3 1; il |

L1 L1 Ll Ll L1 11 Ll 1l llllllllllllllllllllllll
00 01 02 03 04 05 06 07 08 09 10
Tagging efficiency (H — bb)







LHCb: Bottom and Charm

LHCB Integrated Luminosity

’é-_..__.—_, + T et 195 M TeVy 23000 =S
M4 MS ) s I e Wecodet n 201214 W) 200 1 r
\ & o E o Racsdmti BT 0w
3 )D' w h‘z 0 § ‘d::— - ! w..".n.m"!.. ! /
SIS g 3 VE
ECAL 4 3"3: =
..... é_
Laé‘—-
- T T Sﬂg—-
":bEI e Sk a0l e ke MWF‘U
Date
AR T A Y TS \
»
3 10m I5m 20m s

» Forward acceptance (2 < n < 5) and down to very low p;

* Precise vertexing (VELO) - hit resolution of down to
4 um achieved; measurements 8mm from beam-line

* RICH system providing hadron id between 2 and 100 GeV/c

* High performance muon system




ALICE: Heavy lon Physics at the

| ACORDE | ———

ACORDE =

-‘("-_' ‘-..,_.. ;
Detector:

Size: 16 x 26 meters
Weight: 10,000 tons

4 Collaboration:

> 1000 Members
> 100 Institutes
> 30 countries




A Few Smaller Experiments: TO

TOTal and Elastic cross

TOTEM: measuring the total, elastic and soction Measurement

@ diffractive cross sections

Add Roman Pots (and inelastic telescope) ot g o
to CMS interaction regions (200 m from IP) i i
Recently: common runs with CMS .. Opp [mb]

w1 RP2 RP3 ra
01 02 Q3 0 O - 1R ai¢ ¢
A P D1 i, D2 Q4 '-’JD'.’[ [ 0B =
a5 -._—_._," - —— ] 4 S o™ ""‘[: [] :
T P —— L Llﬂ} . — ' 'i 0 =
] —[ — M

LHCf. measurement of
photons and neutral pions
In the very forward region

I. P (140 maway)

Connection witl

cosmic rays

of LHC \ 7
Add a EM calorimeter at ;

140 m from the Interaction o \
Point (of ATLAS) e - AN




MOEDAL: Monopole and Exotics Detector

Heavy particles which carry “magnetic charge”
Could eg explain why particles have “integer
electric charge”

'''''''

Monopole production

q m

10
10™

10

= b CDF J"s=1.96 TeV

10

=)
#

Cross-section cm?
=
B g

LHC /'s=14 TeV

Lol ol od od ad ol ob ol ad ol ol od ol

o

10 |- J=14 ToV S x 10%cm s ' (@10°shr =5 1b ")
T AR B R B REpEpp) S .

wAE )

58 \ 1 — Remove the sheets after some
1

" . oncid e running time and inspect for ‘holes’




The LHC Detectors are Major Challeng-

' e CMS/ATLAS detectors have about 100 million read-out channels

e Collisions in the detectors happen every 25 nanoseconds

e ATLAS uses over 3000 km of cables in the experiment

e The data volume recorded at the front-end in CMS is 1 TB/second
equivalent to the world wide communication network traffic (2007)

e Data recorded during the 10-20 years of LHC life will be about all the
words spoken by mankind since its appearance on earth

e A worry for the detectors: the kinetic energy of the beam is that of
a small aircraft carrier of 10% tons going 20 miles/ hour

Object Weight (tons)
Boeing 747 [fully loaded] 200
Endeavor space shuttle 368
ATLAS 7,000
Eiffel Tower 7,300
—USS Jonn McCain 8,300
CMS 12,500




Summary:. Challenges@ LHC.

« High event rate and pile-up

— High granularity: typically 10x more channels compared
to detectors before the LHC

* Timing/synchronization of 108 channels is non trivial

« Event size (> 1 Mbyte)/Computing
— Limit event rate to a few 100 Hz, use the Grid

* Trigger reduce event rate from 40MHz to a few 100 Hz
— Multi-layered trigger system and pipelined electronics

» Detectors need excellent hermeticity (missing E-), lepton
identification, B & Tau identification, jet measurements...

 Detectors must be radiation hard and reliable
for ~ 10-20 years...

. We have these detectors: Let’s look at physics



pp-Collisions : Complicatio

Protons have structure

Underlying event

“Hard" Scattering

outgoing parton

proton

underlying event <
initial-state
radiation
final-state
radiation

outgoing parton

'0 TR ~II-I-] L | Ilfltli
\

E\L, aaigot opt| | PAMEON

it TR distributions
ol \%\ -
Pl L O

10—3 10—2 10! 109

* ]
o= Z / dry dieg filxy. ) filxo, i) aij
id JU

Pile-up: approximate 40 collisions per
& bunch crossing in 2018 (more in future

™ =

B

Z-> upu event with ~20 reconstructed vertices (2012)




Proton-proton collisions anc-

Generic LHC Collision  parton Distribution Functions: the probability of finding
a parton with momentum fraction x in the proton

A
proton
'
R
Zus } M1 PDY 2000
LI Q=10 GeV?
o P ZEUSS POF
o
ar ’( w,
\‘. X
“ I ~
t \“‘; i :
o n:— b (005 ’( qq ’I) ')' 4
roton ; S ]
p “ :> N .
ol S ~ RN
HERA F, 4 7 P ] E
- (T - b
£ AL o010z ]
S wasena — ZEUS NLO QCT . T " n
o R wh N2EY "w! "' " w!
- L0 ey o bkl
Ew .t Ae0.0M5 =
e I 4w
‘-1 w0008
'y ..b . peel) ¥ - _J
o f" ] w13 W = -
X [] l"“' :
N 4 axl 0021 1
. P o - ]
AP P 3
". o ! ] . b 032
- ” ¢ oF o
S A

measurements eg e
from HERA A it

Simple spread of existing PDFs gives
up to 10% uncertainty on Higgs cross
section. Possible gain ~ factor of 2

with final HERA data (PDF4LHC)
Using also input from LHC data in new fits

Now also LHC pp T
data used to ]
constrain PDFs : B

| L] 0 w' W' w’
QU (GeV?)



Proton-Proton Co

Cross Section = PDFs X Sub Process X Hadronisation

paseass s aranacy P

dx: dxd f f @ Hadronisierun :

G pp->x * Z X;j dxia f(X;, F) k(xkallF) 7 (XS, 1F 11R) 9,
S : | ________ I



Proton-proton Collis_

Most interactions due to collisions at large distance between incoming
protons where protons interact as “ a whole ”

— small momentum transfer (Ap = % /AX)

—particles in final state have large longitudinal momentum but small
—transverse momentum (scattering at large angle is small)

ey
4—‘7

<p;>=500 MeV  of charged particles in final state

Most energy escapes down the beam pipe.

These are called soft events...
A minimum bias data event sample is dominated by soft events



Cross sections at t
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Standard Model Measur

« Standard Model measurements form an integer part of the
physics program of the LHC

* Precision measurements allow test for a wide range of SM
predictions, and extract fundamental parameters (eg a.)

— Requires matching precision at theory prediction side

« Important to understand backgrounds for searches for new
physics

Cross Sections Many processes studied: Examples
—_ 102 T T T
0-10 iz ATLAS Prelimina e R —j —y4+X —W/Z+X
= 11 § Measurement l'Y 15 TeV. &3 0 " ATLAS CONF- 2016938 pp ]et(S) pp Y pp +
w10 P = { Ipaw . _— —Cs
W98 g PAD B8 U004 (229 a =)
12TV, A1 pb, wXac 160G 29922 k ,.\(F, . a1 R X
- = I w2y ,_.s_L:_lJ-'T)_;}}- - . ) v T__ : ZW) o)
T Tav, 28 p0r’. D £9, DTR004 (221 O
105 pa— /”’———0—_ 1’rw--m'. eGP i x
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Inclusive Jet Production (13

arXiv:1711.02692

!
yroton

| !t Differential cross sections with R=0.4
iy G Jet p; spectrum consistent with predictions
from NLOJET++

— 10'? T T - R e o —T &
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Agreement with NLO calculations over the full range, up to and beyond
2 TeV p; jets... QCD predictions work well over a large range...



W, Z Production
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W and Z Boson Produ
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Select final states with leptons Dt

- arXiv:1603.09222
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W and Z Boson Pro

Measurements at 7/8/13 TeV with a precision of 3-4%
->dominated by the luminosity uncertainty!
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Many detailed EWK studies possible —and done-- with the large Z,W samples
ST



W-Mass Determ

« Measurement based on 7 TeV data (4.6 fb1). It takes time to get
the systematic uncertainties under control for precision!!

* Included ~14.10° W leptonically decaying W candidates
« Technique uses template fits to the W p; and m; predictions

« Calibration of energy scale, recoil response and efficiency
studies using the large Z sample. Modelling of helicity effects
constrained by W and Z data. arXiv:1701.07240

my = 80370+ 7 (stat.) £ 11 (exp. syst.) = 14 (mod. syst.) MeV
= 80370+ 19 MeV,
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Top Production

*The heaviest known elementary particle: ~173 GeV
*Coupling to the Higgs ~1 — Special role in EWK symmetry breaking?

LHC is a top factory with ~5.100 produced tt-pairs (run-1)
~ 108 produced tt-pairs (run-2)



Top Quark Cross ﬂ
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Good agreement with the SM predictions up to the 13 TeV



Top Mass Determin

Combinations per experiment

CDF (2014)

DO (2016)

CMS (2016)

ATLAS (2018)

----- ATLAS Combination

ATLAS

m,, + stat + syst (total)
173.16 £0.57 £0.74 (0.93)

HeH 17495 + 040 +0.64 (0.75)

17244 £ 0.13 £ 0.47 (0.48)

17269 +0.25 £ 0.41 (048 £ 0.03)

I stat. uncertainty — stal. uncertainty
total uncertainty —— lotal uncertainty

c e b o o b e b e by
165 170 175 180 185

My, [GeV]

Steady improvements during run-1
and run-2

Precision reached now ~0.3%

Hadronization model uncertainties
one of the main limitations

Several alternative methods have
been and are being explored
using J/y, secondary vertices,...
This is not the final word yet

Experiment combination under way
Note: the average value LHC

somewhat lower than Tevatron
one: 174.34 + 0.64 GeV



Summary: Cross Sectio

Standard Model Production Cross Section Measurements Status: March 2019
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All measurements in good agreement with the Standard Model predictions!!



Light-by-light Sc

Select ultra-peripheral collisions in PbPb arXiv:1904.03536
« Exclusive 2-photon final state selection Ph Phe

« Small acoplanarity (< 0.01) : ;

« Small diphoton p; (<1 GeV or 2 GeV) T

« 42 events found, 6 background events est. 2
CMS result: arXiv:1810.04602 = —
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Measurements of By

arXiv:1411.4413 *Three B, particles in a billion will decay into two
Published in Nature muons. This decay has been chased for 30 years!!
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Total and Elastic Cross

TOTEM experiment: Total cross section and elastic/diffractive scattering

LHC sector 45 (left arm) LHC sector 56 (right nrm)
210fr 220-fr

New measurements at 13 TeV

arXiv:1712.06153
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2 ; p: the ratio of the real to imaginary part of the nuclear
elastic scattering amplitude at t=0, is lower that expected

P+?  First direct evidence for “odderon” exchange in elastic

X scattering??




Forward Particle Produc

arXiv:1808.09877 Forward neutrons
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Summary

The LHC is the highest energy collider built by mankind so far.
Seven experiments are currently collecting and analysis
proton-proton (and AA) data.

The experiments face huge challenges. A very crucial
component is the selection trigger

The physics program at the LHC is very diverse, with general
purpose from Standard Model test in the new high energy
regime, to searches for new physics

Measurements of Standard Model processes show good
agreement with predictions. Precise measurements require
precise calculations.

We will look at some specific searches
for new physics in the next lecture




