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The smallest pieces of matter...

* Particle physics is the study of smallest known
building blocks of the physical universe -- and the
interactions between them.

* The focus is on single particles or small groups of
particles, not the billions of atoms or molecules
making up an entire planet or star.




Relativistic Collisions

Particle collisions at very high energiesw
produce many particles, some much more
massive than initial particles
(unlike in this cartoon, collisions obey
specific quantum rules)

Elementary and composite particles studied in great detail over the past 50 years
4




“Standard Model” of Particles and Forces

* |Incorporates:

— Electroweak theory by Glashow, Weinberg and Salam

— Quantum Chromo Dynamics — theory of strong
interactions




“Standard Model” of Particles and Forces




Fermions and Bosons

Fermions Bosons

1

Leptons and = Spin =7 Spin =1* | Force C

Spin = ]7 Spin = 0,




“Standard Model” of Particles and Forces

Works beautifully for massless quanta

M=380 GeV, M;=91 GeV, m,;,m =0

1
< 0.0005

electron
0.5

Needs Higgs field for providing
mass to the elementary particles




“Standard Model” of Particles and Forces

Works beautifully for massless quanta

M=380 GeV, M;=91 GeV, m,;,m =0

The Standard Model:
Some assembly required.
Gravity not included

Needs Higgs field for providing
mass to the elementary particles



Interactions with Higgs Field

* Which of these falls slower safely?

* An unopened parachute

* Fully opened parachute <

The more interaction with the medium (air) the lower the speed of
the drop

Higgs field permeates all space, particles interact with differing
strengths with the higgs field. The higher the interaction the larger
the particle’s mass.
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The Guralnik-Hagen-Kibble-Higgs-

Englert-Brout field...

'\l 4 y l\ / / ' 3 4 |
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* The mass of particles is generated by interaction with the Higgs tield. This

was predicted independently by three groups and published in 1964 in the
same volume of Physical Review Letters.

— All three papers were written from different perspectives, and each
made a distinct contribution
* Physical Review Letters volume 13 (1964):
— QGuralnik, Hagen, Kibble, "Global Conservation Laws and Massless Particles"
— Higgs, "Broken Symmetries and the Masses of Gauge Bosons"
— Englert, Brout, "Broken Symmetry and the Mass of Gauge Vector Mesons"
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THEORY: The “Higgs” Field

: IMAGINE A FIELD THAT Y
PERMEATES THE
ENTIRE UNIVERSE, -

EVERY PARTICLE \
FEELS THIS FELD,
BUT & AFFECTED IN

DIFFERENT AMOUNTS,

\

O3

L8

The more a particle interacts with this invisible
field, the more mass it gets.



But if this field is invisible,
how can we PROVE it exists?



The theory predicts that the field has an
associated particle:

&

The Higgs Boson!
We can try to create the Higgs
boson in our experiment!

Challenge: the theory does not predict its mass



Other open questions

Why is there a large mass Why are there exactly 3
hierarchy in the fermion generations ?
sector ?
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The Generations of Matter




What remains to be answered ?

How can we explain the matter anti-antimatter asymmetry ?

Anti-Tom Hanks Tom Hanks

Would look * &
very much like Sl




What remains to be answered ?

How can we explain the matter anti-antimatter asymmetry ?

But were they to meet...

We are still here
and no naturally occurring antimatter is in sight!




What remains to be answered ?
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“All nght... which of you punks Is
responsible for dark matter?”




What remains to be answered ?

What is dark matter ? Where is gravity ???7?

Are new particles the solution ?

Does the Higgs interact with dark matter ?



Potential Answers

SUPERSYMMETRY EXTRA DIMENSIONS

Moprrerse

Particles

Supersymmetric “shadow” particles

And many more...



What new physics are we looking for ?

_|

___|
Start by asking these questions in the right way

Look more closely More Precision, new techniques
Look in new places Higher Energy, new measurements



The Energy Frontier....



for a total coII|S|on energy of 7 TeV (2010 2011)
b) proton beams wnth 4 TeV energy for C total coII|S|on energy

o

SNR



One of the fastest racetracks on the planet...

r X, ) o> c/ s Several thousand billion protons

P travelling at 99.9999991% of the
speed of light will travel round
the 16.8 mile ring over 11000
times a second!

(that’s 670,626,025 mph)

About 300 ft under ground

 8.4T dipole magnets (1232 magnets)

* Cooled to 1.9K with 96 tons of liquid
helium

* Energy of beam =362 MJ

15 kg of chocolate




Where will occur some of the hottest reactions in our galaxy...

Violent collisions corresponding to temperatures a billion times higher
than the core of the sun will be produced.

That is roughly 160,000,000,000,000,000 C



to be watched by some of the most complex “eyes” we’ ve ever built,

Particle
Detectors

allow us to
“see” particles

Quarks. Neutrinos. Mesdons. All those

damn particles you can't see. That's what
cdrove me to drink. But now | can see them.



to be watched by some of the most complex “eyes” we ve ever bU|It







The CMS detector

Took ~2000 More in Steve Nahn’s talk today

scientists and CMS DETECTOR
. Total weigh! : 14, X onnes
engineers more Overl dtmees 150m P it Lo -t ~co cae
‘

STEEL RETURN YOKE

Overall length :28.7m Microstrips (80x180 ym) ~200m> ~9.6M channels

than 20 yea rs to Magnetic field  :3.8T
design and build

Is about 15
metres wide and
21.5 metres long

Weighs twice as \
much as the

Eiffel Tower —

about 14000t .

(~40 large CALORNETER(ECAL)
airplanes)

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

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

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

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels



What do we observe with CMS?

Photons
 Light quanta
Electrons

* Lightest electrically
charged lepton

Muons

e Heavier cousin of electron
(interacts minimally)

Charged hadrons (mrt, K, protons)
 Composite charged particles made of quarks

Neutral hadrons (neutrons, K| )
 Composite neutral particles made of quarks
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The Challenge at the LHC

Balloon
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Event from special high pileup run with 78 reconstructed vertices

Average pileup in the 2016 run: 25 -30
Peak pileup in recent runs exceeded 55!



pp collisions at 14 TeV at 103* cm=2s

25 minbias
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e H—-> 4 muons:
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The Challenge @ LHC

The Challenge The Solution
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1.

CMS Trigger

CMS has a 2 level trigger system for selecting interesting collision events

Level 1 (L1) trigger: algorithms running on

custom electronics boards

* Coarse calo & muon info, no tracking
info.

* Hard limits on latency (on-detector
buffer size) and total accept rate
(readout electronics design)

High Level Trigger (HLT): algorithms running

on commercial CPUs (and GPUs)

 Hard limit on latency and total
bandwidth (transfer data from online
file system to storage)

* No hard limit on the total rate

40 MHz

<

Detectors

Digitizers

Front end pipelines

us

St

HLT
ec |

| Uﬁ%—ﬂ
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~100 KHz

Readout buffers

Switching networks

Processor farm

~1 KHz
~3 GB/s




Trigger: tricky business

10° Ev/s
(o)
99.99 % Lv1 0.01 %
I l |
H Readout
| Systems
ayer Se Event Run
Can't Undo \ 87 Manager Control
Cut 38X
Copy 3C Filter
Copy Merged <+3C | | Systems
Paste EA 1 1
Paste Into BV 99_9 % HLTL Services
Clear
1000 Ev/s
Undo Analysis

Cut 3BX

Copy H#C

Copy Merged <-38C

Paste £V

Will your favorite new physics signal be included | Pastemta o
in the small fraction of selected events?




Despite these challenges....

CERN experiments observe particle consistent with long-
sought Higgs boson

Geneva, 4 July 2012. At a seminar held at CERN! today as

a curtain raiser to the year’s major particle physics
conference, ICHEP2012 in Melbourne,

the ATLAS and CMS experiments presented their latest
preliminary results in the search for the long sought Higgs
particle. Both experiments observe a new particle in the
mass region around 125-126 GeV.
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Particle Physics history in the making

The discovery of a SM-like Higgs boson during
the LHC Run 1 was a ground-breaking event in
physics history

Collisions That Changed The World

> //"--"""‘r- A R
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> ? D, g PR Dot - 1
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How do you produce a Higgs boson ?

Aside: Feynman Diagram Cross sections (o):
probability that a particular
interaction will occur

Unit, by definition: area (cm?) ,

commonly “barns”, “milli-barns”,
”pico-barns” etc

Origin: Uranium nucleus — 10724 cm?
o . ”
> t as big as a barn

See video by CMS Collaborator Don Lincoln Cross section

/ szLdt
Integrated luminosity
é \/ - l ) O- (dataset)

Event rate Luminosity measurement of the number of collisions that

(machine) can be produced in a detector per cm? and per
second


https://youtu.be/hk1cOffTgdk

How do you produce a Higgs boson ?

9 ¢ HO
g t t
fusion
* Dominant production mode: gluon-gluon fusion followed 5

by vector boson fusion (VBF) W,z

HO

e All production modes exploited (gg, VBF, VH, ttH)
— Latter 3 have smaller cross-sections (o) but better S/B

in many cases q
W'Z
- 0
j H

W, Z bremsstrahlung

WW, ZZ fusion

t T fusion


https://www.symmetrymagazine.org/article/speak-physics-what-is-a-cross-section?language_content_entity=und

How does a SM Higgs boson decay?

We search for several Higgs decay channels.
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How do we reconstruct particles ?

* Most decay close to the interaction point Event vertex (collision point)

] CMS Experiment at LHC, CERN Is measured using tracks
CMS /1l run 133877, Event 28405693

il Lumi section: 387

Sat Apr 24 2010, 14:00:54 CEST

Note there are several low
momentum tracks
(underlying event)

Electrons p=34.0,31.9 GeV/c
Inv. mass =91.2 GeV/c2

Electron (=) and Positron (+)
Momentum (P, P,, P,)
measured in tracker

Energy (E) measured in
the calorimeter

E? = (c?)? + (pc)?

pp—>Z+X—>ee +X
Z(91 GeV)
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Candidate 4 Lepton Event

8 TeV DATA

4-lepton Mass : 126.9 GeV

u‘(Zl) PT - 24 GeV

e+(ZZ) PT - 21 GeV

CMS Experiment at LHC, CERN

Data recorded: Mon May 28 01:35:47 2012 CEST
Run/Event: 195099 / 137440354

Lumi section: 115
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The Z Boson Invariant Mass Peak

* Particles decaying close to the interaction point

 Histogram of “invariant mass” of the original heavy particle shows a sharp
peak at the mass of the Z (91 GeV)

CMS Preliminary 10° CMS Preliminary
No 700 = T T T — (\I(\J T T T ]
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C + + m — _
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H=> vy and H> ZZ

A clear peak at ~125 GeVI

CMS {s=7TeV,L=51fb'ys=8TeV,L=5.3fb"
T T | T T T T | T T T ]
O L 8 Unweighted
LO B 01500
1500
“ I
C
S .
Lﬁ L
_01000_— 130
9 - m.., (GeV)
S [
o Dat
< 500~ i S-?I;Fit
— T B Fit Component
D [ y
%)) @ +20 |
\\-/ 1 1 | 1 L L L | | 1 1 1 | 1 1 1 1 | L L 1 | | ] ]
#» 9770 120 130 140 150
m,, (GeV)

Events / 3 GeV

16
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=7TeV,L=5.1fb"' {s=8TeV, L=53fb"

T
[]
N
X

- [z, 2z
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Kp>05

il | I
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2011+2012

—b—
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Excellent understanding of the
background at all masses



"Greetings Earth-people. We have been monitoring your progress.
Now that you have discovered the Higg’s boson you are qualified
to join the Federation of Advanced Civilisations.”
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Higgs Production

* Following its discovery, significant effort has been put into characterizing

the properties of the Higgs Boson
* Obijectives:

— observe it in as many different ways as possible to measure its properties

CMS 138 fb™! (13 TeV)
® Observed Dﬂ SD (stat)
m— +1 SD (stat @ syst) l:lﬂ SD (syst)
— +2 SDs (stat ® syst)
B E Stat Syst
nggH -E.- 0.97_’2% 004 ﬁ:g;
E +009 +008
Hype _é':' 0.80:0.12 515 g0
E +0.26 +0.16
" WH 'E_E_ 1447, o2 -o,:s
E +0.22 +0.09
uZH _EE_ 1295, 020 L5y,
M| — —— 09493 ors 33
E +2.66 +206 +169
/ —6.055,; s by

1 is perfect K, |

. I RS NS R e i
agreementWVo 05 1 15 2 25 3 35 4 45
predictions Parameter value

Tests all parts of
the theory!

LL = measurement/prediction
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Higgs Decay

* Following its discovery, significant effort has been put into characterizing
the properties of the Higgs Boson

* Obijectives:
— observe it in as many different ways as possible to measure its properties

CMS 138 fb™! (13 TeV)
® Observed I:]ﬂ SD (stat)
=== +1 SD (stat @ syst) EI +1 SD (syst)
— +2 SDs (stat @ syst)
B 5 Stat Syst
pt ‘§— 1.13:008 1006 0%
w2 g7y 9
puww -E— 0.97:0.09 005 2008 Tests aII pa rts Of
ure —E" 0.85:0.10 006 008 the theory!
llbb _'E'_ 1.053:? 015 3::
n : r2rgl o o
1 |S perfeCt uZY / 2. EQHLOT 4097 4045

: -0.96 -093 -025
agreement WVO 05 1 15 2 25 3 35 4 e
predictions Parameter value



Key questions: post-discovery era

Is it a Higgs boson or the Higgs boson ?

— |s it elementary or composite ?
— Does it interact with itself ?

How does the Higgs couple to light particles (e.g. h > J/W+y)
And how does it couple to muons ?

Why is the Higgs so light ?

Are there additional Higgs bosons ?

Are there exotic Higgs decays ?
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Where are we today ?

HiLUMI

LARGE HADRON COLLIDER

LHC

HL-LHC

| |

Run 2

Run 3

LS2

13.6 TeV 13.6 - 14 TeV
13 TeV energy
Diodes Consolidation
8 TeV splice consolidation cryolimit LIU Installation . . HL-LHC
7 TeV e button collimators interaction . inner triplet . .
— i regions Civil Eng. P1-P5 pilot beam radiation limit installation
R2E project 9
2011 2012 2013 2014 2016 2018 2019 2020 2022 2024 2026 2027 2028 2029 IIIII"
5 to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes . . . . HL upgrade
nominal Lumi 2 x nominal Lumi ALICE - LHCb | 2 x nominal Lumi |
75% nominal Lumi upgrade

P
306

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY

PROTOTYPES

integrated RALUURIR
Juminosity JEGNTON{ o3

HL-LHC CIVIL ENGINEERING:

DEFINITION

CONSTRUCTION PHYSICS

| INSTALLATION & COMM. ||||

EXCAVATION BUILDINGS

Note 95% of the total LHC data still to come (and be studied)!
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CMS Luminosity

250

CMS I LHC delivered: 248.16 fb™'
1 CMS recorded: 228.73 fb™

N
o
o

150

—_
o
o

0
o
1

Total integrated luminosity (fo™)

ANV A a2 bk D 0 T a® A 0 A g 9D
Y-SR A\ A Y- N R AN A

Date
* Excellent, record-breaking performance of the LHC

* Exceeded even the most optimistic projections
* CMS data collection efficiency typically >90%
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Quest for new physics

* Precision measurements of SM processes

* Understand SM backgrounds, look for
deviations or anomalies

* Searches/measurements of rare SM processes

* Take advantage of the large LHC datasets
and look for (significant) enhancement
from beyond-the-SM (BSM) particles

* Direct searches for BSM particles
* Goin new directions with new models,
challenging topologies, enlarged
parameter space =2 innovate!

SM as a tool
for discovery

Exploring the
unknown

Take advantage of state-of-the-art analysis methods, data mining,

machine learning, new technologies, upgraded detectors...
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CMS Publications

Showall Total Exotica  Standard Model = Supersymmetry  Higgs Top  Heavy lons

B and Quarkonia  Forward and Soft QCD Beyond 2 Generations  Detector Performance

1197 collider data papers submitted as of 2023-05-31

_ @0
~1200 papers submitted OM
= ((C\‘.

160

140 -

120 -

100

80
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v v
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https://cms-results.web.cern.ch/cms-results/public-results/publications-vs-time/
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CMS Physics Briefings: https://cms.cern/tags/physics-briefing



https://cms-results.web.cern.ch/cms-results/public-results/publications-vs-time/
https://cms.cern/tags/physics-briefing

Overview of CMS cross section results
CMS preliminary 18 pb~1-138 fb~1(7,8,13,13.6 TeV)
w 7 TeV JHEP 10 (2011) 132 » o(W) = 9.5e+07 fb 36 pb!
\ 8TeV PRL 112 (2014) 191802 ¥ o(W) = 1.1e+08 fb 18 pbt
w 13TeV  SMP-15-004 W o(W)=18e+08 fb 43 pb~t
z 7 TeV JHEP 10 (2011) 132 = 0(2) =2.9e+07 fb 36 pb!
z 8 Tev PRL 112 (2014) 191802 4 0(2) =3.4e+07 b 18 pb~!
z 13TeV  SMP-15-011 & 0(2) =5.6e+07 fb 2 bt
wy 7TeV PRD 89 (2014) 092005 - o(Wy) = 3.4e+05 fb 5 bt
Wy 13TeV  PRL 126252002 (2021) - o(Wy) = 1.4e+05 fb 137 fb~t
zy 7TeV PRD 89 (2014) 092005 = 0(Zy) = 1.6e+05 fb 5fbt
zy 8 TeV JHEP 04 (2015) 164 0(Zy) = 1.9e+05 fb 20 fb~!
ww 7Tev EPJC 73 (2013) 2610 i O(WW) = 5.2e+04 fb 5fbt
ww 8 TeV EPJC 76 (2016) 401 W o(WW) = 6e+04 fb 19 fb~t
ww 13 TeV PRD 102 092001 (2020) E o(WW) = 1.2e+05 fb 36 fb~!
wz 7 TeV EPJC 77 (2017) 236 i o(WZ) = 2e+04 fb 5fb~1
wz 8TeV EPJC 77 (2017) 236 W 0(WZ) = 2.4e+04 fb 20 fb?
wz 13TeV  Submitted to JHEP W o(WZ) =5.1e+04 fb 137 fb~?
7z 7 TeV JHEP 01 (2013) 063 . 0(zZ) = 6.2e+03 fb 5fb-1
7z 8 Tev PLB 740 (2015) 250 & 0(z2) = 7.7e+03 fb 20 fb~!
7z 13 TeV EPJC 81 (2021) 200 - UZZ) = 17e+04 fb 137 fb?
vw 13 Tev PRL 125 151802 (2020) ' a(VWV) = 1e+03 fb 137 bt
www 13TeV  PRL125 151802 (2020) . (WWW) = 5.9e+02 fb 137 b=t
wwz 13 Tev PRL 125 151802 (20: ' 0(WW2Z) = 3e+02 fb 137 b=t
H wzz 13TeV  PRL 125151802 i 0(WZZ) = 2e+02 fb 137 b=t
2 zzz 13TeV  PRL125 1518 ' 0(222) < 2e+02 fb. 137 fb~t
a wvy 8TeV PRD 90 032004(2014) — o(WVy) < 3.1e+02 fb 19 fb~t
5 Wyy 8TV JHEP 10 (2017) - o(Wyy) = 4.9 fb 19 fb~t
Wyy 13TeV  JHEP 10 (2021) 174 i o(Wyy) =141b 19 fb~t
Zyy 8 TeV JHEP 10 (2017) 072 == 0(Zyy)=13fb 19 fb~t
Zyy 13 TeV JHEP 10 (2021) 174 = o(Zyy)=54fb 19 fb~t
VBF W 8Tev JHEP 11 (2016) 147 —— 19 fb~t
VBF W 13 Tev EPJC 80 (2020) 43 H®  O(VBF W) = 6.2e+03 fb 36 fb!
VBF Z 7TeV JHEP 10 (2013) 101 == O(VBF 2) = 1.5e+02 fb 5fb~1
VBF Z 8Tev EPJC 75 (2015) 66 = o(VBF 2) = 1.7e+02 fb 20 fb~!
VBF Z 13 TeV EPJC 78 (2018) 589 §E  O(VBF Z) = 5.3e+02 fb 36 fb1
EW WV 13TeV  Submitted to PLB wll=  o(EW WV) = 1.9e+03 fb 138 fb*
ex. yy—WWs Tev JHEP 08 (2016) 119 S olex. yy—oWW) =221fb 20 b=t
EWqaWy 8 Tev JHEP 06 (2017) 106 === o(EW qqWy) = 11 fb 20 fb?
EWqqWy 13Tev  SMP-21-011 wfE=— o(EW qqWy) = 19 fb 138 fbt
EWosWW 13TeV  Submitted to PLB = o(EW os WW) = 10 fb 138 fb?
EWssWW 8 TeV PRL 114 051801 (2015) E=— o(EW ssWW) = 4 fb 19 fb~t
EWssWW 13TeV  PRL 120 081801 (2018) O(EW ss WW) = 4 fb 137 bt
EWqaZy 8Tev PLB 770 (2017) 380 = o(EW qqZy) = 1.9 fb 20 fb~?
EWqaZy 13TeV  PRD 104 072001 (2021) =i 0(EWqqZy) =52fb 137 fb~?
EWqqWZ 13TeV  PLB 809 (2020) 135710 O(EW qqW2) = 1.8 fb 137 fb~!
EWqqZZ 13TeV  PLB 812 (2020) 135992 =0 0(EWqqz2) =033 fb 137 fb~?
tt 7 TeV JHEP 08 (2016) 029 & o(tt) = 1.7e+05 fb 5fb1
tt 8 Tev JHEP 08 (2016) 029 = ot = 2.4e+05 fb 20 fb~?
tt 13TeV  Accepted by PRD = o(tt) = 7.9e+05 fb 137 fb~?
tt 13.6 eV  TOP-22-012 B o(tt) = 8.9e+05 fb 1fb-t
te—cn 7 TeV JHEP 12 (2012) 035 | olte_cn) = 6.7e+04 fb 2 fb!
teecn 8TeV JHEP 06 (2014) 090 s olti-) = 8.4e+04 fb 5fbt
ti—cn 13 Tev PLB 72 (2017) 752 ml o(tc) = 2.3e+05 fb 2 b7t
tw 7Tev PRL 110 (2013) 022003 = otw) = 1.6e+04 fb 5fb~t
tw 8TeV PRL 112 (2014) 231802 Bl otw) =23e+04f0 20 fb~!
W 13 TeV JHEP 10 (2018) 117 o(tW) = 6.3e+04 fb 36 fb1
tooen 8TeV  JHEP 09 (2016) 027 = mlllE  ot-o)=13e+04fb 20 b7t
tty 8 TeV JHEP 10 (2017) 006 o(tty) = 3.5e+03 fb 20 fb!
tty 13TeV  Submitted to JHEP = o(tty) = 1.2e+03 fb 138 fb~?
tzq 8TeV JHEP 07 (2017) 003 DS o(tZq) = 2.9e+02 b 20 fb~?
tzq 13 TeV Submitted to JHEP i o(tZg) = 87e+02fb 138 fb~t
tz 7Tev PRL 110 (2013) 172002 = 0 o(tt2) = 2.8e+02 fb 5fbt
tz 8TeV JHEP 01 (2016) 096 Sl o(ttZ) = 2.4e+02fb 20 fb~!
(%4 13 TeV JHEP 03 (2020) 056 =8 o(ttZ) = 9.5e+02 fb 78 fb~!
ty 13TeV  PRL121 221802 (2018) wnflls  o(ty) = 1.1e+03fb 36 fb!
tw 8TeV JHEP 01 (2016) 096 = I ottw) =3.8e+02fb 20 fb~?
tw 13TeV  TOP-21-011 m— i o(ttW) = 87e+02 fb 138 b=t
tett 13TeV  EPIC 80 (2020) 75 == ottt =131 137 fbt
ggH 7 TeV EPJC 75 (2015) 212 - o(ggH) = 1.6e+04 fb 5fb1
ggH 8 TeV EPJC 75 (2015) 212 = o(ggH) = 1.5e+04 fb 20 fb~!
ggH 13 TeV Nature 607 60-68 (2022) @ olggH) = 47e+04 fb 139 fb~t
VBFaqH 7 TeV EPJC 75 (2015) 212 . O(VBF qgH) = 2.2e+03 fb 5fbt
VBFqgH  8TeV EPJC 75 (2015) 212 AN o(VBF qgH) = 1.6e+03 fb 20 fb~1
VBFqgH 13 TeV Nature 607 60-68 (2022) [ ] o(VBF qqH) = 3e+03 fb 138 fb~ !
VH 8TeV EPJC 75 (2015) 212 I o(vH) = 1.1e+03 fb 20 fb~?
WH 13TeV  Nature 607 60-68 (2022) B o(WH) = 2e+03 fb 138 fb~t
ZH 13TeV  Nature 607 60-68 (2022) =l o(zH) =1.1e+03fb 138 b1
teH 8TeV EPJC 75 (2015) 212 - B ofttH) = 4.2e+02 fb 20 bt
ttH 13TeV  Nature 607 60-68 (2022) W= o(ttH) = 4.8e+02 fb 138 b=t
tH 13TeV  Nature 607 60-68 (2022) . S o(tH) = 5.4e+02 fb 138 fbt
HH 13TeV  Nature 607 60-68 (2022) — o(HH) < 1.1e+02 fb 138 fbt
n L L L L
1.0e-01 1.0e+01 1.0e+03 1.0e+05 1.0e+07 1.0e+09
Measured cross sections and exclusion limits at 95% C.L. Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty o [fbl September 2022

See here for all cross section summary plots

Light colored bars: 7 TeV, Medium: 8 TeV, Dark: 13 TeV, Darkest: 13.6 TeV, Black bars: theory prediction



Precision measurements of rare processes

e Large datasets allow us to test the SM in complementary ways
— multi-differential cross-section measurements

— First-time sensitivity to rare multi- boson final states and production
mechanisms

May 2021 CMS Preliminary
T T T T T T T T T T T T

CMS measurements 7 TeV CMS measurement (stat,stat+sys)  —+—o——

vs. NNLO (o) theory 8 TeV CMS measurement (stat,stat+sys)  +—+—e——

13 TeV CMS measurement (stat,stat+sys) ++eo——
Y _— 1.06+0.01+0.12 5.0fb
S . b . Wy, (NLO th.) o+ 1.16+0.03+0.13 5.0fb

tarting to be sensitive Wy, (Lo th) 1.01+0.00+0.05 137 fbo"
. Zy, (NLO th) 0.98+0.01+0.05 5.0fb"

to higher order ZY, (NLO th) 0.98+001+0.05 19.5fb"
i i . WW+WZ : 1.01+£0.13+0.14 49fb
theoretical corrections; W o O oae A,

WW 1.00+0.02+0.08 19.4b"

_ _ wWw 1.00+£0.01+0.06 35.9 fb"
Still room for surprises! Wz o 1.05+0.07+0.06 4.9 fb"

Wz 1.02+0.04+0.07 19.6b"

Wz 1.00£0.02+0.03 137 fb™
ZZ 0.97+0.13+0.07 4.9fb"

ZZ ———— 0.97+0.06+0.08 19.6fb"

7z 1.04+0.02+0.04 137 fb"

0!5 1 I I I 1?5 I I I ' é
All results at: Production Cross Section Ratio: 6,/ 6y,

exp
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Overview of CMS cross section results
CMS preliminary 18 pb~!- 138 fb~! (7,8,13,13.6 TeV)
= 0o(W)=9.5e+07 fb
i o(W)=11e+08fb
¥ 0(W) = 1.8e+08 fb
®  0(2) = 2.9e+07 fb
4 0(2) =3.4e+07 b
¥ 0(Z) =5.6e+07 fb
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- o(Wy) 4e+05 fb
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Top Quark Physics

Over ~25 years since its discovery, the top quark is still one of the
hottest topics...

DZero experimenters submit their

March 2, 1995 top quark discovery paper to
Ramsey Auditorium (Fermilab) Physical Review Letters
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Inclusive tt cross section [pb]

Precision Top Quark Physics

Over ~25 years since its discovery, the top quark is still one of the

hottest topics... | ic. 5 top quark factory!

Tevatron combined 1.96 TeV (L < 8.8 fb™) -

CMS l+jets,dilepton 5.02 TeV (L = 27.4pbY) ~ CMS Preliminary sun 2021
CMSeu7TeV(L=5fb"

CMS l+jets 7 TeV (L=2317

40 mg < —

Inclusive cross
CMS alljets 7 TeV (L = 3.54 fb" section well
CMSeu8TeV(L=19.7 ™

CMS l+jets 8 TeV (L = 19.6 fb™) .
CMS all-ets 8 TeV (L =184 ™ . un d e rStOOd ’
CMS eu 13 TeV (L = 43 pb™, 50 ns)
CMS dilepton 13 TeV (L = 35.9 fb™)
CMS l+jets 13 TeV (L = 42 pb™, 50 ns)
CMS all-ets 13 TeV (L = 2.53 fb™)
CMS t+e/u 13 TeV (L =359
CMS l+jets* 13 TeV (L = 137.61 fb™)

* Preliminary
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Top evolution

CMS Experiment at LHC, CERN
Data recorded: Tue Jul 14 11:47:11 2015 CEST

Run/Event: 251721 / 22303466
Lumi section: 21

untagged Jet)‘lf MET

’ \‘(
s

"7 muon

i ’—‘ :
~

X 4

b-tagged jet
Number of jets: 10
Number of tagged jets: 4

TtrijetZ: 0.069
H¥: 760 GeV
HE: 639 GeV

tttt

tt

CMS Experiment at LHC, CERN
Wed Jul 8 19:26:24 2015 CEST

Data recorded
Run/Event: 251244 / 83494441

Lumi section: 151
Orbit/Crossing: 39572626 / 358

CMS,

b jet

MET= 164.0 GeV

\‘_‘.. Jet
; \{‘ / Y/ pT=81.6 GeV

NS
"¢ Electron
,(‘ p, =577

Muon p; = 53.8 GeV

f

What about ttt production ?

Analysis currently ongoing
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Exploring the unknown

As we look forward to Run 3, | find it useful to group potentiall
interesting searches into these categories:

e Anomalies
* New channels not yet excluded by other searches
e Searches enabled by novel techniques

e Searches enabled by using the detector in creative ways
* Unconventional final states

" UNLOCK YOUR POWER

THE EXPERIENCE




Anomalies

Extensive program of measurements and searches during Run 2
Statistical fluctuations are expected to occur

— given all the different search regions, observables, challenges of
background estimation techniques, understanding of systematics etc.

Some of these “anomalies” have gone away with more data, others persist
or appear in the full Run 2 dataset, and others might be due to our
incomplete understanding of the SM

— Imp. to keep an eye on them as we plan analyses for Run 3 and HL-LHC

138 fb™ (13 TeV)

CMS Prefiminary 137 157 (13 TeV) < 10°g 3
............................ 3 - -
2 T © 10° e CMS Preliminar y ¢ Data E
= 108 Vector LQ 2000 GeV, 1=2.5 & Observed = 2F 0QCD MC 3
2 7 E Total signal fit @Bkg. in >1b 5 10k 0.1 roacom
im - [Bkg. in Ob o 10 a>0. - POWEXp-5p fit -
= - B E _ " " 3
%) 5| DO F 1 - ModDijet-5p fit -
< OE —S+Bfit, 6 =431 fb € 10'E --- Dijet-5p fit 3
= F N Bkg. unc. % 1072 ; ::: -
5 10F C 10k =
c E 1074 3
i 10°E
Lﬁ 103 = 10—6 c Diquark: S — yx, — (ug)(ug)
o ,E —— M(S)=8.6TeV
- 0 E ---- M(S) = 5.0 TeV
107 £ 107" F o M(S) =3.0 TeV
é 10°F M(x)/M(S) = 0.25
>
=B 2
. 1.6 [ % 1
o F ;
X 14F S o
o 8|8
~ 1.2f Q|c
1) E D -2
8 1k
E, A A 2 3 4 5 6 7 8 70
0'8—345 -3 -25 -2 -1.5 -1 -0.5 0

Log, [S/(S+B)] Four-jet mass [TeV]



Pairs of di-jets

e Search for resonant and non-resonant pairs of dijets
— Excess at 8 TeV with local (global) sig of 3.90 (1.60)

. 138 b (13 TeV)
> 1 03 ‘ ‘ ‘ ‘ ‘ ‘ ‘ Dijet Pair 2:
o 10 CMS preliminary é Data ptjz 282 TeV
S 102 —LO QCD MC Mass = 2.10 TeV
o 10 a>01 PowExp-5p fit
F 1 — ModDijet-5p fit ‘Pﬂm ‘
E At --- Dijet-5p fit
) 1 O_2 e ;
B 10
© 1 0—3
107
107° L = P—
1 0—6 Diquark: S — yy — (ug)(ug) p[t)iegzl;lrrl\/
_7 —— M(S) =8.6 TeV Mass = 2.00 TeV
10 oF ~ M(S) = 5.0 TeV
107 g e M(S) = 3.0 TeV
107° M(x)/M(S) = 0.25
==
=lc
L s
© | Dijet Pair 1:
"('“' 8 pt = 349 TeV
Alc Mass = 1.88 TeV
D 3
2 3 4 5 6 78 -
Four-jet mass [TeV] e

https://cerncourier.com/a/dijet-excess-intrigues-at-cms/

CMS Experiment at LHC, CERN

Data recorded: Sat Oct 28 12:41:12 2017 EEST
Run/Event: 305814 / 971086788

Lumi sect tion: 610

An 8 TeV diquark or
coloron that can decay
into a pair of ~ 2 TeV
vector-like quarks ?

u

u

CMS-PAS-EXO-
21-010

Dijet Pair 2:
pt = 3.45TeV
Mass = 1.86 TeV/ 71



https://cerncourier.com/a/dijet-excess-intrigues-at-cms/

New channels, novel techniques, creative analyses

Rich and diverse search landscape

for AR~1.0

Big inclusive searches complemented by dedicated searches that target
gaps in coverage

Incorporate machine learning for Higgs, b, charm, top tagging

Improve lepton reconstruction/ID for compressed spectra w/ low pT
leptons; improve analysis techniques, jet substructure

Challenging topologies

Unconventional analyses

partially merged,
boosted W

un-merged fully merged

< 200 GeV 200 - 350 GeV




Non-conventional final states

----- neutral
displaced |mm charged
HSCP dilepton |~ any charge
disappearing displaced
track lepton
S T
displaced “‘,.u‘:; ......
vertex ot Ty
0‘.
| . displaced
: "o photon
Y
W BSM
M lepton
: 8 W quark
displaced o 4 displaced photon
vertex conversion M anything

Credits: J. Antonelli

New and rich phenomenology:
Very weakly coupled to SM
Long-lived particles
Masses below the EW scale

Searches need to often overcome
challenges in trigger, reconstruction &
background estimation

Need to deal with unusual backgrounds
(e.g. beam-induced backgrounds)

Excellent detector understanding is
absolutely critical

Important to take advantage of
several topologies and use existing
detector in creative ways



“Scouting”

Traditional trigger algorithms usually require high thresholds (e.g. on p
and mass) to reduce the event rate, and then readout the full event info.

 The limitis the total bandwidth
* (Can reduce the event size to
collect events at a higher rate
(i.e. lower thresholds)
* reduction of event size to
O(10kB) allows trigger rates of I g

T | T T T T | T T T T | T T
—e— CMS Preliminary (0.13 fb™

Fit
------- QCD Pythia

Jet Energy Scale Uncertainty

do/dm (pb/GeV)

10"

Y
'f “ .\.\ I
\  D)0.7 Tev) ..
A I 8 A

EXO-11-094

?

K .
R 1

TTTITI T T T T TTTTRA T TTTI T TTTTT IIIIIIII_

w1 1L ) IIII(IIl | IIIIIIII 1 IIIIIII| 1 I]IIIII| | IIIIIII| | IIIIIII| 1 IIIIIIII

several kHz . i AN
Ew (0.7 TeW) (1-37eW)
* Reconstruct at the HLT stage, 0*F w7y +
keeping limited information o L Woedeh
(HLT objects) 3 |

Residuals
Loon

* needs adequate calibration
@ HLT and validation
against full reconstruction

5500 3000
Dijet Mass (GeV)

5000

1500

Scouting approach extended
the reach below 1 TeV
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Summary & Outlook

The ~13 years of LHC operation has been one amazing ride!
— Discovery of the Higgs boson
* Now using the Higgs as a tool for discovery
— Huge amounts of BSM parameter space ruled out

— At the same time, innovative strategies for triggering, data-taking and analysis
are providing access to previously unexplored territory!

— Some interesting excesses — being pursued with full Run 2 datasets (and Run 3)

An exciting time to develop and implement new ideas
— Go in directions where no one has gone before!

95% of the total LHC data still to come (and be studied)!

Come join our quest to answer the unsolved mysteries of nature...
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When questioned during a congressional hearing
in 1969 about what the activity carried out at
Fermilab was doing for the national defense,
Director Robert Wilson replied:

It only has to do with the respect with which we
regard one another, the dignity of men, our love
of culture....

It has to do with, are we good painters, good
sculptors, great poets?

I mean all the things that we really venerate and
honor in our country and are patriotic about.

It has nothing to do directly with defending our
country except to help make it worth defending.




