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1881

PhD Physicists

(1542 men, 339 women)

1024

Engineers

(901 men, 123 women)

Undergraduates

(719 men, 252 women)

1031

PhD Students

(794 men, 237 women)
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The CMS Detector Silicon trackers

Pixel (100x150um?) — 1.9 m? — 124M channels
(Run 2) - J— Microstrip (80-180um) — 200 m? — 9.6M channels

Total weight: 14,000 tonnes — -

Overall diameter: 15 m ' = — : Muon chambers

0 0 - ) 58,7 ’ : = Barrel: 250 DT, 480 RPC
vera .engt : /m : : : Endcaps: 540 CSC, 576 RPC

Magnetic field: 3.8T 7 ‘ = / '

Steel return yoke
12,500 tonnes

Superconducting solenoid
Niobium titanium coil — 18,000 A

Preshower
Si strips — 16m? — 137k channels

Electromagnetic calorimeter
76k scintillating PbWO, crystals

Hadron calorimeter
Brass + plastic scintillator — 7k channels

Forward calorimeter
Steel + Quartz fibers — 2k channels
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1058 collider data papers submitted as of 2021-08-06

- Excellent performance of the LHC.
- In Run 2:
e 137 fb™1 of proton-proton data good for physics.
» Data-taking efficiency > 92% (2018: 94%).
 Number of pp interactions per beam crossing (PU): <u> = 34.
 Maximum instantaneous LHC luminosity (2018):
L. =214x10% cm™2s71 (2x higher than design parameters)

- Over 1000 physics publications.

CMS Integrated Luminosity Delivered, pp CMS Average Pileup (pp, Vs=13 TeV)

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC

2010, 7 TeV, 45.0 pb ™!
2011, 7 TeV, 6.1 !
2012, 8 TeV, 23.3 b !
2015, 13 TeV, 4.3 fb !
2016, 13 TeV, 41.6 b *
2017, 13 TeV, 49.8 b !
2018, 13 TeV, 67.9 fb !

Run lI: <u> = 34
‘Volume 716, Issue 1, 17 Seprember 2012 A% $
2018: <u> = 37 (4@ BREAKTHROUGH ¢
ki of the YEAR
2017: <u> = 38
2016: <u> = 27
2015: <;> =13

o’ (13 TeV) =80.0

in

Recorded Luminosity (pb~!/1.00)
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Selected Run 2 Results

All CMS publications and PAS available here:


http://cms-results.web.cern.ch/cms-results/public-results/publications/

Higgs boson production cross-sections in the yy channel

137 fb?

= ggH + gg — Z(qq)H + bbH

P [0,200]

Measurements are performed in several kinematic
regions for the different Higgs production modes.

ML algorithms (BDTs) are used to classify events or
discriminate between signal and background processes.

Clear signals observed in the main four production modes.

S/(S+B) weighted events / GeV

S/(S+B) weighted events / GeV

H- vy, m, =125.38 GeV

137 fb™ (13 TeV)

All ggH categories
S/(S+B) weighted
¢ Data
— S+B it
B component
(B3R
[J+2¢

B component subtracted

137 fb™ (13 TeV)

All VH categories
S/(S+B) weighted
¢ Data
— S+B it
B component
(B3R
[J+2¢

S/(S+B) weighted events / GeV

S/(S+B) weighted events / GeV

JHEP 07 (2021) 027

137 b (13 TeV)

All VBF categories
S/(S+B) weighted
¢ Data
— S+B fit
B component
+to
[J+2¢

137 fb™ (13 TeV)

All top categories
S/(S+B) weighted
¢ Data
— S+B fit
B component

(RERY




Higgs boson production cross-sections in the yy channel
137 fb?

JHEP 07 (2021) 027

CMS O Observed — 1o (stat @ syst)

H— vy, 137 o (13 TeV)
my = 125.38 GeV, p = 50%

137 fb' (13 TeV)

o Observed

[ +16 (stat® syst) C1] +io (Stat)
W +1o (syst)
=~ SM prediction

+0.12
1'07—0.11

H- vy, |yH| <25

1.0410-34

STXS stage 1.2: maximal
-0.31

m, = 125.38 GeV, p,, = 31%

+0.36
1.34°353

13592

=
@)
e
.2
S
o

o
T

H
:
o
H
!
P
P

ggH 0J low p
ggH 0J high
ggH 1J low p
ggH 1J med
ggH 1J high
ggH=>2J low p.
ggH>2J med p!
ggH>2J high p' | /]
ggH VBF-like
qqH VBF-like |
qgH VH-like

All measurements found to be consistent with the SM predictions.
Several measurements are the most precise made in a single channel to date.

The total Higgs boson signal strength, relative to the SM prediction, is measured to be 1.12 + 0.09.



Top quark pair production with charm jets

41.5 fb1
Phys. Lett. B. 820 (2021) 136565

First measurement of the inclusive ttcc cross-section and its ratio to
the inclusive tt + two jets (ttjj) cross section.
=> |mportant also for ttH measurements.

Technique that simultaneously extracts the cross-sections for ttcc, ttbb,
and ttLL (light quark/gluon).

Result POWHEG MADGRAPH5_aMC@NLO
- ‘ Fiducial phase space
Dileptonic decay channel of the tt system. e [pP] 0207 +£0.0254+0.027  0.187 +0.038 0.189 +0.032

g [PP] 0.132£0.01040.015  0.097 4 0.021 0.101 +0.023
0wy [pb]  5.15+0.12 & 0.41 5.95+1.02 6.3240.94
Re[%]  3.014+0.34+0.31 2.53+0.18 2.43+0.17
Ry [%]  1.93+0.15+0.18 1.31+0.12 1.30+0.16

415" (13 TeV) 415" (13 TeV)
CMS ¢ Data & ctagging syst. unc.

. . ttcc [ ttcL
After ¢ tagging I tiob [ tibL After ¢ tagging B tibh [ tibL
calibration tiLL tt+other tt+other

DY Single t DY Single t
I Rare

tagging syst. unc.
ficc [ ticL Full phase space
i [pP]  101£12+1.4 91+18 89£15
Oap [PP]  4.5440.35+0.56 3.34£0.72 3.39 £0.66
oar [pp]  220£5+19 255+43 261 +£37
R [%] 3.36 +£0.38 £0.34 2.81+0.20 2.72+0.19

Ry, [%] 1.51+£0.11 £0.16 1.03+£0.08 1.03 £0.09

calibration fLL

Events / bin
Events / bin

NN to evaluate best permutations.

S sammemmmai sl Charm jet identification algorithm uses a combination
01 02 03 04 05 06 07 08 09 1 .O 01 02 03 04 05 06 07 08 09 1 Of tWO dISCFImIﬂatOFS CVSI_ and CVSB

CvsL discriminator first add. jet CvsB discriminator first add. jet




Motivated by hierarchy problem.

Z boson decay to leptons: e, pand v

H boson hadronic decay (either directly to a pair of heavy quarks, or via decays
dominated by WW and ZZ2)

Higgs candidate reconstructed as single large-radius jet (Lorentz-boosted)

JHEP 11 (2018) 172
Observed
Median expected

137 1" (13 TeV)

95% CL upper limits
—— Observed
Median expected
I 68% expected
95% expected
===~ HVT model A
=== HVT model B

m,

(GeV)

137 fo' (13 TeV)

CMS 95% CL upper limits
” —— Observed
VBF signal Median expected
I 68% expected
95% expected
B== HVT model C

1000 1500 2000 2500 3000 3500 4000 4500
m,. (GeV)

Eur. Phys. J. C 81 (2021) 688

Events are classified depending on the number and flavor of
leptons, the number of b-tagged subjets of the Higgs
candidate jet, and the presence of forward jets consistent
with VBF production => 12 categories

04, 2b tag, non-VBF
2e, 2b tag, non-VBF
2u, 2b tag, non-VBF

0¢, <1b tag, non-VBF
2e, <1b tag, non-VBF
2u, <1b tag, non-VBF

Most stringent limits placed on the Heavy Vector Triplet Z' model to date.

04, 2b tag, VBF
2e, 2b tag, VBF
2y, 2b tag, VBF

0¢, <1b tag, VBF
2e, <1b tag, VBF
2u, <1b tag, VBF

Events / 100 GeV

;| CMS

0l, <1b tag, non-VBF

1500 2000 2500

137 b (13 TeV)

¢ Data
Z(vv),W(lv)+jets
tt, t+X
Bl Vv, VH
B Total bkg.
Pre-fit

HVT model B
m,. = 2000 GeV

3000 3500 4000
m (GeV)




Model-unspecific searches in CMS (MUSIC)

35.9fb?
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Eur. Phys. J. C 81 (2021) 629

Automated approach to quantify deviations between MC simulations of SM processes and data in a wide variety of final
states, in order to detect discrepancies that could be hints of BSM physics or other neglected or unknown phenomena.

Restricted to final states that contain at least one isolated lepton (electron or muon).

] ) Exclusive
Jet-inclusive \event class

event class Q OO

1e+2p+Njets

1e+X

1e+ljet+X 1p+ijet+X

| fertpeX 2u+X |
| te+tprjetsX 2p+jet+X 1

—r X Inclusive
’ le+2u+X H le+2p+ijet+X ‘event class

498

exclusive

571

inclusive

Calculate
p-value
Choose
region with

smallest
p-value

Calculate
p-value

530

Jet-inclusive

It is necessary to determine the physics object
content of each event unambiguously =2 tight
selection criteria to minimise the effect of
misidentification.

Each event is sorted into three different types
of event classes:
exclusive, inclusive, jet-inclusive

Kinematic distributions of interest:
ST; M or MT; PTmiSS



Model-unspecific searches in CMS (MUSIC)

35.9fb?

Events per class
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CMS
35.9 o' (13 TeV)
Exclusive, 2e

2e+2jets
2e +3jets

359" (13 TeV)

2e+5jets

Exclusive, 1u + p’Tmss

miss
T
miss
T
miss
T
miss
T
miss

T

1u+ 1jet +p
1u + 2 jets + p!
1u + 3 jets + p!
1u+4jets +p
1u + 5jets + p!

miss
T

u+1b+p

miss
T

1u + 1b + 1jet + p

miss
T

1u+ 1b + 2 jets + p!

2e+1b+ 1jet

miss
T

1u+ 1b + 3 jets + p!

miss
T

¢ Data
Drell-Yan
Multijet
tt

mm Multiboson

2e+1b+2jets
2e+1b+3jets
2e+1b+4jets

W+ jets
it

mm Single t
Multijet

miss

T
miss

T
miss

T
miss

T

1u+ 1b + 4 jets + p!
1u+ 1b + 5jets + p!

1u+2b +p!
1u+2b + 1jet + p!

1u+2b + 2jets + p

mm Single t
Y+ jets
mm W +jets

Higgs boson

2e+1b+5jets
2e +2b + 1jet I
2e+2b+2jets

Drell-Yan
mm Multiboson
I Y+ jets

Higgs boson

miss
T
miss
T
miss
T
m
T
miss
T

1u+2b+3jets +p
1u+2b +4jets +p!

1u+3b+p
1u+3b+ 1jet +p
1w+ 3b+2jets +p!

2e+2b+3jets

miss
T

1u+3b+ 3jets + p

miss
T

1u+4b+ 1jet +p

Event class: 2

p=0.2

Data
Simulation

c
K]
ST
=58
olg
=

—+ Data
Drell-Yan
I Multiboson
M+ jets
tt

M Single t
Multijet

B W +jets
Higgs boson

2 Bkg. uncert.

0.48

Data
Simulatio

500

35.9 b (13 TeV)

i Event class: 21 + pF'ss + X +Data

t
Drell-Yan
M Single t
I Multiboson
Wy +jets
Multijet
Higgs boson
BW +jets
2 Bkg. uncert.

1000

11

Eur. Phys. J. C 81 (2021) 629

Event class
ip=0.78

1500

12!»1 —+ Data

Drell-Yan
I Multiboson
Wy +jets

tt

M Single t
Multijet

BW +jets
Higgs boson

[ Bkg. uncert.

i

2000 2500

M [GeV]

No event classes with an
outstanding deviation from
the SM simulation beyond
the expectation have been
found.
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JHEP 01 (2021) 148

CMS CMS Experiment at the LHC, CERN e
Data recorded: 2016-Jul-07 12:00:20.388864 GMT
Run / Event / LS: 276495 | 223808853 / 188 o *

137 b (13 TeV)

CMS ¢ Data

All categories — S+B (u=1.19)
S/(S+B) weighted

m,, = 125.38 GeV
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The m,,, distribution for the weighted
combination of all event categories.
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JHEP 01 (2021) 148

Signal strength modifiers measured for my= 125.38 GeV in each 137 fb! (13 TeV)
production category (black points) are compared to the result of
the combined fit (solid red line) and the SM expectation (dashed —— Combined best fit

grey lin e) . VBE-cat. - - - - SM expectation
I 68% CL
[ J95%cCL

m,, = 125.38 GeV

Combined i = 1.1970

35.9-137 fb" (13 TeV) ggH-cat.

CMS

my, = 125.38 GeV
p-value = 44%

ttH-cat.

VH-cat.

¢ Vector bosons
¢ 3" generation fermions

¥ Muons Best fit estimates for the reduced Best-fit
SM Higgs boson coupling modifiers extracted for — 1.19H04L (o )H+0.17
% fermions and weak bosons from the p(pp) = 1.197 5734 (stat) Ty16 (Syst)
g resolved k-framework compared to Obs. (exp.) significance: 3.0 (2.5) o
o 10 102 their corresponding prediction from

Particle mass (GeV) NV
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The road ahead

.



LS2 & Run 3 1>

Cosmic runs started

— Long shutdown 2 (LS2): 2019 — 2021 oilot test beam in October

Run 3: scheduled to start in 2022 and collect twice the integrated luminosity of Run 2. —

Installation of new Barrel Pixel layer 1

+ HCAL readout upgrade,
Muon demonstrators,
Civil engineering work for Phase-ll,

.. Replacement of BCM1F & PLT detectors
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* Peak luminosity =Integrated luminosity

Scheduled to begin in 2027, a baseline instantaneous luminosity
of 5x1034 cm~2st with an average pileup of 140 is expected, with a
maximum performance scenario of 7.5x103* cm=Zs?! and an
average of 200 interactions per bunch crossing.

Soeins | o
7.08+34
6.06+34
5.08+34
406434 It will allow a rich physics programme to be developed:
- Precision SM measurements and access to rare processes.

- Explore new regions of phase-space to search for new physics.
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1.0E+34

0.0E+00 0 C “CMS Experiment at the LHC, GERN |
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 .
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High pileup and harsh radiation environment will require - , : ’ ' N
major updates to the detector to maintain performance. —~ ' ) , AN N



The CMS DEtECtOr ML;OCZCSXesvzeFEBE readout

(Phase-ll) ) P RPC BE electronics; iRPC chambers
3 Extended coverage to |n| =3

The Phase-2 Upg .
CMS Barrel Calorimeters
nical Design Report

pgrade of the

Technical

Barrel calorimeters
Crystal granularity readout at 40 MHz (ECAL)

Precision timing for e/y for vertex id
New BE boards

Silicon trackers

Reduced material budget

Si-strip and pixels increased granularity
The Phase-2 Upgrade of the
o ket S Extended coverage to |n| =3.8




The CMS Detector

(Phase-ll)

A MIP Timing Detector
for the CMS Phase-2 Upgrade
Technical Design Report

A MIP Timing Detector (MTD)
Precision timing for PU mitigation

Barrel layer: Crystals + SiPMs

Endcap layer: Low Gain Avalanche Diodes

Endcap calorimeters

silicon pixels (EM) & scintillators + SiPMs (HAD)
3D showers imaging for pattern recognition
Precision timing for PU mitigation

Level-1 Trigger
Tracks in L1 trigger at 40 MHz
Trigger on displaced muons & long-lived particles

The Phase-2 Upgrade of the
CMS Level-1 Trigger
Technical Design Report




The CMS Detector

(Phase-ll)

19

BRIL

The Phase-2 Upgrade of the CMS Beam Radiation,
Instrumentation, and Luminosity Detectors

40 MHz scouting

TEPX Disk 4 Ring 1 (D4R1)

Fast Beam Condition Monitor (FBCM)

DAQ/HLT
The Phase-2 Upgrade of the CMS Data Acquisition



Summary

o Excellent performance of machine & experiment has led to a plethora of nice physics results.
= Today only a handful were shown, totally biased based on personal interests.

o LS2is coming to an end and preparations are underway for Run 3.

o Upgrade (Phase-Il) work is also in full swing with pretty much all the TDRs ready.
= Last two are under review.

o Much to do in CMS for both undergraduate & postgraduate students in physics analysis,
detector performance, simulations, prospective studies, etc.




