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>5500 Meers

Greece: 32 authors, 62 members

e Athens (8/29) L1-trigger, PPD, ...
e Athens/NTUA (6/9) DAQ, HGCAL, ...
e Demokritos (6/10) Tracker, ...

¢ [oannina (12/14)

L1-trigger, ...

Member States

972/2065

MS: ltaly (12%), Germany (8%), UK (3%), France (3%), Switzerland (3%),
Spain (3%), Belgium (3%) ... Greece (1.5%) ...
AS: India (3%), Turkey (2%) ...

OS: Russia (4%), Korea (3%), China (2%), Brazil (1.5%) ... (04/2022)
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The CMS Detector

General-purpose LHC detector

CMS DETECTOR STEEL RETURN YOKE

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

Overall diameter :15.0m Pixel (100x150 ym) ~1m?* ~66M channels
Overall length -28.7 m Microstrips (80x180 ym) ~200m? ~9.6M channels

Magnetic field :3.8T
SUPERCONDUCTING SOLENOID

Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

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

FORWARD CALORIMETER
" Steel + Quartz fibres ~2,000 Channels
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CRYSTAL " Galorimater
ELECTROMAGNETIC Yadron
CALORIMI?T]?R (ECAL) Calorimeter Superconducting
~76,000 scintillating PbWO, crystals Solenoid Iron return yoke interspersad

with muon chambers
Muon Electron Charged hadron (e.g. pion)
HADRON CALORIMETER (HCA - ==-Neutral hadron (e.g. neutron) ----. Photon

Brass + Plastic scintillator ~7,000 channels
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Successful Completion of LS2

LS2 = Long Shutdown 2 (2019-2021) = 1187 days

BEAM PIPE

Replaced with an entirely new one
compatible with the future tracker
upgrade for HL-LHC, improving the
vacuum and reducing activation.

PIXEL TRACKER

All-new innermost barrel pixel layer,
in addition to maintenance and repair
work and other upgrades.

New generation of detectors
for monitoring LHC beam
conditions and luminosity.

Pl

//CATHODE STRIP

CHAMBERS (CSC)
Read-out electronics upgraded
on all the 180 CSC muon
chambers allowing performance
to be maintained in HL-LHC
conditions.

HADRON
CALORIMETER

New on-detector electronics
installed to reduce noise
and improve energy
measurement in the
calorimeter.

SOLENOID MAGNET

New powering system to

prevent full power cycles
in the event of powering

¥ problems, saving valuable

J time for physics during

collisions and extending

the magnet lifetime.

GAS ELECTRON
MULTIPLIER (GEM)

A DETECTORS

il An entire new station of detectors
installed in the endcap-muon
system to provide precise muon

tracking despite higher particle
rates of HL-LHC.
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Main achievements
e CSC (forward muon detectors) readout
e HCAL SiPM readout and electronics
e refurbished pixel tracker with new Layer 1
* magnet fully re-commissioned at 3.8 T
* improved beam monitors and luminometers

Preparation to High Luminosity LHC
®* new beam pipe
e first GEM muon layer (GE1/1)
® Phase-2 muon demonstrators
e HLT: hybrid CPU/GPU transition completed



CMS i1s Back and Running!

Successful Pilot Beam Test (Nov 2021)

s CMS Experiment at the LHC, CERN
: | Data recorded: 2021-Nov-01 00:20:45.992512 GMT
&= | Run/Event/LS: 346509 /28321286 / 30

Collision event at /s = 900 GeV
First J/y candidate in GE1/1
(Nov 2021)

CMS closed on March 4

Commissioning with p-beams (since Apr 2022)
* “splash” events
e collisions in stable beams at injection

energy (900 GeV)
e test collisions at Run-3 energy (13.6 TeV)

More than 6.6M cosmic ray
events collected for alignment
and calibration purposes

CMS Experiment at the LHC, CERN

Data recorded: 2022-Apr-22 09:53:‘31 890368 GMT

Run / Event / LS: 350643 /820%23" % T T T by
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Splash event
(Apr 2022)
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CMS Experiment at the LHC, CERN_
Data recorded: 2022-Mar-11 08:17:40.919808\GMT
Run / Event / LS: 348683 / 35406041 //1 771

Cosmic ray event
(Mar 2022)

CMS Experiment at LHC, CERN

Data recorded: Fri May 27 10:00:54 2022 CEST
Run/Event: 352417 / 9531245

Lumi section: 10

."‘-.,\ Orbit/Crossing: 2577949 [/ 1237

| First Run-3 stable beams
(May 2022)




Commissioning and Preparation for Run-3

Examples of detector distributions (tracker)

CMS Preliminary 2021 s = 900 GeV
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Simulated Track n

1 CMS Simulation (13 TeV)

1  MVA (updated decay modes)

[ —e— DeepTau vs. jets
1l o
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20 < p_ <100 GeV -

jets from tt

]

Jet — 1, misid. probability
=)

% MVA vs. jets (JINST 13 (2018) P10005)7
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CMS-TAU-20-001
Submitted to JINST
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CMS Commissioning

e DAQ and overall stability data
taking confirmed

e full calibration and reconstruction
chain exercised

e GEM efficiency and trigger
integration with CSC completed

* trigger menus (L1/HLT) validated,
with enhanced capabilities

* smooth computing operation

e first physics distributions

" —e— right charge —— wrong charge == Side band — signal band
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TAU-20-001

Towards Run-3

Run-3
® proton-proton collisions
at /s = 13.6 TeV
* high instantaneous luminosity
with levelling
L =2 x 1034 cm—2s-1
® pileup p = 55-58 (£2.5%)

2022
e July 5
First 13.6 TeV collisions
and start of intensity ramp-up
* Aug. 4-Sept. 5
First pp running period (>
® Oct. 1-Nov. 2 (after TS1)
Second pp running period

* Nov. 14-Dec. 11 (after TS2)
PbPb ion running (/snn = 6.8 TeV, TBC)

1,200 bunches)

June 2022

CMS Experirient at the LHG, CERN

CMS Average Pileup

7000

“Data-recorded: 2016-Oct-14 09:33:30,044032 GMT.
. ’ Eu /Event 1'LS: 283171 /95092595 /195

“Pileup (PU):
~_ pumber of inelastic pp collisions: ==
' per bunch crossing

Pile-up levelling versus time
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crossing angle levelling only from 2023 onwards
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Bl 2018 (13 TeV): <u> = 38
B 2017 (13 TeV): <u> = 38 {6000
[ 2016 (13 TeV): <u> = 27
Bl 2015 (13 TeV): <i;> =13 {5000
El 2012 (8 TeV): <u> =21
B 2011 (7 TeV): <u> = 10 {4000

o (13 TeV)=80.0 mb {3000
al” (8 TeV) =73.0 mb
al” (7 TeV)=71.5mb {2000

11000

a0 ® o° 40°

Mean number of interactions per crossing

Robust-to-PU physics
object reconstruction

* photons

e clectrons, muons

* T-leptons

* jets/MET, b- and c-jets
* boosted W/Z/H/top

CMS is fully
operational

for the start of
Run-3 physics!



Run-2 Performance

Thanks to a huge effort of improvement in calibration procedures and software tools, CMS Run-2

analyses are now performed on an optimally calibrated data sample (Legacy Run-2 data)

Comparison of Z mass resolution
before and after final calibration
included in Legacy Run 2 data
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Extensive measurements of

Run-2 L1 and HLT trigger

performance

CMS 36 fo' (2016), 38 fb™' (2017), 60 fo' (2018) (13 TeV)

I

- Mu8 part of double-muon trigger
~tag matched to IsoMu24
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CMS-MUO-19-001
JINST 16 (2021) PO7001
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Impressive improvement in analysis
techniques with intensive use of state-
of-the-art ML techniques, deep-learning
neural nets, etc.

e PU mitigation

* b- and c-jet tagging

* T-lepton reconstruction

e | orentz-boosted jet tagging and mass
* etc.

ity 7

w ?

\ Z ?

t ?

......

arXiv:2202.03772 Particle Transformer for jet tagging
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EGM-17-001
https://cms-results.web.cern.ch/cms-results/public-results/publications/MUO-19-001
https://arxiv.org/pdf/2202.03772.pdf

Towards High-Luminosity LHC

LHC

HL-LHC

13 TeV

splice consolidation
7 TeV ﬂ button collimators
R2E project

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

ATLAS - CMS
upgrade phase 1

experiment
beam pipes
nominal Lumi

75% nominal Lumi /

New LS3 schedule

* Run-3 extended by 1 year g
— 2022-2025 S
270 fb-1 (PU50) 2

e | S3 extended to 3 years §
— 2026-2028 ‘:‘,

e start of Run-4: 2029

June 2022

cryolimit
mte_ractlon
regions

2 X nominal L“”ljl
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-
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!
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LIU Installation
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ALICE - LHCb
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.
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ALICE3
LHCDb 2
Run S

Non-official HL-LHC schedule
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Year

e

Integrated luminosity [fb™']

136 Tev  [RUAE 13.6 - 14 TeV
I ————————————— — e —————— CNCTJY
inner triplet

HL-LHC R
installation r HilL umMi ) '

_ LARGE HADRON COLLIDER

ez | 2o2s | zues | zues | 2020 | aner mmmmm»

5to 7.5 x nominal Lumi ,
1

ATLAS - CMS —

HL upgrade
integrated JEAUNVRL
luminosity LR { R

Possible scenario (CERN DG, Jan. 2022)
e Run 4 (2029-2032) = 740 tb-1(PU140)
e Run5 (2035-2038) = 1300 fb-1(PU200)

Expect 2500 fb-"1 by the end of 2038
3250 fb-1 by the end of 2042



CMS Publications

CMS papers (submitted/published)

o total: 1164/1113

e based on collision data: 1139/1088

® based on Run-2 data:

500 -

48%

paper submission interrupted

150
100
50
e — I
0
D D D D D D D D D D Y. D D
0 7 o T e e Tl T e 70 SO Sp o

June 2022

CMS paper titles

Mar 1-Apr 26
Exotica
Detector 18 %
o Beyond-2d-Gen
N
Heavy lon \ s
0% SUSY
_—— 00
ach 12 %
4 %
B Phys. —
6% y o Higgs
Top Phys. 14 %
11 %

Standard Model
15 %

e 573 “Search”

e 363 “Measurement” or “study”
e 47 "Observation”

e 20 “Evidence”

CMS with friends

e ATLAS: 6 (5 JHEP, 1 PRL)

e LHCb: 1 (Nature)

e Totem: 4 (1 JHEP, 2 EPJC, 1 PRL)

JINST
59
PRD \
136 JHEP
_ 397
PRL
140
EPJC \
156 PLB
PRC (17), other (7) 232

CMS public results

CMS Status and Highlights
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https://cms-results.web.cern.ch/cms-results/public-results/publications/
http://cms-results.web.cern.ch/cms-results/public-results/publications-vs-time/

years

HIGGS boson

discovery

July 4 2022

The Higgs Boson Turns 10!
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-12-028
https://indico.cern.ch/event/1135177/timetable/

The Higgs Boson Turns 10!

Events / Bin width [GeV |
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CMS-PAS-HIG-20-013

June 2022

CMS-HIG-19-010

Submitted to EPJC

PRL 121 (2018) 121801
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years

HIGGS boson

discovery

July 4 2022

CMS-PAS-HIG-19-005

Observation independently
in all 5 decay modes

35.9-137 fb'' (13 TeV)

® Observed
C MS — +1G (Stat @ syst)
. B :10 (syst)
Preliminary — (Z:I)
120 (stat @ syst)
B . P, =57%
uzz —"E—
uww —— =
u’t’t E E
ot e
T
1 1 1 1 I 1 1 | 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1
0 0.5 1 1.5 2 2.5

Parameter value
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-015
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-010
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-001
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-013
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-016
https://indico.cern.ch/event/1135177/timetable/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-005

Higgs Production and Decay

Signal strength modifiers for the production x decay mode

Y

Y4

WW

T

bb

MuL

35.9-137 fb' (13 TeV)

CM_S, —— Observed +1c || p combined +1c
Preliminary b, = 90% i
E |
B S 4
: -+ < M " ] :
i —0'-5— : . - _.:-_
_:b_ E A L _.J:._
—> sl | i
0317 31822 | |
1.6 2 25 0 1 1 2 3 4 5 0o 1.2 3 4 5 05005 115 2 25
ggH VBF WH ZH ttH
f
ui
86% 7%
4 JH
t W/Z
‘LT H w/z
g /
q
W/Z
June 2022

35.9-137 fb ' (13 TeV)

® Observed
CMS — +1G (stat @ syst)
Preliminary B oto
120 (stat @ syst)
! P, = 54%
——
S -
ER
—
==
..1.1..|.i1...ll...ll...
0 0.5 1 1.5 2 2.5
Parameter value
Production

Sl discovery

July 4 2022

CMS-PAS-HIG-19-005

Observation independently
in all 5 decay and 5 production modes

35.9-137 fb'' (13 TeV)

® Observed
C MS — +1G (Stat @ syst)
i ) - 1o (syst)
Prellmmary +1o (stat)
B 126 (stat @ syst)
. Py, =57%
H —==
nzs ———
uww ———
e —E=—
et ——
M ——
| i ol

L1 1 L1 [ R T T R R |
0 0.5 1 1.5 2 2.5
Parameter value

Decay

will be updated (very) soon
with full Run-2 data

CMS Status and Highlights
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https://indico.cern.ch/event/1135177/timetable/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-005

Higgs ttH and tH Production

2018: First observation at 5.2 (4.2) o

obtained by combing independent

searches in the main decay modes with
Run-1+Run-2 (2016) data

CMS-HIG-17-035
PRL 120 (2018) 231801

Since then, with full Run-2 data:

* strong evidence 4.7 (5.2) O in the
multi lepton final state

e observation in the H — yy decay
mode

e comprehensive study of CP
structure and constraints on
anomalous couplings combining

H — 42 and H — yy

June 2022

Data-Bkg.

CMS

137 fb (13 TeV)

Events

10
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[ ]Background
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Multi-lepton final states (e, y, Th)
mostly H - WW, 77, 7t

CMS-HIG-19-008
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Submitted to PRD
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-015
https://cms.cern/news/and-the-higgs-boson-said-let-there-be-light
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-035
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-009
https://cms.cern/news/scrutinizing-production-and-decay-kinematics-higgs-boson-using-its-golden-decay-channel
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-008
https://cms.cern/news/higgs-playing-with-top-in-singles-and-doubles

Higgs Differential Cross Sections
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https://cms.cern/news/Examining-how-the-Higgs-boson-shapes-up
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-002
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-001
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-015
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-016/index.html

Higgs CP Properties of the H —tt Decay

¢cp : a variable sensitive to the

polarisation of the T leptons

* angle between the T decay planes
in the H rest frame

¢ 0°in the CP-even case (SM)
vs £90° in the CP-odd case

* measured using either the 1-prong
momentum and impact parameter
vector, the m9%(—Yyy) momentum or
POo(—m*t-) momentum (3-prong)
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CMS Experiment at the LHC, CERN
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-006

Rare Higgs Decays: H = uyu and H — Zy

H — //l_l_//t_ ;%! CMS Experiment at the LHC, CERN &~ H — Z}/ H —> Z/}/>X< + }/ — l/ﬂ+lxﬂ_}/
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CMS-HIG-19-014 - T Tree—level

Submitted to JHEP N\ T == One—loop
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Phys. Briefing

arXiv:2001.06516 ~ \ H — e*e7y
e

0 20 40 60 80 100 120

= 1.19722) (stat) TP 1T (syst
plpe) Z0:39 ( ) 2016 (Syst) m(e¢7) > 50 GeV

137 o™ (13 TeV) CMS 138 fb' (13 TeV)
ESOO‘CI\;ISI """" % Data ESOOOE_IIL!;:Z\I(Irr;HI=I1I2I5.I3éé(Ie\}IIll;l;gf;lt;”l]H]—; anif .
% 7000 All categories —s8e=119) 1 Obs (exp ) Signiﬁcance° @ 7000 Al categories — S4B E Obs. (exp.) signiticance.
G o S/IS+B)weighted ... Bkg. component ) ) . G poo | S/(S+B) Weighted . Ecomp%ngntm—f 2 7 (1 2) o
D Rkom,= E o xpected S x10 -
D soof T 1RO o 1 3.0 (25) O B 5000 == eghed ) )
£ : $4000F o 3
-%400' . . %33000 |:|i2c ]
> o] First evidence of 5,
r: . . = IW:
D 200} Higgs coupling to the @ 1000 —
e : O e _ +0.7
ot second generation JPPTE B(H — Zy)/B(H — yy) = 1-5_0.6
5 f : : : : :
N 1.07 + 0.22 (at 68%CL) : . consistent with the SM expectation
g Kk, = 1.0/ = 0. at 0
- f1o 115 120 125 130 135 140 145 150 H 069 + 0.04 at the 1.50 |eve|
m,,, (GeV)
- June 2022 CMS Status and Highlights 17



https://arxiv.org/pdf/2001.06516.pdf
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-014
https://cms.cern/news/boosting-unknown-highest-energy-higgs-bosons
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006

Boosted Higgs Boson

ptH < 350 GeV resolved jets

CMS, Vs =13 TeV (2017) | b tracks
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An Inclusive search for

pp—ZH
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A Deep Feed-Forward Neural

Network using jet properties 3

Q)
information and secondary vertices =
associated to the jets (43 input £

variables)

* 13% improvement in jet resolution

® 20% improvement in di-jet mass
resolution (as measured in data)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-027
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-003
https://cms.cern/news/boosting-unknown-highest-energy-higgs-bosons

Boosted Higgs Boson and Charm Decay

An Inclusive search for

highly-boosted

CMS Preliminary
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An search for boosted VH(H — c¢)

BDTs against background
resolved

- c-jet charm tagging with DeepJet
- c-jet energy regression using DNN

CMS-HIG-21-008

Submitted to PRL
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-008
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-012

Boosted Higgs Boson and Charm Decay

b
CMS Experiment at the LHC, CERN CMS CMS Experiment at the LHC, CERN
~Data recorded: 2018-Aug-05 09:43:33.747957 GMT : Data recorded: 2017-Aug-05 13:32:22.028928 GMT
Run/\Event / LS: 320854 / 196048575/ 115 Run/ Event/LS: 300515/ 205888132/ 117
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Search for Double Higgs Production

The observation of double Higgs production is one of the Run-2 2016, 35.9 fb-1
motivations for HL-LHC

CMS-HIG-17-030

Double Higgs production involves these amplitudes: PRL 122 (2019) 121803
‘ 99 F H VBF CMS 35.9 fb” (13 TeV)
/ ' bbVV
Observed 78.6xSM
, / Expected 88.8xSM
H =
| S < AHHH bbbb
\ Expeciod 36,9.5M
\ KA B gg—HH
\ bbrr
g H R —— Observed
! — - —-- Median expected
gtgeyged 23.6xSM - 68% expected
Constraints on anomalous R TR DO 95% expected__|
- Combined
HHH (ka) and VVHH (k2v) couplings Chsoed222-51
! " —_— A .
6 78910 20 30 40 506070 100 200 300 S4|\5|)O
] ] ] ) 95% CL on 6, /o))
The goal in Run-3 is either to find an anomalous
production (resonant or non-resonant) or to set cross- Combination of HH searches
section limits closer to the SM expectation g/0Osm < 22 (13) at 95% CL

In the SM: )\HHH = \ = m2H/2v2
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-030

Search for Double Higgs Production

y;/bl_)

CMS-HIG-19-018
JHEP 03 (2021) 257
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Inclusive HH — yybb
o/osm < 7.7 (5.2) at 95% CL

Inclusive HH — bbbb
o/osm < 3.6 (7.3) at 95% CL

Inclusive HH — 77bb
o/osm < 3.3 (5.2) at 95% CL

Full Run-2, 137 fb-1

Run-2 analyses
already reaching
much higher
sensitivity than
anticipated

boosted bbbb

CMS-B2G-22-003
submitted to PRL

K2V=O excluded
with 6.3 sd!

Full Run-2
combination of all
channels coming soon
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-018
https://cms.cern/news/how-does-higgs-boson-interact-itself
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-005
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-010
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-22-003

SM Production Cross Sections
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SM Production Cross Sections

September 2020 CMS Preliminar
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Summaries of physics results
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined

Vector Boson Scattering

Full Run-2, 137 fb-1

Same-sign W pairs

VBS signature: two jets with large
rapidity separation and dijet mass

with measurement of the polarisation
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first hint the scattering of at least one
W\ at the 2.30 (3.10 exp) level

PP = Wyjj 7
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-001
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-21-011

Recent Precision Top Mass Measurements

CMS-PAS-TOP-20-008 CMS-PAS-TOP-21-008
New top quark mass measurement in the lepton+jets mode Measurement of the jet mass distribution in hadronic
e profile likelihood method for the treatment of nuisances decays of boosted top quarks

e 5 variables mtﬁt, My mgi)co, mgi)co/mtﬁt and ézco * lepton+jets channels, fat jets with pr > 400 GeV

(all with Pgof > 2 except m;%w) e calibration with hadronic W decays

e most precise to date * modelling of FSR by study of jet substructure

o differential tt x-section vs jet mass
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-008
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-21-008
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-21-014
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-21-008

Recent BSM Searches at CMS

Since Moriond 20022

CMS-PAS-SUS-21-007

CMS-PAS-EXO-21-003

CMS-

PAS-EXO-20-006

CMS-

PAS-EXO-21-010

CMS-

PAS-EXO-20-011

CMS-PAS-B2G-21-001

CMS-PAS-B2G-21-004

CMS-PAS-B2G-20-009

CMS-B2G-22-003

CMS-PAS-HIG-21-001
CMS-PAS-HIG-21-010
CMS-PAS-HIG-21-001
CMS-PAS-HIG-21-016
- June 2022

Search for supersymmetry in final states with a single electron or muon using angular correlations and heavy
object tagging

Probing Majorana neutrinos and the Weinberg operator in the same-charge dimuon channel through vector boson fusion
processes

Search for Z' bosons decaying to pairs of heavy Majorana neutrinos

Search for resonant and non-resonant production of pairs of identical dijet resonances

Search for a heavy composite Majorana neutrino

Search for Higgs boson pair production via vector boson fusion with highly Lorentz-boosted Higgs bosons in the four b quark
final state

Search for pair-produced vector-like leptons in 2 3b + Nt final states

Search for new heavy resonances decaying to WW, WZ, ZZ, WH, or ZH boson pairs in the all-jets final state

Search for nonresonant pair production of highly energetic Higgs bosons decaying to bottom quarks
Searches for additional Higgs bosons and vector-like leptoquarks in 17 final states

Search for a charged Higgs boson decaying into a heavy neutral Higgs boson and a W boson
Searches for additional Higgs bosons and vector-like leptoquarks in 171 final states

Search for exotic Higgs boson decays H — AA — 4y with events containing two merged photons
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-006/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-010/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-21-001/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-21-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-009/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-22-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-001/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-010/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-001/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-016/index.html

Search for paired dijet resonances
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-010

More Intriguing Excesses

CMS-PAS-B2G-21-004 Search for vector-like leptons (VLLs) CMS-PAS-HIG-21-001

Search for additional Higgs bosons in 11 final states
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-21-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-001/index.html

Simultaneous Production of 3 J/y Mesons

Observation of the pp — 3J/yw+ X process Run-2, 13 TeV, 133 fb-
* involves double (DPS) and triple (TPS) parton scattering
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https://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-21-004
https://cms.cern/news/trio-jps-particles-one-go

Simultaneous Production of Same-Sign W Bosons

Observation of same-sign WW production, pp = W*W=* + X
* involves double parton scattering (DPS)

® same-sign lepton pair (ep or yu), moderate MET and low jet multiplicity
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Run-2, 13 TeV, 138 fb-1
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CMS Supplementary

CMS J/y+J/y+J/y (13 TeV)
arXiv:2111.05370

ATLAS J/y+J/y (8 TeV)
Eur. Phys. J. C 77 (2017) 76

DO J/y+J/y (1.96 TeV)
Phys. Rev. D 90 (2014) 111101

DO J/w+Y (1.96 TeV)
Phys. Rev. Lett. 116 (2016) 082002

CDF y+3jets (1.8 TeV)
Phys. Rev. Lett. 79 (1997) 584

DO y+3jets (1.96 TeV)
Phys. Rev. D 89 (2014) 072006

DO y+b/c+2jets (1.96 TeV)
Phys. Rev. D 89 (2014) 072006

DO 2y+2jets (1.96 TeV)
Phys. Rev. D 93 (2016) 052008

ATLAS W+2jets (7 TeV)
New J. P. 15 (2013) 033038

CMS W+2jets (7 TeV)
JHEP 03 (2014) 032

CMS WW (13 TeV, 77.4 fb™)
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Hadron Spectroscopy

62 new hadrons discovered (so far) at the LHC
* mostly by LHCb (55)
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Hadron Spectroscopy

62 new hadrons discovered (so far) at the LHC

* mostly by LHCb (55)
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M(Z,(6100)7) = 6100.3 £ 0.2 (stat) £ 0.1 (syst) = 0.6 (E;) MeV
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CT-PPS: Exclusive yy Physics with Forward Protons
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A Rich Program in Heavy lon Physics
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Future Performance at HL-LHC

It's only the beginning!

ATLAS and CMS released a joint White Paper
for Snowmass with updated projections for

physics performance at HL-LHC

CMS Run-2

/s=13TeV

L = 137 fb-1

CMS Preliminary 2016 + 2017 + 2018 137.1 o' (13 TeV)

> 240 . TTTT] T
~ E [T1H(125)
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CMS Phase-2 Projection Preliminary
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I
llllll

With HL-LHC (3000 fb-1)

. m{ly = 125.38 £ 0.07 (tot) [£0.02 (stat)] GeV
o mi’ =125.38 = 0.03 (tot) [£0.02 (stat)] GeV
o I'Y <0.18GeV @95 % CL

June 2022

EWK

HH

BSM-H

BSM

Prospects in pp collisions at Vs = 14 TeV with the CMS detector at the HL-LHC
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CMS-PAS-FTR-21-009

CMS-PAS-FTR-21-002

CMS-PAS-FTR-21-003

CMS-PAS-FTR-21-004

CMS-PAS-FTR-21-010

CMS-PAS-FTR-22-005

CMS-PAS-FTR-22-006

CMS-PAS-FTR-21-005

CMS-PAS-FTR-21-011

CMS-PAS-FTR-22-003
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Prospects for the measurement of vector boson scattering production in
leptonic same-sign WW and WZ diboson events

Projection of the Higgs boson mass and on-shell width measurements in H =
ZZ* -» 48 decay channel

A projection of the precision of the Higgs boson mass
measurement in the diphoton decay channel

Prospects for the precise measurement of the Higgs boson properties in the H
- U decay channel

Search for rare Higgs boson decays with mesons

Prospects for the measurement of ttH production in the opposite-sign
dilepton channel

Prospects for HH measurements in the WWyy and 11yy final states

Prospects for non-resonant Higgs boson pair production
measurement in bbyy final states

Search for the nonresonant ttHH production in the semileptonic
decay of the top pair and the Higgs pair decay into b quarks
Search for dark matter in final states with a Higgs boson decaying

to a pair of b-jets and missing transverse momentum

Prospects for a search for doubly charged Higgs bosons

Sensitivity projections for a search for new phenomena at high
dilepton mass

Search for leptophobic Z' resonances decaying to charginos in the
dilepton plus missing transverse momentum final state

Seesaw model searches using multilepton final states
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CMS Phase-Il Upgrades

Barrel Calorimeters

e crystal granularity readout at 40 MHz E;——?;:_ s ;g;;%f
Tracker ® precise timing for e/y > 30 GeV S ¢
e all silicon (strips and pixels) e ECAL operation at Iqw temperature (10°)
* higher granularity (>2B channels) * upgraded laser monitoring system
® |ess material
® coverage extended to |[n| =4 = ——— i , | HEHE | Vs
A MIP Timing Detector (MTD) e A oo
® precision timing on single charged tracks = Barrel ~ i
(30 to 40 ps resolution) 1= Calorimeters =% '
Endcap Calorimeter (HGCAL) e Barrel (BTL): LYSO crystals + SiPMs ' ~
* silicon pixels (EM) and . Endcaps (ETL): Low Gain Avalanche Diodes

scintillators + SiPMs (HAD)
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. The Phase-2 Upgrade of the * - * The Phase-2 Upgrade of the E
| wia . > 1/ A MIP Timi ngD t ctor o e pgrace o
g CMS Enflcap Calorlmeter : for the CMS Phas 2Upg ade v y CMS Level-1 Trigger
L \ Technical Design Report Techni lDesg Report Technical Design Report

Muon Detectors / I Ca'fgg;aeﬂ or MTD L1-Trigger
e DTs & CSCs: new FE/BE |
readout electronics e 74
® RPCs: new electronics -Trigger \\
* new GEM/IRPC chambers \ . ;crack trigger a1t2L15 (40 MHz) Ne=>——
* extended muon coverage * latency up to 12.5 ps ,’ =
to |n| = 3 J ® triggers on displaced muons c”‘fz‘ .

and long-lived particles

- [/ Beam Radi
) eam Radiation Instrumentation and
W [ SN/ /P Luminosity (BRIL)

DAQ/HLT =T o BCM/PLT refit >~ Nl
m e HLT output at 7.5 kHz I ® new T2 tracker DAQ/HLT BRIL
-, S /«
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https://cds.cern.ch/record/2283187
https://cds.cern.ch/record/2283187
https://cds.cern.ch/record/2272264
https://cds.cern.ch/record/2283189
https://cds.cern.ch/record/2283189
https://cds.cern.ch/record/2293646
https://cds.cern.ch/record/2293646
https://cds.cern.ch/record/2296612
https://cds.cern.ch/record/2714892

Summary and Prospects

LS2 is over: CMS has successfully completed all its
upgrade activities

* upgrade of the Hadron Calorimeter readout

e first Phase-ll muon detector (GE1/1)

* new beam-pipe for Phase-ll

o fully-refurbished pixel detector

Phase-ll Upgrades
* a new schedule: LS3 shifted by 1 year and extended

by 6 months (2026-2028)
e excellent progress in all projects, despite difficult

Physics

® an impressive physics harvest with the full Run-2 dataset

* many results way better than anticipated

e improved physics capabilities thanks to the deployment
of advanced analysis techniques

times due to the global situation

CMS commissioning for Run-3
* a very successful pilot beam test in Nov 2021

* intensive cosmic ray campaign with full field CMS is fully ready for Run-3
e CMS back online with improved detector, DAQ, and awaits the imminent return of
trigger, computing, software capability colliding beams with great eagerness

June 2022 CMS Status and Highlights
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CMS pp Data at LHC Run-2

CMS Integrated Luminosity, pp, Vs=7, 8, 13 TeV

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

200

200

B LHC Delivered: 192.29 fb !
7 CMS Recorded: 177.65 b 2018

=
9
o

1150

Js =13 TeV
163.6 fb-1 2017

100

Total Integrated Luminosity (fb ')
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0 l 1 | 1 1 0
K% TN\ BN TN JEECY - B RN, -
\6“ \0“ \0“ \0“ \6“ \0“ \a“ \0“

Date

CMS Triggers for Run-2 (1.6 kHz)
e Standard triggers (leptons, jets, MET)
e B-parking triggers (up to 5 kHz)
10B events enriched in un-biased B decays
e Scouting triggers

Excellent performance of the LHC in Run-2
* max LHC luminosity (2018):

P rax = 2.14 x 1034 cm—2s1
(factor of 2 higher than designed 1034 cm~—2s-1)

CMS Dataset Run-2
| 100 e 2016-2018: 137 tb~" of pp data “good for physics”

e data-taking efficiency > 92% (2018: 94%)

* number of pp interactions per beam crossing (PU): <u> = 34

CMS Preliminary (13 TeV, 2018, 2.0x10* cm s 1)

B Physics

Exotica 230 Hz

223 Hz

o 14% Higgs

235 Hz
SUSY 14%

Objects
SM 202 Hz

177 Hz

Top

121 Hz Calibration

197 Hz
06 Hz

reduced events with physics objects
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Phase-Il Tracker Upgrade
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Muon Detectors
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Barrel and Endcaps Endcaps

* Replacement of readout
electronics for the new L1
trigger conditions

Athens/loannina responsible
for BMT Layer-1 HW and FW

6-layer GEM station MEO

June 2022

12 Z (m)

® CSC

/ CSC-GEM

* Robust trigger up to |n| = 2.4 thanks to RPC
stations RE3/1 and RE4/1 and
2-layer GEM stations GE1/1 and GE2/1

* Trigger extension up to |n| = 2.8
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CONCEPT
(axial view)

Station 4
Station 3

Station 2

i | Station 1

CMS Phase-2 Simulation Vs=14 TeV, <PU>=200
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2 o Phase-1 detector(CSC): .
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Trigger P, threshold [GeV]

o

2 GEM/CSC "“tandems”

e measurement of “local” p direction
(sensitive to pr)

e standalone L1-trigger rate drops by
factor up to 10

* important for off-pointing muon
triggers (search for LLPs)
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Calorimeters

Barrel
New VFE card New FE card
Tungstate
Lead-T\ Master IpGBT ASIC
Control (2.5Gbps)
4’/// Readout (10Gbps)
3 x Readout IpGBT
Readout (10Gbps)
o e
\ Versatile link plus
\ 0O Control link

Readout links

APDs Pre-Amplifier ADC

New ECAL on-detector electronics

e digitisation at 160 MHz

* online pulse shape discrimination
against spikes

* trigger granularity = single crystal

* 30 ps time resolution (Ey > 50 GeV)

e cooled at 9°C to mitigate APD

ageing

June 2022

Endcaps: High-Granularity Calorimeter (HGCAL)

Electromagnetic (CE-E)
e Cu/CuW/Pb absorbers
e Si sensors, hexagonal modules

mass~200T
each endcap

o 28 layers
e 25.5Xo0 and 1.7\

2.62m

r=

Hadronic (CE-H)
e steel absorbers
e High-radiation regions:
Si sensors
* | ow-radiation regions:
scintillation tiles with SiPM readout

e 22 layers
® 9 5\ (including CE-E)
' bty
6M Si channels
240k scint. channels
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MIP Timing Detector

e Thin layer between tracker and calorimeters
e MIP sensitivity with time resolution of 30-50 ps
e Hermetic coverage for |n|<3.0

Precise timing allows for the removal of
spurious tracks from PU, this improving on
* |epton isolation and identification

* jet reconstruction and flavour tagging
® missing pr reconstruction

Precise timing also offers time-and-flight
identification at low momenta (relevant in HI)

June 2022

~ 40 m?

~ 332k
jation level ~2x10’4neq/cm2
sensors: LYSO crystals + SiPMs

ENDCAPS
Surface ~15m?
Number of channels ~8000k
Radiation level ~ 2x101% neq‘/cm2

Sensors: Low gain avalanche diodes

CMS Phase-2 PbPb (5.5 TeV)
1.7 T | T T | | T | T | I | T | I T I T | T T | T

- Simulation .
e Hydjet

1.5 p

1.4

1/B

I103

—:102
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The MTD features

* a time resolution of 30-50 ps for MIPs

* a 4th dimension for PU rejection

Simulated Vertices
3D Reconstructed Vertices
—6—— 4D Reconstruction Vertices

—+— 4D Tracks

S
»

Vitx/track timing (ns)
o
N

£
-0.22— L " b 3
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The MTD uses well-established technologies
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LYSO crystals with dual end SiPM readout

 Endcaps:

Low Gain Avalanche Detectors (LGAD)



Evidence for H = uu

Exclusive categories: ggH,

Data recorded: 2018-Sep-30 16:00:48,744704 GMT
Run/ Event/ LS: 321879 / 102476714 / 86

Run / Event / LS: 323755 / 1382838897 / 755 g g H ~

; CMS Expenment at the LHC, CERN CM CMS Experiment at the LHC, CERN
P Data recorded: 2018-Aug-27 18:16:09.757504 GMT

: CMS Expernment at the LHC, CERN ; . CMS Experiment at the LHC, CERN
Data recorded: 2018-0c¢t-03 01:19:17.320393 GMT Data recorded: 2016-Jun-04 20:33:48.969022 GMT

Run /Event / LS: 323940 / 44997009 / 65 Run/Event/LS: 274420/ 119660942 / 136

CMS-HIG-19-006
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CMS Experiment at the LHC, CERN
Data recorded: 2016-Aug-05 11:38:36.759040 GMT
Run / Event/ LS: 278240 / 2307764905 / 1215

CMS Experiment at the LHC, CERN
Data recorded: 2018-Jul-14 22:42:55.530432 GMT

Run / Event/ LS: 319639 / 961085861 / 6245";’,‘,‘5;:: _—

Full Run-2, 137 fb-1



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006
https://cms.cern/news/boosting-unknown-highest-energy-higgs-bosons
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W Helicity Measurements

Double-differential cross-sections in prt and n (£ = e, p) for W+ and W-
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and charge asymmetries for the two helicity states
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Run-2 2016, 35.9 fb-1

CMS 35.9 fb' (13 TeV) CMS 35.9 fb' (13 TeV)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-012

Photon-Induced t-Pair Production
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-21-009

