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Large Hadron Collider (LHC)

e Largest and highest-energy particle collider
o At CERN, beneath the France-Switzerland border near Geneva

e Proton and heavy-ion collision programs
o Record-setting center-of-mass energies and luminosities
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LHC Schedule

ON[D|

2028

2035

Shutdown/Technical stop

Protons physics

Ions

Commissioning with beam

Hardware commissioning/magnet training

Longer term LHC schedule
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https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm

Compact Muon Solenoid (CMS)

CMS DETECTOR STEEL RETURN YOKE

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

Overall diameter :15.0m Pixel (100x150 yum*) ~1.9 m* ~124M channels
Overall length :28.7m Microstrips (80-180 ym) ~200 m* ~9.6M channels

Magneticfield :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

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

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

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

\

,/

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

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

SketchUpCMS
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SketchUpCMS

CMS CoIIaboratlon

c‘ ‘-‘

~5500

ACTIVE PEOPLE

~3000

PHYSICISTS
(~1000 STUDENTS)

~1000

ENGINEERS

229

INSTITUTES

51

COUNTRIES & REGIONS

People Statistics
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https://cms.cern/collaboration/people-statistics

CMS Run 2 Overview

e Excellent LHC performance
o Peak Luminosity ~2 x 10%* Hz/cm? (2x design value)
o ~160 fb™! of proton-proton collisions at 13 TeV
e Excellent CMS performance
o Data-taking efficiency > 92%
CMS papers submitted > 1070
~137 fb™" of pp data “good for physics”
Upgraded detector in preparation for Run 3
Long-term upgrades underway for High-Luminosity LHC

o O O O
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SketchUpCMS
http://cms-results.web.cern.ch/cms-results/public-results/publications-vs-time/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults#Multi_year_plots
http://cern.ch/cms-results/public-results/publications-vs-time/

CMS Public Results
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CMS Public Briefings

CMS Publication Search Page
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https://cms-results.web.cern.ch/cms-results/public-results/publications/
https://cms-results.web.cern.ch/cms-results/public-results/publications/PHY/index.html
https://cms-results-search.web.cern.ch/
https://cms.cern/tags/physics-briefing
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https://xkcd.com/2351/

Standard Model Results

June 2021 CMS Preliminary
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All results at: http://cern.ch/go/pNj7
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined#CMS_Cross_Section_measurements

Standard Model Physics



Z Invisible width

[SMP-18-014]

e First measurement of Z invisible width at a hadron collider
e Most precise direct measurement of the Z invisible width T, |

o  Competitive with the combined direct measurement from LEP
e Simultaneous fit to data regions containing Z—invisible and Z—ee/uu

o I' =052313 (stat)+ 16 (syst) MeV

1
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-18-014/index.html




Observation of triple J/i production

[BPH-21-004]

SPS:

e First observation of triple J/y production
o Significance in excess of five standard deviations

e Contributions from single-, double-, and triple-parton scattering
o Final states with three muon pairs

o o(pp — JY Iy Jy X) = 2727101 (stat) &= 17 (syst) fb
o Measured final state is found to be dominated by DPS and TPS contributions TPS:

DPS:
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First observation of B meson in Pb Pb collisions

[HIN-20-004]

e Decay channel: B_"—(J/y—uu)uv

e Only meson containing two different flavored heavy quarks
o Provides unique bridge between charmonia, bottomonia, and open heavy mesons

e Insightinto interplay between suppression and enhancement mechanisms

PbPb (161 nb™, 5.02 TeV) PbPb (1.61 nb™, 5.02 TeV) PbPb (1.61 nb™”, 5.02 TeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-20-004/index.html




CMS 137 o' (13 TeV.
ol or iy (18 TeY),  cms

' 1 ' %ot— R S Sl RSN = |Run1:5.1 16" (7 Tev) + 197 16" (8 Tew) —Total | |Stat. Only
I g g S I g I g S : + data : 2016:35.9 10" (13 TeV) Total (Stat, Ony)
200 + | ] ] Run 1 H-yy — I 124,70 +0.34 { + 0.31) GeV
> : B zzr Run 1 Hos 225 41 e 125.500.46(£0.42) GeV
(t\VD ‘5°:_ ) B 2 . Run 1 Combined — 125,07 +0.28 ( + 0.26) GeV
e Run1 A | | T e T mmien oo |
> b s
0O Hl S dISCOVGF | w - - 2016 H— 22 41 —_ 125.26 + 0.21 (£ 0.19) GV
gg . M y . 2016 Combined 'L 125.46 +0.16 ( + 0.13) GeV
o Consistent with spin 0 W b e B mmsencamon |
o Mass measurement at 0.2% level N I R S 7 S R A
_ _ _ o [HIG-19-009] Mu(GeV) [HIG-19-004] m, (GeV)
o  Couplings consistent with SM predictions  [Phys. Rev. D 104 (2021) 052004] [Phys. Lett. B 805 (2020) 135425]

e Run?2

o  Observation of all main production mechanisms (ggF, ttH, VBF, VH)
o Observation of decays to bosons and third-generation fermions
o Excellent mass measurement [125.38 £ 0.14 GeV]

e All measurements consistent with Standard Model predictions thus far
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004/index.html
http://dx.doi.org/10.1016/j.physletb.2020.135425
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-009/index.html
http://dx.doi.org/10.1103/PhysRevD.104.052004

Evidence for Higgs boson decay to a pair of muons

[HIG-19-006] [JHEP 01 (2021) 148]

First evidence of Higgs coupling with 2nd generation fermions
o Observed (expected) significance 3.00 (2.50)

Rare decay (branching fraction ~2x104) 35.9-137 16 (13 TeV)
) i >l T T T ]
Large irreducible bkg from Z—uu El> i cus < g
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
http://dx.doi.org/10.1007/JHEP01(2021)148

Inclusive and differential H—zz cross sections

[HIG-20-015] [Submitted to Phys. Rev. Lett.]

First differential measurements of H—zz cross section
Integrates over production modes (ggF, VBF, VH, ttH)
Measured as functions of p(H), N ., p;(leading jet)

Significant improvement over measurements in other final states
o Events with a large jet multiplicity or with a Lorentz-boosted Higgs boson

138 " (13 TeV

doy/dp, (H) (fo/GeV)

NNLOPS

da,/dp_(jet) {(fo'GeV)

S o a0 300400
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-015/

Search for H(bb)H(bb)

[HIG-20-005]

e Di-Higgs production exploring several couplings: HHH, HVV HHVV
o Dedicated HLT triggers with 3 b-jet
o Targets both ggF and VBF production

e New multivariate analysis strategy
o New background estimation from multiple control regions

e B-tagging improvements

12t (13 Tav) CMS Praiminy 102® 113 Taw)

-g b § 20172018 Damm % 700f- HH —»bbbb  §  2017-2018 Dam
= I a4, moow S Al regea I Sy, mockt
H w i Bk, urc. & soof- W B, unc
o Phase-1 pixel detector upgrade = s v
— VBF. HH (v, ~2) x 300 = VBF HH |k, ~2) x 100

o Latest tagger from BTV (DeepFlavour)

4000 CMS Preliminary 138 b (13 TeV) CMS Preliminary 138 b (13 TeV)

=) 95% CL upper limits COAl categories 1 =) E 959% CL upper limits Al catégories 3 ¢ 0
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z 2 S g i;‘.":ﬁn"" € ., & 1720180

ug 6 = 2 S b, i 3 B g mocet
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e VBF-HH (x;,=2) x 20 — VBEH |
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-005/index.html




Probing effective field theory (EFT) with ttZ

[TOP-21-001] [Submitted to J. High Energy Phys.] ; \ ‘

e Search for new EFT top quark interactions & \
o  Associated production of 1 or 2 top quarks with a Z boson in multilepton final states |
o Events with 3 or 4 light leptons, divided into signal and control (WZ/ZZ) regions
o Dimension-6 EFT operators and relative Wilson coefficients considered
o Machine learning optimizes sensitivity to each EFT parameter

e
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-001/index.html

Measurement of tty cross section e, T

¥
PAANAN T

[TOP-18-010] [Submitted to J. High Energy Phys.] I ‘C‘:',w\( .

e Associated ttX production provides direct probe into top quark couplinés
o Can be modified in BSM models

e Measurement of top quark pair and associated photon cross section
o  One highly energetic e/u, one isolated photon, and = 3 jets (=1 b-tagged)
o ottyﬁd- = 800 * 7 (stat) + 46 (syst) fb
m  Good agreement with Standard Model prediction
o Differential cross sections in p.(y), [n(y)|, AR(l,y) are measured and interpreted with SMEFT
m Most stringent direct limits on anomalous EM dipole moment interactions

CMS 137 fb™ (13 TeV)
T 3 o3 T N L CMS 137 b (13 TeV)
i Stat. uncertainty =i Total uncertainty Theory uncertainty & R R T e e 0
Totsl (St Sysi) > 0.6 Standardmodel ~ — 68%CL{ 5=
esjets Pttty 1.086  +0.108 (:0.023 +0.108) 5 L * :
P 2 L Best ~ 95% CL 16
B usfets —_—— 0974 10.090 (:0.017 +0.089) 7 048 .
® frits [UN! — 0980 +0.088 (:0.014 +0.087) ) I {14
0.2 i5
e+jets [ E— 1.046 0.077 (:0.018 +0.075) ¢
0 -
3 psjets (SO 1.081 +0.067 (+0.014 +0.066) = 10
ey :
N lsjets Nt 1.061 20.065 (:0.011 +0.064) B 8
-0.2f 6
e+jets P S — 1048 0075 (:0.014 +0.073) I
E usjets 1052 +0.063 (:0.011 +0.062) 04 4
E N 2
8 lujets e 1.034 =0.060 (£0.009 +0.059) o6k
U VIR O AP RIESSLY Fur i ] Iyl WS N) DA 0
T o Lo Lo 06 04 02 0 02 04 06
0.8 1 1.2 14 NLO c [(A/TeV)Z]
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B2(G Results
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Overview of CMS B2G results

350-773 ! (13 TeV)
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Selection of observed exclusion limits at 95% CL (theory uncerteinties ere not included).

1
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Search for resonances into WWW .

[B2G-21-002]

e Search for decays via a scalar radion (R)

o X—>WR — WWW (hadronic decays)
o Two or three massive, Lorentz-boosted jets

e Results combined with complementary search in the [+jets final state
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Exotica Results

Selection of observed exclusion limis at 95% C.L [theory uncertainties are nof included|.
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Search for long-lived particles decaying in CMS Muon Endcap
[EXO-20-015] [Accepted for publication in Phys. Rev. Lett.] ARG

e Higgs decaying to two neutral long lived scalars
o Each decaying to a pair of b-quarks, d-quarks or tau leptons
o  Most stringent limits to date on BR(Higgs—SS—uu/dd/z7)

e Novel reconstruction technique: CMS endcap muon detectors as calorimeter

o Hits in the CSC are clustered using the DBScan algorithm
o Method validated using Z events where one muon undergoes bremsstrahlung in the Endcap
Muon Detector and the photon produces an EM shower
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-015/index.html

Search for H—long-lived particles in associated Z boson production
[EXO-20-003] [Submitted to J. High Energy Phys.]

e Search for long-lived particles (LLP) pairs decaying into jets, with associated

Z production

o Atleast two displaced jets (3 tracking-based displacement variables)
o Both light (d) and heavy (b) jets are considered

e Benchmark model: Higgs decay to a pair of scalar LLPs
o Probing decay lengths from 1 mmto 1 m

o CMS 117 b (13 TeV) 117 b (13 TeV 117 fo' (13 TeV)
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SUSY Results
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS#Run_2_Summaries_13_TeV

Top Squark in Compressed Spectra
[SUS-20-002] [Accepted for publication in Eur. Phys. J. C]
e Compressed spectra where SUSY mass differences are small (~GeV)

e Signatures with 2 2 jets and large E7
o Categorized into events with 0, 1, 2 leptons

e Deep neural network algorithm used to separate signal from background
e Includes dark matter interpretation oMs____retust,, | CMS_ ST
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CMS LS2 activities

New beam pipe installed (Phase-2 design)
Phase-1 pixel re-installed (new layer 1 and DCDC)
Rebuilt BRIL luminosity sub-detectors installed
HCAL Phase-1 readout upgrade completed

New GEM subsystem (GE1/1 chambers installed)

A.Delannoy | Recent CMS Results


https://cms.cern/news/installation-beam-pipe-delicate-surgical-operation-heart-cms-experiment
https://cms.cern/news/cms-pixel-tracker-installation
https://cms.cern/news/installation-bril-luminometers-preparing-bright-run-3
https://cms.cern/news/hadron-calorimeter-next-generation-clock-control-module-rework
https://cms.cern/news/first-gem-station-ge11-installed-cms

Run 3 preparation

e LHC test/pilot beams program just completed
o Full detector, including Run 3 upgrades, exercised during stable beams

e DAQ/Trigger/HLT upgrades
o Heterogeneous architecture (CPU/GPU) in High Level Trigger
m New possibilities for trigger algorithms leveraging GPUs
m Testbed for HL-LHC Computing and triggering
o Increase in data scouting and data parking
o Dedicated and improved long-lived particle triggers

N — AL
S
| I \l/
Mode GPDs LHCH ALICE N T
PF £SS A Vi,
p-p 160:70 25-30:fb (-50/1b by LS4) 200/pb Pixels X
IPb-P5 Gnb (13/mb by LS4) Linb (nb by 184) 60 (13:nb by LS4)
Ip-Pb 0.5pb (~1.2pb by LS4) 0.1/pb {~0.6/pb by LS4) 0.25/pb (~0.6/pb by L54)
0-0 0.5/nb 0.5/nb 0.5nb
|p-O LHCf 1 S5/nb 0 Lipb
Run 3 Luminosity Targets CPUs Y 0
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https://lhc-commissioning.web.cern.ch/performance/Run-3-targets.htm

High Luminosity LHC (HL-LHC)

LHC / HL-LHC Plan | M

LHC HL-LHC

Ls1 3 Tey AR 13- 14 Tev RAE arv
Diodes Consolidation
splice consolidation cryolimit OLIL:In:la’;I:llon & HL-LHC
7 TeV 8 TeV button collimators interaction Inner triplet
R2E project i Civil Eng. P1-P5 radiation himit installation

e e 1 )j_“im_':—m'
experimant upgrade phase 1 ATLAS - CMS
beam pipes LA

nominal Lumi 2 x nominal Lumi ALICE - LHCb 2 x nominal Lumi B upgradls
—_— t

75% nominal Lumi| /_ upgrade F {
m 350 fb™ integrated JEAMUURIGY

luminosity DR VE

HL-LHC TECHNICAL EQUIPMENT:
DESIGN STUDY PROTOTYPES

CONSTRUCTION INSTALLATION & COMM. H PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS

High Luminosity LHC Project
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https://hilumilhc.web.cern.ch/content/hl-lhc-project

CMS Phase-2 Upg rades Beam Radiation Instr. and Luminosity

* Bunch-by-bunch luminosity measurement:
[CMS TDRs] 1% offline
2% online

L1-Trigger
* Tracks in L1-Trigger at 40 MHz )
* PFlow selection 750 kHz L1 output Barrel Calorimeters
* ECAL crystal granularity readout at 40
MHz with precise timing for e/y at 30 GeV
* ECAL and HCAL new Back-End boards

DAQ/HLT
* HLT output: 7.5 kHz
* 40 MHz data scouting

Muon Detectors
* DT & CSC: new FE/BE readout
* RPC back-end electronics
*New GEM/RPC 1.6<n<24
* Extended coverage ton =3

Endcap Calorimeter

* 3D showers and precise timing / B

* Si, Scint+SiPM in Pb/W-SS \/’ /
i

MIP Timing Detector
Precision timing with:

* Barrel layer: Crystals + SiPMs

' * Endcap layer: Low Gain
Avalanche Diodes

Tracker
* Si-Strip and Pixels increased granularity
* Design for tracking in L1-Trigger
* Extended coverage ton = 3.8
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https://cds.cern.ch/search?ln=en&cc=CMS+Reports
https://cds.cern.ch/record/2759072
https://cds.cern.ch/record/2293646
https://cds.cern.ch/record/2272264
https://cds.cern.ch/record/2714892
https://cds.cern.ch/record/2714892
https://cds.cern.ch/record/2759072
https://cds.cern.ch/record/2293646
https://cds.cern.ch/record/2272264
https://cds.cern.ch/record/2283187
https://cds.cern.ch/record/2283189
http://cds.cern.ch/record/2759074
https://cds.cern.ch/record/2667167
https://cds.cern.ch/record/2283187
https://cds.cern.ch/record/2283189
http://cds.cern.ch/record/2759074
https://cds.cern.ch/record/2667167

Higgs Prospects at HL-LHC

[ETR-18-011] [ETR-18-019]

e HL-LHC facilitates precision Higgs coupling measurements
o Couplings (except rarest) constrained to <10% level
o Direct access to Higgs potential shape and k, sensitive to BSM physics
e Observing di-Higgs production is a flagship measurement

o Expect to achieve 30 observation significance from combination of channels
o Expected ~10% improvement in b-tagging efficiency from new tracker

3000 fb’ (13 TeV) 3000 fb” (13 TeV) 4
CMS wi Run 2 syst. uncert. (S1) CMS wi Run 2 syst. uncert. (S1) R n CMS Phase-2 8000 b7{14.TeV)
Projection wi YR18 syst. uncert. (S2) Projection wi YR18 syst. uncert. (S2) g 10 - Simulation Preliminary Assumes no HH signal
jectio wi Stat. uncert. only jectio w/ Stal. uncert. only o - - :
B-(-, T - 95% CL upper limits - Median expected
0.01 (Stat); 0,03 (S2); 0.04 (S1) GggH HH I -=- bbbb » bbtt
0.01 (Stat); 0.02 (S2); 0.02 ($1) T & bEVV(IvIV) « bbyy
BYW ht e = - bbZZ*(4])  -e-Combination
ERa 003 0L 004151) Oy |+ ~ 10°F @ Theoretical prediction
0.03 (Stat); 0.04 (S2); 0.04 (S1) © E i
ZZ iy .
B 0.02 (Stat); 0,03 (S2); 0.05 (S1) {
Oy ——+—+— ]

0.05 (Stat); 0.06 (S2); 0.08 (S1)

0.02 (Stat): 0.05 (S2); 0.07 (S1)

107F

B -+ 0.04 (Stat); 0.05 (S2); 0.07 (S1) |
0.02 (Stat); 0.03 (S2); 0.04 (1)

0.09 (Stat): 0.10 (S2); 0.13 (S1) 0.02 (Stat); 0.05 (S2); 0.06 (S1)
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3
Expected uncertainty Expected uncertainty
[FTR-18-011] [FTR-18-019] X,
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-011/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-019/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-011/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-019/index.html

Mono-Z search for dark matter at HL-LHC

[ETR-18-007]

ngw . . . [ [ [ I ]
e Expected sensitivity and exclusion in searches for new invisible particles
o Push sensitivity to large DM mass and push down in couplings

CMS Projection

o Extends sensitivity of mediator masses by ~ factor of 2 relative to current LHC results
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-007/index.html

Summary and Conclusions

e LHC and CMS performing very well and preparing for Run 3 & beyond

e \Wealth of results from Run 2 dataset
o Higgs consistent with Standard Model predictions
o No signs of new physics yet
e Run 3 upgrades installed and tested
o Ready for data-taking in 2022
e The High-Luminosity LHC era will provide an unprecedented dataset

o All CMS Technical Design Reports prepared
o Further characterize the SM and expand the search for new particles and interactions

A.Delannoy | Recent CMS Results
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Probing
[HIN-20-001]

charm dynamics in 5.02 TeV PbPb

e Measure multiparticle (4) azimuthal correlations of prompt D° mesons

(©)

(@)

Elliptic flow of D mesons extracted using a four-particle cumulant method, as a function of D°
transverse momentum and centrality

The prompt D° meson v2 ratios using four- and previous two-particle cumulant methods are
below unity and comparable to those of charged particles

CMS Prellm/nary PbPb 0.58 nb' (5.02 TeV) CMS Pre/lmlnary PbPb 0.58 nb (5 02 TeV) CMS Preliminary PbPb 0.58 nb” (5.02 TeV)
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Measurement of b quark fragmentation using charmed mesons
[TOP-18-012]

e First measurement of b quark fragmentation function in ttbar events at LHC

e Charm mesons produced inside b jets from tt pairs
o Used to determine the shape parameter of the Lund-Bowler fragmentation function

e Significantly improves experimental constraints on shape of the function
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VBF HH—4b boosted

[B2G-21-001]

e BSM VBF HH cross section can dramatically increase for large m..
e First test of the VVHH coupling in boosted topology
o Multivariate GNN classifier (ParticleNet) applied to identify H—b-jet decays

e Limits set for for a range of signal hypotheses of different k,,,, and k|, couplings
o 0.6<k,,<14(fork,=k,=1)
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