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The LHC (with CMS)

4/5/23 John Strologas, HEP2023, Ioannina 2

• Run2 total recorded luminosity: 138 fb-1 (Run3: 38.48 fb-1)
• Unless otherwise noted, the presented analyses are Run2 with total 

recorded luminosity



The CMS detector
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• 3.8 T magnet
• Silicon pixel + strip tracker
• Lead/Tungstate EM 

calorimeter
• Brass/Scintillator Had 

calorimeter
• Muon system embedded in 

return yoke
• Tungsten/quartz forward 

calorimeter



Outline of this talk
• When we say “recent” we mean recent
• All result presented were released last month !

• Actually is not possible to present them all.  We will concentrate on
• First observations of new channels
• Searches for Dark Matter
• Search for Heavy Neutral Leptons
• Search for Higgs pairs
• Search for SM-like extra Higgs
• First result from Run3
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First observation of t ̅tt ̅t
• 13 TeV, 138 fb-1

• Final states with leptons+jets
• (e/μ, tight (BDT), isolated, p$ℓ>25,20,10,10 GeV)

• Three signal regions: SS dileptons, 3lep, 4lep
• With AK4 jets, p$

&'(>25 GeV, b-tagged (DeepJet) – additional lepton veto
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Non-prompt and t ̅tWt ̅tW Non-prompt t ̅tZ t ̅tZControl Regions:



First observation of t ̅tt ̅t (2)

• A BDT classifies the events as t ̅tt#t or t ̅tX (X:vector boson) or t ̅t (includes photon conversions and 
non-prompt)

• These BDT scores in signal regions as well as control-regions scores/properties are fitted in 
simultaneous log-likelihood fit  
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SM (NLO in QCD): 12.0 -2.5
2.2 fb  

(R. Frederix, D. Pagani, and M. Zaro, JHEP 02 (2018) 031)

μμ ee eμ

CMS-TOP-22-013

ℓℓℓ 4ℓ



First observation of WW!

• WW! and H! searches, final state: eμγ
• "#$>25 GeV, "#$>20 GeV, "#%>20 GeV  (>25,20 for 

H!), ΔRℓ% > 0.5
• Additional-lepton >10 GeV veto, b-tag veto (reduce 

top and WZ! bkg), exclude low dilepton pT and 
mass and low WW transverse mass

• For H! exclude large lepton separation
• Signal regions with 0 and ≥1 jet, control regions of 

SS dileptons and b tag to validate non-prompt and 
top backgrounds

• The final fit includes both signal and control regions
(2D in -#.. and -ℓℓ%)
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0 jets

≥1 jets

σ = 6.0 ± 1.0 (stat) ± 1.0 (syst) ± 0.9 (theo) fb
σSM (NLO) = 4.61 ± 0.34 (scale) ± 0.05 (PDF) fb 

CMS-SMP-22-006

5.6 (4.7) σ



First observation of η→μμμμ
• Utilization of high-rate 

low-pT muon triggers (down 
to 3 GeV)
• Branching fraction of 

η→μμμμ is given by

• Measured BF: [5.0 ± 0.8(stat) 
± 0.7 (syst) ± 0.7 (B)] × 10-9

• SM: (3.98 ± 0.15) × 10-9
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CMS-BHP-22-003
R. Escribano and S. Gonzàlez-Solís Chinese Phys. C 42 (2018) 023109

i η pT bin
j η η bin



Search for inelastic Dark Matter in displaced muons
• Signature : two muons (soft, displaced, 

collimated), aligned with !"#$%% and a jet 
recoil

• Trigger: p'()** > 120 GeV, H'()** > 120 GeV
• Muons are reconstructed with displaced 

stand-alone (dSA) algorithm based on muon 
chambers only.  2 muons with ΔR..<0.9 and 
Δφ00123<0.5

• Exactly one jet for reduction of QCD multijet
background

• Matching with PF muons creates 0 (strongly 
displaced), 1, 2 matched categories

• Background: QCD multijet and W/Z+jets, 
estimated with ABCD method (Iso vs impact 
parameter (1, 2 match) and Iso vs Δφ00123(0 match)

• Observation consistent with expectation → 
set limits
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CMS-EXO-20-010



Search for inelastic Dark Matter in WW+MET

• Final state : WW (decay of dark Higgs) + !"#$%%
• Dilepton and lepton+jets channels

• Single-lepton and dilepton triggers
• &'()*+.-<6% and &.()*+./<15% 
• Dilepton: eμ (to reduce Drell Yan), pT >25, 20 GeV, 
mℓℓ>20 GeV, p3

ℓℓ>30 GeV, p3
4566>20 GeV, b-tag veto 

and extra leptons veto – 3 boost signal-regions 
based on ΔRℓℓ
• Observable: m3

9:;5<5=>?@A9B=CDE3, used in bins of mℓℓ

• Lepton+Jets: one lepton and ≥2 jets, 65 < IJJ <
105 GeV, p3

ℓJJ,p3
QRSS>60 GeV, m3

ℓTUV>80 GeV,
object−separaSon cuts, b−tag veto –
• Observable from BDT

• Background: Non-prompt from looser selection and 
applying jet to lepton fake rates – Prompt: WW and 
DY for dilepton, W+jets for lepton+Jets, tW and t-
tbar for both (MC, validated in data control regions)

• Fits of the above observables with systematics as 
nuisance

• Observation consistent with expectation → set limits
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CMS-EXO-21-012



Long-lived Heavy Neutral Leptons
• They can explain the small masses of 

neutrinos via the seesaw mechanism

• Also provide Dark Matter candidate

• Signature: tight lepton, loose lepton 
(displaced), jet (displaced, determined with a 

NN)

• OS dileptons for study of Dirac HNL and SS for study of 

Majorana

• Signal region: 20< mℓℓ<80 GeV, p$%&''<60

GeV, 1-4 jets. 

• Displaced jet within ΔR within 1.3 from 

displaced lepton

• If ΔR(displacedJet,displacedLepton)<0.4 then Boosted
event.  Otherwise Resolved

• Z+jets control region : mℓℓ >80 GeV

• Signal region is divided based on lepton flavor 

combinations (4), OS/SS (2), resolved/boosted 

(2), impact parameter significance of loose 

lepton (3)

• Main background: Z+jets for OS dileptons

and W(Vγ)+jets for SS

• Determined from data with the ABCD method
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CMS-EXO-21-013
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Long-lived Heavy Neutral Leptons
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GeV-scale resonance to pair of muons
• High-rate dimuon scouting triggers, 96.6 fb-1

• SM processes simulated: low-mass DY and J/ψ, Y(1S) 
resonances

• BSM: 1) Dark photon ZD produced by DY and decaying 
to dimuons (coupling to SM suppressed by parameter 
ε) and 2) Higgs doublet, light pseudoscalar decays to 
dimuons (coupling is determined by the mixing angle 
θ and ratio of the v.e.v of the Higgs’s

• Selection: 2 OS muons, !"#>4 GeV, |η|<1.9, BDT 
muon ID (quality of muon tracks, relative isolation, 
vertex) --- for pseudoscalar search, !"#>5 GeV

• Simultaneous signal+background fits to dimuon 
invariant mass
• Assume the width of resonance is much smaller than the mass 

resolution (1.3%)

• Systematics: mass resolution, luminosity, muon ID 
efficiency, trigger efficiency

• Observation consistent with continuum à Set 
modeled-independent limits
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CMS-EXO-21-005

!"#>4 GeV !"#>5 GeV

A local 3.2-σ (global 1.3-σ) excess at 2.41 GeV (high-pT
selection) interestingly consistent with a 3.1-σ excess at 
2.42 GeV of LHCb



Nature Higgs publication
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Nature (production and decay strengths)
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Nature (couplings)



4/5/23 John Strologas, HEP2023, Ioannina 17

Nature (HH limits)



HH →b"bWW
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HH →b"bWW
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Only VBF

CMS-HIG-21-005



Search for HH+W/Z
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CMS-HIG-22-006



Search for an SM-like H->γγ in range 70 - 110 GeV 

• Asymmetric diphoton triggers

• Background: SM γγ, dijet, jet+γ

• BDT photon ID

• γ1 : pT > 30 GeV, pΤ /mγγ > 0.47
γ2 : pT > 18 GeV, pΤ /mγγ > 0.28

• Εvent classes with extra jet
activity to target VBF

• An excess at 95.4 GeV with 
a local (global) significance 
of 2.9 (1.3) σ
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CMS-HIG-20-022



Recent Supersymmetry Results

Will be covered by Costas Vellidis
Friday at 4 pm
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And some SMP jet results 

Friday evening parallel session
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Paris Gianneios: Measurement of azimuthal correlations of jets and determination 
of the strong coupling in pp collisions at 13 TeV with CMS

Polidamas Kioseoglou: Multi-differential measurement of the dijet cross section in proton-proton 
collisions at sqrt(s) = 13 TeV with CMS

Argiro Ziaka: Multi-differential measurement of the dijet cross section in proton-proton 
collisions at sqrt(s) = 13 TeV with CMS



First measurement of !""̅ in Run3
• 13.6 TeV, 1.21 fb-1

• Single-lepton (e,μ) and dilepton triggers (ee, 
μμ)

• Lepton+jets : $%ℓ>35 GeV and ≥3 jets (>30 
GeV, |η|<2.4)

• Dileptons: $%ℓ>35 GeV, OS
• DeepJet b-tagging

• ee, μμ, ℓ+jets ⇾ 0, 1 b-jet categories
• eμ ⇾ 0, 1, 2 b-jet categories

• Backgrounds: Z+jets (ee, μμ), W+jets
(ℓ+jets), single top (eμ), QCD multijets
(ℓ+jets), diboson (minor)

• Major Systematics: luminosity, lepton and 
b-tagging efficiencies, single top background

• Measured: 882 ± 23(stat+syst) ± 20 (lumi) pb
• SM(NNLO, NNLL): 921+,-./0 pb
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CMS-TOP-22-012



Conclusions
• We presented some of the most recent CMS Physics Results

• All of them became public within about a month

• All results, including the recent publications can be found at the 
public physics results web page
• https://cms.cern/news/physics-results

• We are excited about Run3 of the LHC !!!
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https://cms.cern/news/physics-results


Thank you
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Backup
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First observation of t ̅tt ̅t
(tight lepton ID BDT)
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First observation of t ̅tt ̅t
(event classification BDT)
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† not used for 3ℓ + 4ℓ
‡ used only for 3ℓ + 4ℓ



Dark Matter in displaced muons
(yields)

4/5/23 John Strologas, HEP2023, Ioannina 30



4/5/23 John Strologas, HEP2023, Ioannina 31

Dark Matter in displaced muons
(dSA)
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Dark Matter in WW+MET



Dark Matter in WW+MET
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Lepton+Jets BDT



Summary of SM cross sections
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CMS PreliminaryMay 2021

All results at: http://cern.ch/go/pNj7

tt

=n jet(s)

1j 2j 3j 4j 2c 2b t-cht tW s-cht gtt tZq ttZ gt ttW tttt ttH tH

CMS 95%CL limits at 7, 8 and 13 TeV

)-1 5.0 fb£7 TeV CMS measurement (L 
)-1 19.6 fb£8 TeV CMS measurement (L 
)-1 137 fb£13 TeV CMS measurement (L 

Theory prediction



Summary of SM cross sections
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0.5 1 1.5 2
theos / expsProduction Cross Section Ratio:   

CMS PreliminaryMay 2021

All results at:
http://cern.ch/go/pNj7

https://arxiv.org/abs/1405.7225
https://arxiv.org/abs/1405.7225gg  0.12± 0.01 ±1.06 -15.0 fb
https://arxiv.org/abs/1308.6832
https://arxiv.org/abs/1308.6832(NLO th.), gW  0.13± 0.03 ±1.16 -15.0 fb
https://arxiv.org/abs/2102.02283
https://arxiv.org/abs/2102.02283(NLO th.), gW  0.05± 0.00 ±1.01 -1137 fb
https://arxiv.org/abs/1308.6832
https://arxiv.org/abs/1308.6832(NLO th.), gZ  0.05± 0.01 ±0.98 -15.0 fb
https://arxiv.org/abs/1502.05664
https://arxiv.org/abs/1502.05664(NLO th.), gZ  0.05± 0.01 ±0.98 -119.5 fb
https://arxiv.org/abs/1210.7544
https://arxiv.org/abs/1210.7544WW+WZ  0.14± 0.13 ±1.01 -14.9 fb
https://arxiv.org/abs/1306.1126
https://arxiv.org/abs/1306.1126WW  0.09± 0.04 ±1.07 -14.9 fb
https://arxiv.org/abs/1507.03268
https://arxiv.org/abs/1507.03268WW  0.08± 0.02 ±1.00 -119.4 fb
https://arxiv.org/abs/2009.00119
https://arxiv.org/abs/2009.00119WW  0.06± 0.01 ±1.00 -135.9 fb
https://arxiv.org/abs/1609.05721
https://arxiv.org/abs/1609.05721WZ  0.06± 0.07 ±1.05 -14.9 fb
https://arxiv.org/abs/1609.05721
https://arxiv.org/abs/1609.05721WZ  0.07± 0.04 ±1.02 -119.6 fb
https://arxiv.org/abs/2110.11231
https://arxiv.org/abs/2110.11231WZ  0.03± 0.02 ±1.00 -1137 fb
https://arxiv.org/abs/1211.4890
https://arxiv.org/abs/1211.4890ZZ  0.07± 0.13 ±0.97 -14.9 fb
https://arxiv.org/abs/1406.0113
https://arxiv.org/abs/1406.0113ZZ  0.08± 0.06 ±0.97 -119.6 fb
https://arxiv.org/abs/2009.01186
https://arxiv.org/abs/2009.01186ZZ  0.04± 0.02 ±1.04 -1137 fb

7 TeV CMS measurement (stat,stat+sys) 
8 TeV CMS measurement (stat,stat+sys) 
13 TeV CMS measurement (stat,stat+sys) 

CMS measurements
 theory(NLO)vs. NNLO 



Summary of SM cross sections
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0 1 2 3 4 5
theos / expsProduction Cross Section Ratio:   

CMS PreliminaryMay 2022

All results at:
http://cern.ch/go/pNj7

https://arxiv.org/abs/1607.06975
https://arxiv.org/abs/1607.06975qqW  0.18± 0.08 ±0.84 -119.3 fb
https://arxiv.org/abs/1903.04040
https://arxiv.org/abs/1903.04040qqW  0.09± 0.02 ±0.91 -135.9 fb
https://arxiv.org/abs/1305.7389
https://arxiv.org/abs/1305.7389qqZ  0.32± 0.14 ±0.93 -15.0 fb
https://arxiv.org/abs/1410.3153
https://arxiv.org/abs/1410.3153qqZ  0.19± 0.07 ±0.84 -119.7 fb
https://arxiv.org/abs/1712.09814
https://arxiv.org/abs/1712.09814qqZ  0.10± 0.04 ±0.98 -135.9 fb
https://arxiv.org/abs/2112.05259
https://arxiv.org/abs/2112.05259WV  0.18± 0.12 ±0.85 -1138 fb
https://arxiv.org/abs/1604.04464
https://arxiv.org/abs/1604.04464WW®gg  0.74± 0.00 ±1.74 -119.7 fb
https://arxiv.org/abs/1612.09256
https://arxiv.org/abs/1612.09256gqqW  0.56± 0.67 ±1.77 -119.7 fb
https://cds.cern.ch/record/2809554gqqW  0.15± 0.11 ±0.88 -1138 fb
https://arxiv.org/abs/2205.05711
https://arxiv.org/abs/2205.05711os WW  0.17± 0.15 ±1.12 -1138 fb
https://arxiv.org/abs/1410.6315
https://arxiv.org/abs/1410.6315ss WW  0.18± 0.38 ±0.69 -119.4 fb
https://arxiv.org/abs/1709.05822
https://arxiv.org/abs/1709.05822ss WW  0.08± 0.11 ±1.20 -1137 fb
https://arxiv.org/abs/1702.03025
https://arxiv.org/abs/1702.03025gqqZ  0.48± 0.65 ±1.48 -119.7 fb
https://arxiv.org/abs/2106.11082
https://arxiv.org/abs/2106.11082gqqZ  0.13± 0.12 ±1.20 -1137 fb
https://arxiv.org/abs/2005.01173
https://arxiv.org/abs/2005.01173qqWZ  0.11± 0.31 ±1.46 -1137 fb
https://arxiv.org/abs/2008.07013
https://arxiv.org/abs/2008.07013qqZZ  0.13± 0.38 ±1.19 -1137 fb

7 TeV CMS measurement (stat,stat+sys) 
8 TeV CMS measurement (stat,stat+sys) 
13 TeV CMS measurement (stat,stat+sys) 

CMS EW measurements vs.
Theory


